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ABSTRACT

The Hydra I cluster offers an excellent opportunity to study and compare the relic old stellar popu-

lations in the core of its two brightest galaxies. In addition, the differing kinematics of the two galaxies

allows a test of the local validity of general scaling relations. In this work we present a direct compar-

ison employing full spectral fitting of new high-quality long-slit optical and NIR spectroscopic data.

We retrieve age, metallicity and 19 elemental abundances out to ∼ 12 kpc within each galaxy, as well

as the IMF in their central regions. Our results suggest that the inner ∼ 5 kpc region of both galaxies,

despite their different masses, formed at the same time and evolved with a similar star formation

time-scale and chemical enrichment, confirming their early formation in the cluster build up. Only

the overall metallicity and IMF radial profiles show differences connected with their different velocity

dispersion profiles. The radial trend of the IMF positively correlates with both [Z/H] and σ. While

the trends of the IMF with metallicity agree with a global trend for both galaxies, the trends with the

velocity dispersion exhibit differences. The outer regions show signs of mixed stellar populations with

large differences in chemical content compared to the centers, but with similar old ages.

Keywords: Unified Astronomy Thesaurus concepts: Early-type galaxies (429), Initial mass function

(796)

1. INTRODUCTION

Despite its apparent simplicity, reconstructing the for-

mation and evolution of massive elliptical galaxies is still

a great challenge, and both theoretical and observational

efforts are still ongoing with the aim of creating a com-

plete assembly picture for these stellar systems.

Large local galaxy surveys have allowed the character-

ization of the stellar population properties of the overall

population of ellipticals, and the construction of scaling

relations to derive information on their past histories,

with the robustness of statistical samples (e.g.: Thomas

et al. 2010; Sánchez et al. 2012; Ma et al. 2014; McDer-

mid et al. 2015). More recently, it has also been possible

to derive the global trend of stellar properties, includ-

ing elemental abundances, as a function of the galaxy

radius (e.g.: Parikh et al. 2019; Zibetti et al. 2020).

These studies confirmed the presence of radial gradients

for a large population of local galaxies. A radial varia-
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tion has been also widely observed for the stellar Initial

Mass Function (IMF), leading to the conclusion that the

IMF is non-universal, among and within galaxies (e.g.:

Treu et al. 2010; Cappellari et al. 2012; Conroy & van

Dokkum 2012; Mart́ın-Navarro et al. 2015a).

Observations of radial gradients generally support the

scenario of a two-phase process for the build-up of mas-

sive ellipticals (Naab et al. 2009; Oser et al. 2010), with

the in situ stars formed at high-redshift (z > 3) as a

consequence of a rapid cold accretion of gas (Dekel et al.

2009), and the ex situ ones accreted in the outskirts dur-

ing a prolonged following phase.

Complementary to these global studies, generally ob-

tained from stacked spectra, studies of a single or a

few peculiar objects can offer the advantage of having

higher signal to noise data, which can be studied in

greater detail. This is the case for the Hydra I cluster,

the object of this work, whose brightest cluster galaxy

(BCG) NGC3311 has been intensively investigated to-

gether with its surrounding stellar halo and cluster com-

panion stellar systems. From previous studies we have

learnt that NGC3311, a cD galaxy with a low central

surface brightness and extended radial profile, has a

∼ 3 kpc inner core characterized by an old age, super-
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solar metallicity and Mg and Na enhanced abundances

with respect to solar values. The core is likely a relic

of the in situ stars that formed early in the first phase

of galaxy formation (e.g.: Barbosa et al. 2016, 2021a),

according to the framework of the two-phase scenario.

In its very center, an irregular dust disk embeds new

star formation, confirmed by the presence of bright blue

spots and strong emission lines (Richtler et al. 2020).

At larger radii, kinematic signatures and gradual vari-

ation and scatter in its stellar properties indicate the

presence of a more complex stellar content, added in

subsequent phases of accretion of material from other

surrounding stellar systems (e.g.: Coccato et al. 2011;

Ventimiglia et al. 2011; Arnaboldi et al. 2012; Barbosa

et al. 2016). Beyond ∼ 6−7 kpc, where the contribution

of dark matter increases and dominates (Richtler et al.

2011), a dynamically hot stellar halo extends out to & 40

kpc from the central BCG (Barbosa et al. 2018). First

estimates point to a still old stellar population, simi-

larly α-enhanced, but much more metal poor (Coccato

et al. 2011), although a large scatter dominates the mea-

surements (Barbosa et al. 2016). Indeed, tidal streams,

dwarf galaxies (e.g. HCC 026, HCC 007) and a large

number of globular clusters populate and are currently

falling into the cluster core (Arnaboldi et al. 2012), en-

riching it with stars having possibly different origins.

The brightest companion of NGC3311 is NGC3309,

a massive elliptical galaxy with a line-of-sight velocity

offset of ∼ 250 km/s from the BCG, and with a sep-

aration on the sky of only 100′′, but with no signs of

interaction with the BCG (Arnaboldi et al. 2012). Al-

though close to each other in the cluster core, the two

giant ellipticals have different surface brightness pro-

files, with NGC3309 characterized by a typical R1/4 pro-

file, and NGC3311 by multiple components (Arnaboldi

et al. 2012). Also their velocity dispersion profiles are

remarkable different: while the central 5 kpc region of

NGC3309 has a symmetric negative gradient, typical of

ellipticals, NGC3311 has a peculiar inverse positive gra-

dient. This is an important sign that suggests that the

two objects have had a different formation and evolu-

tionary history, opening the question of what has been

the driver of such differences. Moreover, this peculiarity

in the velocity dispersion profile offers the rare oppor-

tunity to test the local validity of the widely observed

scaling relations (e.g.: Thomas et al. 2010; Conroy et al.

2014; Parikh et al. 2019).

The IMF is an essential ingredient for understanding

the mechanisms of formation and evolution of stellar

systems (e.g.: Conroy & van Dokkum 2012; Mart́ın-

Navarro et al. 2015a; La Barbera et al. 2017; Vaughan

et al. 2018; Sarzi et al. 2018). Correlations of the IMF

with other stellar properties are a first tool to inves-

tigate the drivers of the IMF shape during the galaxy

formation process (e.g.: Mart́ın-Navarro et al. 2015b;

van Dokkum et al. 2017; Barbosa et al. 2021b). As a

consequence, directly comparing the IMF radial profile

of the two galaxies in this study, as well as in relation

to other stellar properties, can provide insight into their

formation and evolution.

However, as discussed in our previous papers

(Feldmeier-Krause et al. 2020; Lonoce et al. 2021), the

measurement of the IMF is technically very challeng-

ing, and different assumptions, as well as the choice

of method or models used, can lead significantly dif-

ferent results. Very high S/N ratio data are needed

(> 100Å−1), and a full and solid characterization of

the chemical content is crucial to avoid biased results

(Lonoce et al. 2021).

In this work we further investigate the stellar popu-

lation radial profile of the two main elliptical galaxies

of the Hydra I cluster, NGC3311 and NGC3309, adding

for the first time details on the chemical content with

the retrieval of many elemental abundances necessary

to retrieve their IMF radial profile with good precision.

We derive relations among stellar properties, retrieved

with the same data set, analysis and models, in order to

isolate possible driver(s) of the first phase of formation

of NGC3311 and NGC3309. We also characterize part

of the surrounding stellar halo, giving for the first time

estimates of many halo elemental abundances. Since dif-

ferent chemical elements are enriched on different time-

scales, we are also able to compare the star formation

time-scale of the halo with respect to the central regions

and find clues of their past origin.

The paper is organized as follows: in Section 2 we

present the observations, details on the data reduction

process and a focus on the observed emission lines; in

Section 3 we provide details on the analysis setup, in-

cluding a description on how we deal with the outer

regions and the determination of systematic errors; we

comment on our results in Section 4, and we discuss

them more broadly in Section 5; finally we summarize

the findings of this work in Section 6.

2. SPECTROSCOPIC DATA

2.1. Observations

The two targets, NGC3309 and NGC3311, were ob-

served simultaneously during the nights of April 28-29,

2019 with the Inamori-Magellan Areal Camera & Spec-

trograph (IMACS, Dressler et al. 2006) on the Baade

Magellan Telescope at the Las Campanas Observatory,

Chile. Indeed, their apparent proximity in the sky, i.e.

only 100′′, and the length of IMACS longslit, 15′, al-



The Hydra cluster 3

lowed us to obtain spectroscopic data out to two effective

radii for both galaxies, as well as part of the surround-

ing stellar halo in both directions as shown in Figure

4. The position angle was ∼ 110◦ East of North. Due

to the decreasing S/N of the stellar halo light at larger

distances from the cluster center, as shown in Fig. 1, we

focused the analysis only on the region between ∼ 100′′

west of NGC3309 and ∼ 100′′ east of NGC3311, and

used the remaining outermost regions to evaluate the

background and foreground, as discussed below. We ob-

served the sources with two grating configurations as

listed in Table 1: with the 600 − 8.6 grating and grat-

ing angle (GA) of 9.71◦ to cover the optical region (i.e.

3500− 6700Å), and with the 600− 13.0 grating and GA

of 17.11◦ to cover the near-IR (7500−10500Å). Since the

CCD consists of 4 + 4 separated chips, the wavelength

region of each GA configuration is divided in four sub-

regions and, as a consequence, it has three chip gaps of

∼ 50Å, at around 4300, 5100 and 5900Å in the opti-

cal. We made the choice of GA values in order to make

sure that all the relevant spectral features did not fall

on the chip gaps. From the red GA, we used only the

chip around the Calcium Triplet (CaT) feature, i.e. from

8100Å to 8900Å. We observed both GA configurations

for 2.33 hours divided in seven frames of 1200s each, and

with an average seeing of 0.6′′. The choice of the 2.5′′

slit width provided us with a λ-constant spectral reso-

lution of about 5.5Å. We observed a small variation of

the spectral resolution in the vertical direction along the

slit, with values differing by ∼ 10% from top to bottom.

2.2. Data reduction

The data reduction was carried out with the standard

tools of IRAF (Tody 1993) and custom IDL scripts. For

both GA configurations we removed cosmic rays and bad

pixels, performed bias subtraction, flat-fielding and ap-

plied the wavelength calibration in air wavelength. The

two targets were located in the lower row of four chips

and their light, plus the light of the outer halo, plus

the presence of an unforeseen foreground emission (see

below and Appendix A), entirely covered the spatial ver-

tical direction of the frames, preventing us from estimat-

ing the background. Similarly, the upper row of chips

could not be used to extract the background, again due

to the presence of stellar halo light and foreground emis-

sion. Therefore, we made use of the publicly available

ESO tool SkyCal Sky Model Calculator (Cerro Paranal

Sky Model, Noll et al. 2012; Jones et al. 2013). Given

the details of the observations, i.e. telescope coordi-

nates and altitude, time of observations and target co-

ordinates, this tool retrieves the predicted radiance sky

spectrum for the desired wavelength range, wavelength

grid and spectral resolution. In particular, the radiance

spectrum includes the following components: scattered

moonlight and starlight, zodiacal light, molecular emis-

sion of lower and upper atmosphere and airglow contin-

uum. For each reduced scientific frame, we calculated

three modelled sky spectra with three different spectral

resolutions, i.e. those measured at the top - middle -

bottom rows of the frame, to take care of the varying

spectral resolution in the slit direction. Interpolating

the three spectra along the vertical direction, we com-

puted the 2D sky model spectrum with an optimized

spectral resolution. We then calculated, for each frame,

the multiplicative factor that minimizes the difference

between the tabulated and observed sky counts. The

sky-subtracted frame was obtained by simply subtract-

ing the modelled 2D sky from the original frame. In the

optical region sky residuals were minimal. Only about

one to two pixels per emission line still have residuals

due to the unavoidable difference in the shape of the

tabulated sky (boxcar) emission lines with respect to

the real ones. All residuals have been flagged and not

included in the analysis fit. However, in the red region,

the subtraction of the SkyCal sky spectrum left larger

residuals. This was due to the presence of numerous

sky emission lines that scale with other sky features in

non-linear ways, and the optimized solution did not al-

ways remove the presence of residuals like in the NaI

and CaT spectral features. This was more frequent in

the low S/N spectra of the outer halo. As before, we

masked the sky residual regions in the analysis.

Red GA data, obtained since 2018, have a fringing

pattern all over the 2D frames. As described in Lonoce

et al. (2021), this effect can be efficaciously removed

with the help of spectroscopic flat field frames taken just

before and after the scientific exposures. Each scientific

frame is then corrected for fringing using the flat field

frame interpolated to its proper time. This minimizes

the effect of time variability of the fringing pattern.

The extraction of the 1D spectra was performed by

means of a custom IDL code on the sum of all of the

seven 1200s reduced frames. After retrieving the curva-

ture of each CCD chip in the spatial direction by fitting

the position of the peak of NGC3309 along the disper-

sion direction, the code sums the flux in all of the chosen

physical regions from the west stellar halo, NGC3309,

the halo between the two galaxies, NGC3311 and the

east stellar halo. These regions have been defined to en-

sure that the S/N in the region around 5000Å was & 100

Å−1, as shown in Fig. 1. However, as discussed in Sec-

tion 3, due to the increasing broadening of features that

prevent a reliable retrieving of stellar population prop-
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Table 1. Main features of the Hydra I spectroscopic data: grating angle (GA), date of observations, grating, slit width, position
angle, obtained spectral range and total exposure time.

Grating Angle Period Grating Slit Width Position angle Spectral Range Exposure Time

(◦) (′′) (◦) (Å) (min)

9.711 April 28-29, 2019 600-8.6 2.5 110 3500-6700 140

17.11 April 28-29, 2019 600-13.0 2.5 110 7500-10500 140

erties, we only used 40 of them, from ∼ 50′′ west of

NGC3309 and ∼ 70′′ east of NGC3311.

The extracted 1D spectra have been flux calibrated by

means of standard stars observed at the same airmass

soon after each scientific exposure. Finally, they have

been further corrected for tellurics & 5000Å, with the

software MOLECFIT (Smette et al. 2015; Kausch et al.

2015).

The data reduction process was performed on each of

the four chips separately. The step of the wavelength

calibration relies on arc frames whose number of strong

emission lines differ from chip to chip. This means that

the quality of the λ calibration is different depending

on which chip is considered. As a consequence, possible

λ shifts can occur between adjacent chips. In order to

attach together the 4 + 1 (optical+NIR) spectral re-

gions, we thus first retrieved their kinematic properties,

in particular their radial velocities, which gave us an

estimate of the relative wavelength shifts among chips.

We derived the kinematics of all the extracted spectra

using PPXF (Cappellari 2017) with the MILES models

(Vazdekis et al. 2010) and a Chabrier IMF. We found

differences among radial velocities measured from dif-

ferent chips of the order of 100 km/s. Spectra from

GA9.71-chip6 and GA17.11-chip8, which have arcs with

the higher number of lines (∼ 20) are close to the ex-

pected values observed in the literature (see Figure 9).

To homogenize the wavelengths of different chips to a

common grid, we shifted all wavelengths such that the

center of NGC3309 has the literature value of 4089 km/s

(Smith et al. 2004). In this way, while homogenizing

within the same spectrum along the whole wavelength

range, we kept the relative velocity shifts among spectra

from different physical regions. For a final check, we ran

PPXF again on the final spectra with all of the chips

combined. We found consistent results with literature

values not only for NGC3309, as expected, but also for

NGC3311 (Richtler et al. 2011; Barbosa et al. 2018).

Four examples of the final reduced spectra are shown

in Fig. 2: the center of NGC3309 (pink), the center of

NGC3311 (green), one of the regions between the two

galaxies where the stellar halo is dominant (light blue),

and one from the external halo to the east of NGC3311

(blue). We intentionally omit a description of the ab-

solute flux matching between adjacent spectral chunks

since the extraction of information on stellar parameters

has been carried out on each normalized chip spectrum

in a parallel way, and by comparing relative flux features

with those of models, as detailed below in Section 3.1.

2.3. Star formation and foreground emission

Some visible emission lines can be observed in the cen-

tral regions of NGC3311 (e.g.: Hβ, Hα and [NII]) where

some star formation is ongoing (Arnaboldi et al. 2012;

Richtler et al. 2020). Fig. 4 shows the image of the dusty

center of NGC3311 as observed by IMACS (left) in the

I band, and by HST-WFPC2 (right) in F555W 1. In the

left panel we highlight in yellow the orientation of the

2.5′′ longslit across NGC3311. As observed by Richtler

et al. (2020), an excess of blue light is present, corre-

sponding to the bright spots embedded in the dust. In

our IMACS data, and as better delineated by the higher

resolution HST image, we can clearly identify these re-

gions, as shown in Fig. 4. We then extracted the 1D

spectra by keeping these regions separated, and we ob-

served the most intense emission lines corresponding to

the bright spot in the north-east corner of the dust struc-

ture. The spectrum extracted from the central dusty re-

gion shows moderate emission lines due to the presence

of the smaller central bright spot, confirming that some

star formation is ongoing in the disk. As described in

Section 3, in our analysis we fit the spectra with the

inclusion of emission lines, and in the particular cases

of the spectra around the NGC3311 center, we allowed

for the presence of two stellar components, to take into

account the small contribution of young stars.

Looking closely at all extracted spectra, both around

the two galaxies and along the halo, we noticed the

presence of a set of foreground emission lines, includ-

ing: [OII3727Å], Hβ, [OIII5007Å], [NI5200Å], Hα and

[NII6585Å] (see Figure 15). As fully detailed in Ap-

1 Richtler et al. (2020), based on observations made with the
NASA/ESA Hubble Space Telescope, and obtained from the
Hubble Legacy Archive, which is a collaboration between the
Space Telescope Science Institute (STScI/NASA), the Space
Telescope European Coordinating Facility (ST-ECF/ESA) and
the Canadian Astronomy Data Centre (CADC/NRC/CSA)
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Figure 1. Upper panel: S/N per Å trends along the slit direction as measured for each CCD chip on the final reduced spectra.
The pixel scale is 0.111′′ per pixel. In detail: chip7-GA= 9.71◦ covers ∼ 3500−4300Å (orange), chip8-GA= 9.71◦ ∼ 4300−5100Å
(green), chip5-GA= 9.71◦ 5100 − 5900Å (red), chip6-GA= 9.71◦ 5900 − 6700Å (blue) and chip8-GA= 17.11◦ ∼ 8000 − 8800Å
(brown). Lower panel: light profile along the slit that connects the two target galaxies NGC3309 (green) and NGC3311 (pink).
Shades highlight the region within 1Re for each galaxy, i.e. R3309

e = 21.9′′ and R3311
e = 36.2′′ (Arnaboldi et al. 2012). Crosses

indicate the central position of each region where a spectrum has been extracted.

pendix A, this local emission, constant along the entire

observed field of view, is typical of the Warm Ionized

Medium (WIM), as confirmed also by the Wisconsin H-

Alpha Mapper (WHAM, Haffner et al. 2003) Sky Sur-

vey, that observed diffuse Hα emission in the foreground

of the Hydra I cluster. Since this emission is local and

does not affect the Hydra I cluster region located at

z ∼ 0.013, we masked all of the local emission lines in

all spectra so as to not include them in the analysis.

3. ANALYSIS

For the analysis of the 40 spectra extracted across the

Hydra I cluster center, we adopted the publicly avail-

able full spectral-fitting code ALF (Conroy et al. 2018).

The full spectral-fitting technique is ideal when deal-

ing with large wavelength ranges and when the goal is

the retrieval of many stellar population parameters, as

demonstrated in our previous works (Feldmeier-Krause

et al. 2020; Lonoce et al. 2021), and also in the litera-

ture (e.g.: Conroy & van Dokkum 2012; Vaughan et al.

2018; Barbosa et al. 2021a). Indeed, the fit is performed

not only over the main spectral features, but over the

entire wavelength range with all of the good pixels of

the spectrum contributing to the fit. This allows us to

exploit every part of the spectrum that can have a de-

pendence on one or more parameters, thus giving more

accurate results. ALF is, in particular, optimized to fit

the absorption lines of optical and NIR spectra of stel-

lar systems older than 1 Gyr. The fitting is performed

with the Monte-Carlo Markov-Chain (MCMC) sampler

EMCEE (Foreman-Mackey et al. 2013). To run ALF,

we adopted the Conroy et al. (2018) stellar population

models, with ages ranging from 1 to 13.5 Gyr, metal-

licity from −1.5 to +0.2 dex and with a large range of

IMF slope values2, from 0.5 to 3.5, and with the possi-

bility of using different parametrizations, as for example

with one or two slopes. The spectral resolution is 100

km/s over the whole spectral range of 3500 − 9000Å,

which perfectly covers our data. These models adopt

the MIST isochrones (Choi et al. 2016) and are based

on the optical and NIR empirical stellar spectra pre-

sented in Sánchez-Blázquez et al. (2006) and Villaume

et al. (2017).

2 The IMF slope X is defined as: dN/dm ∝ m−x, see Section 3.1
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Figure 2. Four examples of the final reduced spectra in the optical region: the center of NGC3309 (pink), the center of NGC3311
(green), a region of the halo between the two galaxies (light blue), and an external region at the east of NGC3311 (blue). Some
representative spectral features are shown (gray). Hα is visible in absorption for NGC3309 and in absorption+emission for
NGC3311 since its core has a dust disk where star formation is ongoing (Arnaboldi et al. 2012; Richtler et al. 2020). Gaps
between CCD chips can be noticed around 4300, 5100 and 5900Å. Other masked regions are due to sky residuals and foreground
emission (see text). Fluxes are normalized around 4500 − 5500Å and shifted for clarity.

Figure 3. Same as Fig. 2 but in the red region around the CaT feature, as highlighted in green. All sky residuals have been
properly masked and not included in the fit as described in Section 3. Fluxes are normalized and shifted for clarity.

In order to retrieve non-solar values of many elemen-

tal abundances, we made use of the theoretical response

functions of Conroy et al. (2018), provided for a wide

range of age and metallicity and for a fixed Kroupa IMF

(Kroupa 2001), at the same spectral resolution of the

models. With the help of these response functions, we

were able to retrieve the following 19 elemental abun-
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Figure 4. Upper panel: B band image of the Hydra I cluster IMACS field. The vertical yellow line traces the position of the
2.5′′-wide slit used for the acquisition of our spectroscopic data. Lower panel: NGC3311 center imaging. Left: IMACS I band
imaging; yellow lines trace the position and orientation of the 2.5′′ longslit. Right: HST-WFPC2 F555W imaging of the same
region. Both images show the dusty central region of NGC3311, where bright spots indicate the presence of internal ongoing star
formation (Richtler et al. 2020). As a result of the orientation of the slit across this region, we could extract 1D spectra isolating
the region with the brighter spot and no dust, and the dusty region with the smaller bright spot, confirming the presence of a
very young stellar population and detailing its chemical characteristics (see Section 4).
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dances: Fe, O+Ne+S (called “a”), C, N, Na, Mg, Si, K,

Ca, Ti, V, Cr, Mn, Co, Ni, Cu, Sr, Ba and Eu.

In Lonoce et al. (2021) we demonstrated the impor-

tance of retrieving the elemental abundances to obtain

unbiased values of the IMF and other parameters. In-

deed, every spectral feature that changes as a function

of the IMF shape, also changes as a function of many

elemental abundances. This is especially important for

a full spectral-fitting analysis, since each pixel, with its

own stellar parameter dependencies, contributes to the

fit. To minimize the possible biases affecting the IMF,

we thus chose to fit all of the available elemental abun-

dances as free parameters.

3.1. ALF settings

We prepared our spectra by transforming wavelengths

to vacuum, masking gaps and bad pixels, and set up

ALF with the following characteristics:

• MCMC parameters: we generally fit with a num-

ber of walkers, nwalker= 1024, a number of steps

during the burn-in phase, nburn= 104, and a num-

ber of steps after the burn-in phase, nmcmc= 100.

In cases of insufficient convergence of any param-

eter (typically in the outer regions), we repeated

the fit increasing nwalker as needed.

• Fit type: to include all possible elemental abun-

dances as well as the IMF as free parameters, we

adopted the full mode fitting, which allows the re-

trieval of up to 46 parameters including: all stel-

lar population properties (21), kinematics (up to

4 components), emission lines (8), two-component

star formation history (2) and non-constant IMF

(up to 4 components). Additional “nuisance” pa-

rameters are also included to correct for stellar

evolution and data uncertainties (7).

• IMF parametrization: we based our main analysis

adopting a single power-law IMF slope of the form

dN/dm ∝ m−x, with a fixed lower cutoff of 0.08

M�. Above 1M� the slope is fixed to 2.3, i.e. to

the Salpeter value (Salpeter 1955). We have also

repeated the whole analysis with a double power-

law IMF, retrieving X1 (from 0.08 to 0.5 M�) and

X2 (from 0.5 to 1M�). However, as discussed in

Section 5, the degeneracy between X1 and X2 is

high, as already noted in Lonoce et al. (2021) and

Feldmeier-Krause et al. (2021), preventing the re-

trieval of solid results. IMF slope values span from

0.5 to 3.5.

• Stellar components: ALF allows a simultaneous fit

to two stellar population components with differ-

ent ages. The fit retrieves the age and the mass

fractions of the two components. All other pa-

rameters are the same as the main component.

In our analysis, we allowed the presence of a sec-

ondary stellar population only in the four spec-

tra extracted from the center of NGC3311, where

there are signs of ongoing star formation (see Sec-

tion 2.3), and in the very center of NGC3309. We

highlight, however, that the minimum age allowed

in ALF is 0.5 Gyr, and thus we can only give an

upper limit of the age of the younger component.

• Parameter ranges: for each stellar property, a uni-

form prior range is set in a customized way. Ages

run from 0.5 to 14 Gyr, metallicity from −1.9 to

0.3 dex and the IMF slope from 0.5 to 3.9. For el-

emental abundances we started with fixing the in-

terval from −0.3 to +0.5 dex, with the exception

of Na which was allowed up to +1.0 dex. Since

our spectra span from halo regions to the cen-

ters of the two ellipticals where stellar population

properties can be largely different, these ranges

have been adapted accordingly for each spectrum.

As a consequence, in the outer regions we allowed

the parameters to reach higher values, e.g. > ±1

dex, if needed. We caution that in these cases the

results could suffer from systematic uncertainties

due to model extrapolation (considering that re-

sponse functions are provided for values ±0.3 dex,

with some exceptions). A special case is potas-

sium, where its only strong feature in our wave-

length range at around 4100Å could not be well fit

by models even with [K/H] > 3.0 dex. We fixed

the maximum limit at 3.0 dex and tested that this

assumption does not impact the determination of

all of the other stellar population parameters.

• Wavelength ranges: as discussed in Section 2,

each final spectrum has three wavelength gaps as

a result of the subdivision of the separate CCD

chips. To avoid mismatched flux alignment be-

tween adjacent chips, we imposed the fit to be

performed in the following five separated wave-

length regions: 3650.3−4207.6Å, 4253.3−5001.8Å,

5048.9− 5777.8Å, 5857.4− 6606.7Å and 7966.3−
8727.7Å. Within each wavelength range the spec-

trum and the model are continuum matched by

means of a polynomial function with one order per

100Å. In the outer halo spectra we masked many

pixels at long wavelengths due to strong sky resid-

uals, as described in Section 2 and shown in Figure

2.

• Emission lines: having masked all of the fore-

ground emission lines (as described in Section 2
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and in Appendix A), we fit the local emission lines

of the Hydra I galaxies, as allowed by ALF. The

lines are: Balmer (Hδ, Hγ, Hβ and Hα, with line

ratios assumed from Case B recombination Oster-

brock 1989), [OII]3726−3729 , [OIII] 4959−5007,

[NI]5200 and [NII]6548− 6583, where all doublets

have relative strengths adopted from Cloudy mod-

els (Ferland et al. 2017)). Their retrieved intensity

and kinematics are discussed in Appendix B.

After each fit, we processed the results as suggested

in the ALF documentation. This includes that the total

metallicity [Z/H] and the [Fe/H] abundance have been

combined by adding the two quantities together. All el-

emental abundances, provided by the models in relation

to the total H, have been properly transformed in rela-

tion to Fe (as we show our results in Section 4). In par-

ticular, O, Ca, Mg, Ti and Si have been corrected with

the library correction factors from Schiavon (2007) and

Bensby et al. (2014), as suggested by the ALF documen-

tation. This is to compensate for the fact that models

with non-solar values of elemental abundances are built

with stars from the solar neighborhood. We note that

these corrections are more important for lower metallic-

ity values (e.g.: ∼ 0.4 dex at around [Z/H]∼ −1.5 dex).

As a consequence, the outer regions and halos are mostly

affected by this approximation. Moreover, excluding C,

N, Cr, Ni and Na that so far have not shown the need

for these corrections at low Z, all other elements have

not yet been tested and corrected.

We have carefully checked the full convergence of each

parameter by directly looking at its MCMC chain. In

particular, we considered the end of the chains generally

including their final 1% steps (i.e. ∼ 1000 steps). At

the same time we verified that the values spanned by

each parameter did not hit a prior limit. In cases where

these conditions were not satisfied, the fits have been

repeated with wider setup constraints. Figure 5 shows

four examples of the fit obtained by ALF for the same

four spectra from Figure 2, i.e. the center of NGC3309,

the center of NGC3311, one from the halo between the

two galaxies and one for the external halo.

3.2. Outer Regions

The stellar halo regions, located at > 1Re from each

galaxy center (see Figure 1) and not dominated by the

two galaxies’ light, are characterized by having lower

S/N spectra, higher velocity dispersion (> 250 km/s)

and likely a more complex stellar population composi-

tion (Barbosa et al. 2016). Similar characteristics also

hold, in a gradual way, in the annular regions included

between ∼ 10′′ from the center of each galaxy (i.e. at

0.45Re for NGC3309 and at 0.28Re for NGC3311) and

their effective radius.

The determination of the stellar parameters in these

regions is more difficult, not only due to the noise and

faintness of the features, but also because it is affected

by possible biases due to the fact that we fit a simple

stellar population model where a mix of multiple stellar

populations may be the case. We will refer to the regions

from ∼ 10′′ to 1Re as outer regions, to distinguish them

from those of the inner galaxies, which are, in contrast,

well described by a single stellar population and with

homogeneous stellar properties.

Since in the outer regions we faced these above-

mentioned difficulties in the retrieval of their stellar

properties, we decided to fix the kinematic values in

the ALF fit (described in Section 3.1), as obtained by

fitting only the spectrum from chip 5 (around 5500Å)

with the ALF super-simple mode. We further fix age

and metallicity in the halo regions with values again ob-

tained from the super-simple mode fit. The results ob-

tained are consistent both with previous values and with

the expectations of spectral indices. For more details on

these choices, see Appendix C.

3.3. Systematic errors

We estimated the systematic errors by considering

that different regions of the spectra hold different kinds

of information on the stellar population properties, and

thus that fitting only a specific wavelength range can

bring biased results in one or more parameters. Repeat-

ing the same fit on different wavelength ranges, therefore

can provide an estimate of such uncertainties.

We analysed systematics in a slightly different way for

the centers of the two galaxies and for the outer regions

and halos. For the central regions, since their stellar

populations exhibit similar values, we created stacked

spectra to increase the S/N and highlight possible bi-

ases. In particular the stacked spectra of NGC3309 and

NGC3311 are the sum of their innermost < 3′′ spectra

(i.e. ∼ 6 spectra each). We then tested the differences

when fitting the whole spectral range, without the bluest

region (< 4200Å), without the red region (> 8000Å)

and excluding the region > 6400Å. We then added in

quadrature the standard deviation obtained from these

fits for each stellar parameter to their statistical errors.

For the outer regions, due to the increasing velocity

dispersion and complexity of their stellar content, we

preferred not to create stacked spectra but instead to

consider three single spectra chosen as representative

for three regions, i.e. one for the outer halos, one for

the halo between the two galaxies and one for the outer

region in the middle between the halo and galaxy cen-
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Figure 5. Same four example spectra of Figure 2 (center of NGC3309, center of NGC3331, halo between the two galaxies and
external halo) in the optical region, and the best-fit spectra (green). Fitted emission lines are indicated by grey vertical dashed
lines. Fluxes are normalized around 4500 − 5500Å and shifted for clarity.

ters. The tests performed are the same as for the stacked

spectra, and their standard deviations have been added

to the statistical errors in the same way. Results in Fig-

ures 6 and 7 show the final values with both statistical

and systematic errors.

Briefly, in the galaxy centers we found systematic er-

ror values of ∼ ±1 Gyr for age, ±0.04 dex for metallicity,

±0.25 for the IMF slope and ±0.08 dex on average for

the elemental abundances. For the outer regions and

halos we obtained systematic errors on metallicity from

±0.3 to ±0.5 dex, and on elemental abundances on aver-

age from ±0.2 to ±0.4 dex. The IMF slope in the halos

could not be constrained with our data and models as

explained in Section 4.1. The systematic uncertainties

we found in these regions on the IMF are indeed high

with values around ±1.

4. RESULTS

In this Section we present the results from the analysis

described in the previous Section 3, obtained when fit-

ting only one IMF slope. A comparison with the results

with two IMF slopes is detailed in Section 4.1.1. All our

results, as a function of the distance from the center of

the two galaxies, are shown in Figures 6, 7, and 9.

In the following Subsections we focus on the stellar

population properties (Section 4.1) and on the kinematic

results (Section 4.2). Kinematics of the gas emission

component can be found in Appendix B.

4.1. Stellar population properties

Our stellar population results, obtained by fitting with

ALF the 40 spectra with the setup described in Sec-

tion 3, are shown in Figures 6 and Figure 7. The

first set of plots shows the retrieved age, metallicity

([Z/H]+[Fe/H]), IMF slope and the derived mismatch

parameter αr. αr is defined as the ratio between the

M/L in the r band obtained from the best fit model,

and the M/L of the same model but with a Milky-Way

IMF (Kroupa): (M/L)/(M/L)MW . While a value of

αr = 1 corresponds to a Kroupa IMF by definition, a

value of αr = 1.55 corresponds to a Salpeter IMF, as in-

dicated by the horizontal lines in the two bottom panels

of Figure 6. Figure 7 shows the results of the elemental

abundances with respect to Fe. K is not shown since

models could not converge even with values > 3.0 dex

(see Section 3.1). In all plots, error bars include system-

atic errors as discussed in Section 3.3.

The results show rather constant old ages, with no vis-

ible trend from the center of the two galaxies to the ex-

ternal regions, with values around 13 Gyr. This behavior

is consistent with previous literature results, e.g. Coc-

cato et al. (2011), Loubser & Sánchez-Blázquez (2012)

and Barbosa et al. (2016), but also in contrast with the

latest findings of Barbosa et al. (2021a) who found a neg-

ative gradient. However, Barbosa et al. (2021a) show the

radial results of all the Voronoi bins around NGC3311,

and by inspecting their figure 5 the sharp age gradient

is mostly caused by ages as young as 5 Gyr measured
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along the major axis, at a position angle PA∼ 32◦that

is nearly orthogonal to the one we analyzed in this work

(PA∼ 108◦); whereas the ages near PA∼ 108◦are higher,

around 8 − 9 Gyr. NGC3311 hosts a dust disk, as dis-

cussed in Section 2.3, where some level of star formation

is still ongoing. As mentioned in Section 3.1, in those

spectra corresponding to the regions with dust, we fit

two stellar populations to take into account the pres-

ence of the younger component. The main components

have similar old ages (i.e. ∼ 13 Gyr, as shown in Fig-

ure 6) as do the other surrounding central regions of

NGC3311. The younger components have ages ∼ 1 Gyr

with mass fractions below 1%.

The stellar metallicity in the center of the two galaxies

reaches solar values, while in the outer regions we ob-

tain a negative gradient toward sub-solar values down

to ∼ −1.5 dex. Close to the center of NGC3309 the

metallicity shows a clear negative gradient starting from

super-solar values around ∼ 0.2 dex, while in the center

of NGC3311 the metallicity trend is flat around solar

values. This particular behavior is similar to the ve-

locity dispersion trend shown in Figure 9, and it will

be discussed in Section 5.4 where correlations among

parameters are analyzed. The solar metallicity values

that we found in the center of NGC3311 are in slight

tension with those obtained by Barbosa et al. (2021a)

who report a higher [Z/H]∼ 0.2 dex. This gap could be

attributed to the different adopted models. Indeed, Bar-

bosa et al. (2021a) used the EMILES models (Vazdekis

et al. 2016), which are known to have a difference of

the order of ∼ 0.1 dex with the Conroy et al. (2018)

models for old and solar/supersolar metallicities (see e.g.

Feldmeier-Krause et al. 2020, Lonoce et al. 2021). The

total metallicity shown in Figure 6 does not show signif-

icant differences among the western, eastern and inner

halos, however the [Fe/H] alone (see Figure 7) presents

slightly higher values in the western region (on the left

of NGC3309 in the plot). This is again in agreement

with previous findings of Barbosa et al. (2016).

Interestingly, also the IMF slope trend shows some

similarity with the metallicity, in particular in the re-

gions belonging to the two galaxies, where it is better

constrained. NGC3309 shows a clear negative IMF gra-

dient, from super-Salpeter (i.e. bottom-heavy) values in

its very center to a top-heavier IMF at around 10′′, con-

firming the typical trend found for local ellipticals (e.g.:

Mart́ın-Navarro et al. 2015a; La Barbera et al. 2017;

Sarzi et al. 2018). On the contrary, the IMF profile of

NGC3311 is flat in its center at sub-Salpeter values, with

mild signs of a positive gradient from ∼ 5′′. We stress

that the IMF slope values beyond 10′′ for both galaxies

are not robust as the analysis suffers from lack of IMF

sensitive features, low S/N and larger velocity disper-

sion broadening, as reflected in their large error bars.

The mismatch parameter αr obviously has a similar

trend as the IMF slope, holding the same information.

We decided to also show it in this form since, being un-

bounded to a particular parametrization of the IMF, it

is more useful for a comparison of our results with other

analyses obtained with different stellar population mod-

els.

Elemental abundances have been precisely retrieved

in the center of the two galaxies where we found so-

lar or super-solar values with typical errors of 0.06 dex.

[Cu/Fe], [Sr/Fe] and [Eu/Fe] have larger uncertainties

also in the galaxy centers (i.e. 0.2 dex) since the fitted

wavelength ranges do not include strong features sensi-

tive to these elements. Some elements have clear nega-

tive gradients around the centers, like [Na/Fe], [Ti/Fe],

[C/Fe], [O/Fe], [V/Fe] and [Co/Fe], others have flat

trends, and only [Cu/Fe] has a positive gradient. We

note a very close similarity of the chemical content be-

tween the two galaxy centers, which is valid for all ele-

ments. This important result will be discussed in Section

5. In the halos, elemental abundance values are typi-

cally different from the inner galaxy regions, reaching in

several cases extreme values beyond those provided by

models and thus subject to further uncertainty due to

extrapolation. For example, in the case of copper, the

extrapolation occurred up to 3.0 dex. Generally, we do

not find evident differences from values retrieved from

the western, eastern or inner halos, as also confirmed by

the total metallicity trend. We also calculated the α-

elements enhancement trend by averaging together C,

O, Mg, Ca, Si and Ti. The derived [α/Fe] has a value

of ∼ 0.2 dex in the center of NGC3309 and NGC3311,

and a mild negative gradient toward their outskirts to

around the solar value. However, the large scatter (i.e.

∼ 0.25 dex) prevents a robust confirmation of an actual

gradient. Results from Coccato et al. (2011), Loubser

& Sánchez-Blázquez (2012) and Barbosa et al. (2016)

show slightly higher values (0.3 − 0.4 dex), but due to

our large scatter, it is still consistent with our findings.

More discussion on the [α/Fe] trend is presented in Sec-

tion 5.4.3.

4.1.1. One versus two IMF slopes

As detailed in Section 3, we have assumed a single

slope IMF as a baseline. However, we have also per-

formed the same fits assuming a double-slope IMF, with

the first slope X1 describing the IMF in the mass range

0.08 − 0.5 M�, and the second one X2 in the range

0.5 − 1 M�. Above 1 M�, the IMF is again Salpeter.

While the other parameters are not affected by this
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Figure 6. Age, metallicity and IMF slope trends across the Hydra I cluster center as retrieved with ALF. West is on the left,
East is on the right. The bottom panel shows the derived mismatch parameter αr. Dash-dotted horizontal tan lines in the IMF
and αr panels outline the corresponding values for a Salpeter IMF, dashed those for a Kroupa IMF. Open diamonds refer to
regions where the results are less robust due to lower S/N, velocity dispersion broadening and/or lack of important features.

change, the retrieved IMF values are visibly different,

as shown in Figure 8. There, we focus on the com-

parison of the retrieved IMF in case of one IMF slope

(solid lines) with the case of two IMF slopes (dashed

lines) in the centers of NGC3309 (upper panels, pink)

and NGC3311 (lower panels, green). When switching to

two IMF slopes, we found very high X1 values in the cen-

ter of NGC3309, reaching the limit of the allowed model

values. In NGC3311 instead, we observe a larger scat-

ter in X1, with adjacent points going from Kroupa-like

to bottom-heavy IMF almost alternating. This behav-

ior is due to the mutual degeneracy between X1 and

X2, as also observed in Lonoce et al. (2021). We care-

fully checked the cross-correlation ellipses between X1

and X2 and confirmed high levels of correlation, with a

mean Spearman correlation coefficient ρ = −0.45 with

p = 0.009. We conclude that with our set-up, the best

choice is to adopt only one IMF slope. Some level of cor-

relation with other parameters of the fit is still present

for the case of one IMF slope, e.g. age and metallic-

ity (and slightly Na and Ti, see Section 5.4 and Ap-

pendix D), but with lower values (Spearman coefficient

ρ ∼ 0.30), well within their final error.

4.2. Kinematics

Our kinematics results for the stellar component alone

are shown in Figure 9 as orange lines. As discussed pre-

viously, we derived the kinematics values with ALF in
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Figure 7. Similar to Figure 6 but for all the retrieved elemental abundances.

full mode over the entire spectra only in the centers of both galaxies, i.e. within ∼ 10′′, while for outer re-
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Figure 8. Comparison of the retrieved IMF when adopting 1 vs 2 slopes in the center of NGC3309 (upper panels) and NGC3311
(lower panels). Solid lines refer to a single slope IMF while dashed lines to a double slope IMF. The right panels show the
mismatch parameter αr obtained in both cases; dashed and dotted-dashed horizontal tan lines indicate the Kroupa and Salpeter
value respectively. The two IMF slopes are mutually degenerate when fitted together, causing X1 to hit unnatural high values
at the edge of model limits. To better highlight the uncertainties coming from the fit alone, in these plots error bars do not
include systematic errors.

gions and halos we relied our measurements on those

extracted from fitting the chip 5 spectra (from 5100Å to

5900Å) with ALF in super-simple mode (Appendix C).

This way we retrieved well-converged values that are in

agreement with the literature. Indeed, in Figure 9 we

have also plotted the estimated trends of the kinematic

values from Richtler et al. (2011, green triangles) and

Hilker et al. (2018, red circles), as they appear in figure

6 of Hilker et al. (2018). They show good agreement also

in regions of low S/N, particularly in the halo between

the two galaxies.

The velocity dispersion profile across the core of the

Hydra I cluster shows rather high values in the halo re-

gions around 300 − 350 km/s, and rapid drops in the
proximity of the two galaxies, toward ∼ 200 km/s. In

the center of NGC3309 there is a negative and symmet-

ric gradient of σ, typical of elliptical galaxies, starting

from its center toward ∼ 10′′ , with values running from

∼ 250 to around 200 km/s. On the other hand, in the

center of NGC3311, the σ profile is flat at around 160

km/s within its innermost 10′′. As in Barbosa et al.

(2021b), we will use this difference in the velocity dis-

persion profiles to test the validity of correlations be-

tween stellar population parameters, and in particular

the IMF, with σ (see Section 5.4).

The radial velocity profile shows a difference of ∼ 250

km/s between the two galaxies, with NGC3309 in the

foreground with respect to NGC3311. As discussed in

Richtler et al. (2011), NGC3309 is presumably spatially

at a larger distance from the BGC which resides at the

center of the cluster potential.

Similarly to its σ profile, NGC3309 presents a (small)

negative gradient in its center, not observed in Richtler

et al. (2011) data. Instead, NGC3311 still has a flat

trend. No internal rotation is visible for both objects

along the adopted position angle.

5. DISCUSSION

With the results shown in Section 4, we have provided

a detailed description of the stellar population proper-

ties across the two main galaxies of the Hydra I cluster,

giving for the first time an extensive picture of their

chemical content and IMF. Studying the stellar prop-

erties of these two companion galaxies, including their

surrounding halos, with the same data set, as well as the

same type of analysis and models, gives us the possibil-

ity of directly interpreting observed differences between

the galaxies. This is fundamental to provide unbiased

constraints on their assembly history. In this section,

we will discuss the results, focusing on both the central

and outer regions, in comparison with the literature, as

well as on the obtained correlations among parameters

(detailed in Section 5.4).

5.1. NGC3311 in the literature

Regarding NGC3311, the BCG of the cluster, we al-

ready have a description of its main stellar properties,

for example, Coccato et al. (2011), Loubser & Sánchez-

Blázquez (2012), Arnaboldi et al. (2012), Barbosa et al.

(2016, 2018, 2021b), including information on the radial

trend of its IMF (Barbosa et al. 2021a). Despite the fact

that these works have been undertaken with different
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Figure 9. Velocity dispersion (upper panel) and radial velocity (lower panel) profiles as retrieved with ALF (orange). Green
triangles and red circles show an indication of the trends retrieved by the works of Richtler et al. (2011) and Hilker et al. (2018),
respectively, as they appear in figure 6 of Hilker et al. (2018) for the case of position angle 108◦. Typical error bars are shown
on the right of both panels.

data sets (thus with different wavelength ranges, etc...),

different kinds of analysis (spectral index fitting or full

spectral fitting) and different families of models, the re-

sults on age and metallicity are generally in agreement,

pointing to an old (> 12 Gyr) and solar metallicity pop-

ulation in its center. We note an exception in Barbosa

et al. (2021b), who find a negative age gradient, in con-

trast with these other findings. As already mentioned

in Section 4, our general findings are consistent with

this picture, and add more information to the observed

trends of 18 elemental abundances. In particular, the

comparison of the retrieved IMF in the form of the mis-

match parameter αr with the results of Barbosa et al.

(2021a) (performed with different models, thus with a

different parametrization of the IMF) across the direc-

tion of our longslit, is very good within the innermost

20′′ of NGC3311, showing a flat trend around αr ∼ 1.5.

5.2. NGC3309 and NGC3311 centers

Focusing on the central regions (within 20′′) of both

NGC3309 and NGC3311, where we have retrieved all

the stellar parameters with high precision, we found a

general agreement with similar available values found in

the literature both in the center (e.g.: Graves & Schi-

avon 2008; Johansson et al. 2012; Worthey et al. 2014;

Conroy et al. 2014; Gu et al. 2021) and up to ∼ 1Re

(e.g.: Feldmeier-Krause et al. 2021; Parikh et al. 2019;

Newman et al. 2017; van Dokkum et al. 2017) of lo-

cal elliptical galaxies, showing in some cases also sim-

ilar trends with R. Nevertheless, there are few studies

for which as many elemental abundances for single ob-

jects can be retrieved; to date these have generally fo-

cused on the center of galaxies and with stacked spectra.

Only recently have stellar population synthesis models

with non-solar abundances and very high quality spec-

troscopic data become available. In the near future we

will be able to compare these results in detail with much

larger samples both in the central and outer regions of

nearby galaxies.

The centers of elliptical galaxies are thought to host

the core of the in situ stellar population in the two phase
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formation scenario (Naab et al. 2009; Oser et al. 2010);

thus focusing on the central regions of NGC3311 and

NGC3309 may give us hints of their formation history.

To better visualize this comparison, in Figure 10 the

central 20′′ of both galaxies for most of the retrieved

stellar population properties are shown. This region

corresponds to the limit of the deep potential well, just

before the sharp rise of the velocity dispersion (see Fig-

ure 9). As can be seen in the upper left panel, and

as already mentioned, the two galaxies show a signifi-

cant difference in their velocity dispersion profiles, with

NGC3309 (pink) showing the typical negative gradient

of massive elliptical galaxies, and NGC3311 (green) in-

stead exhibiting a flat trend in the center following a

decrease from the outskirts. Other differences can be

observed in the very center (< 2′′) where the metallicity

and IMF (and Ni) both have higher values in NGC3309.

On the other hand, the age and all elemental abundances

in these regions, within their uncertainties, have the

same values. This is an important result suggesting that

the stars in the cores of these two objects have formed

at the same cosmic time and from a similar chemically

enriched material.

A number of studies have found correlations between

the abundance patterns and velocity dispersion (e.g.:

Worthey et al. 2014; Conroy et al. 2014; Parikh et al.

2019; Feldmeier-Krause et al. 2021), with generally more

elemental enhancement at higher masses (see also Sec-

tion 5.4). Our two galaxies, however, deviate from

these correlations. Indeed, their centers show similar

abundances while their velocity dispersion is different.

Moreover, also their dynamical mass is different, with

MNGC3309
dyn /MNGC3311

dyn = 0.7, when derived both in the

core and at Re. This could be a particular case, though,

since the proximity of the two stellar systems may sug-

gest that both in situ populations have effectively origi-

nated during the same star forming event. However, the

difference in their IMFs suggests different paths in their

star formation histories.

5.3. Outer regions results

While in the center of the two galaxies the parame-

ters are precisely retrieved with well-shaped trends, in

the outer regions and halos we find larger uncertainties

and some scatter. As anticipated in Section 3.2, this

can be connected to many factors: i) the lower S/N of

these regions (Figure 1) due to the lower surface bright-

ness µ > 22 mag/arcsec2 in the outer 20 − 30′′ from

the centers (Arnaboldi et al. 2012), ii) the increasing

velocity dispersion that in ∼ 20′′ doubles its value and

broadens the absorption features causing more degener-

acy among parameters, iii) the use of simple stellar pop-

ulation models on likely mixed stellar populations due

to later accreted stars and minor mergers. Indeed, some

level of scatter was noticed and commented in Barbosa

et al. (2016) in the regions at R>1Re from NGC3311,

and accredited to the presence of multiple components

that make the halo around NGC3311 not homogeneous.

Allowing for the above-mentioned caveats, we give a

first estimate of the detailed chemical content of the stel-

lar halo surrounding NGC3311 and NGC3309 within the

stated uncertainties. As shown in Figure 7, most of the

elemental abundances in the halos show evident differ-

ences with respect to the two galaxy centers, with some

going toward sub-solar (e.g. Fe, O, C, Na, Ca, Sr) or

super-solar values (e.g. Mg, Si, Ti, V, Co, Ni). However,

considering the large uncertainties of the outer regions,

significant differences can be confirmed only for Fe, Na,

Si, V, Co, Ni, Cu and Sr; even so, the last 5 elements

from this list still suffer the lack of calibration correc-

tive factors in models, which, as mentioned in Section

3.1, are expected to be larger in regions of low metallic-

ity. All α−elements (C, O, Mg, Ca, Si, Ti) have rather

similar trends, although, again, they show large error

bars.

Both higher S/N data and an improvement of models

and codes to include mixed stellar populations would

be required to significantly improve on this work. At

present, we can provide a comparison with results of

similar works to strengthen our findings. Studies of el-

emental abundances in galaxy centers are rare in the

present literature; however, results in the outer regions

are even rarer. We can compare our values in the outer

regions with those from stacked spectra of Greene et al.

(2015), for Fe, Mg, C, N and Ca out to ∼ 60′′. We find

good agreement for Fe, Mg and C, and some deviation

for N and Ca. Calcium in particular has more sub-solar

values in our results, but the disagreement may simply

result from the different way in which it is determined,

i.e. from the optical Ca4227 index alone for Greene et al.

(2015). We note that fitting many Ca-sensitive features

(like CaH, CaK, CaT) in our case, doesn’t necessarily

imply a better constraint (see Appendix E). However,

our Ca is likely well-constrained since we fit the many

elemental abundances on which Ca features also depend.

Parikh et al. (2019) studied the stacked spectra of early-

type galaxies out to 1Re, extracting C, Mg, N, Ca, Na

and Ti. Comparing with our results at ∼ 1Re, we find

mild consistency with C and N, and more evident devi-

ations for Na, Ti, Mg and Ca. Also of note is that the

metallicity is different, with our values ∼ 0.5 dex more

sub-solar, which may be due to the different adopted

models. Other works retrieved fewer parameters (i.e.

age, metallicity and some also [α/Fe]), but extended to
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Figure 10. Zoom on the comparison of the retrieved parameters in the centers of the two galaxies: NGC3309 (pink) and
NGC3311 (green). Excluding the velocity dispersion, metallicity and IMF, all the other parameters show very good agreement
suggesting that the cores of the two companion galaxies have been formed from the same enriched material and at the same
time. Differences in the velocity dispersion and IMF can be sign that the IMF trend is connected with the kinematic distribution
during galaxy formation.

larger radii, as Boardman et al. (2017), Goddard et al.

(2017), Greene et al. (2019) and Pérez-Hernández et al.

(2022). However, given the larger scatter in the param-

eters in the outer regions for all of these measurements,

we conclude that further data and a more complex treat-

ment of way to include mixed stellar populations in the

comparison with models are warranted to better con-

strain the halo properties. Nevertheless, we note that

stellar parameters derived from the western, central and

eastern halo regions are generally centered on very sim-

ilar values, suggesting that, despite their larger uncer-

tainties, they hold a chemical identity and likely share

their past accretion history. We further discuss their

possible origin in Section 5.5.

5.4. Correlations Among Measured Parameters

Correlations among physical parameters have been

observed and studied in galaxies in order to find the

drivers and mechanisms of their star formation history

(Maiolino & Mannucci 2019). These correlations can

quantitatively contribute to the improvement of galaxy

formation and evolution models, as described, for ex-

ample, in Pipino et al. (2009), Vincenzo et al. (2016)

and Guidi et al. (2018). Moreover, correlations among

different chemical species can give us clues on the nu-
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cleosynthesis of each particular element (e.g.: Worthey

et al. 2014; Maiolino & Mannucci 2019).

An often discussed global correlation is that between

the stellar metallicity and the velocity dispersion σ (e.g.:

Trager et al. 2000; Thomas et al. 2005; Gallazzi et al.

2005; Thomas et al. 2010; McDermid et al. 2015). Re-

cently, it has been investigated if this correlation still

holds within the same galaxy when measuring [Z/H] and

σ as a function of the galaxy radius, and also expanded

to individual elements (e.g.: Worthey et al. 2014; Greene

et al. 2015; Parikh et al. 2019; Feldmeier-Krause et al.

2021). Finally, with increasing indications that the IMF

is not universal, a radial correlation of the low-mass IMF

with σ is also under investigation (e.g.: Conroy & van

Dokkum 2012; Cappellari et al. 2012; Spiniello et al.

2014) but still debated (Barbosa et al. 2021b; Feldmeier-

Krause et al. 2021). Since our galaxies have two different

velocity dispersion profiles, particularly in their inner re-

gions, our results are an optimal benchmark to test the

global validity of such correlations.

However, before investigating possible correlations

among stellar properties, it is necessary to take into ac-

count the correlations that occur during the fit among

parameters, i.e. their degeneracy. To do this, we in-

spected the marginal posterior distributions of all the

pairs of parameters for each analyzed spectrum, calcu-

lated the Spearman coefficient and took into account

those relevant in the discussion below in Sections 5.4.1

and 5.4.2. All the details of the fit correlations analysis

are described in Appendix D.

In the following sections we will focus on specific cor-

relations, i.e. those with the IMF slope and velocity

dispersion, and leave the comments on more general cor-

relations to Appendix E.

5.4.1. Correlations with the IMF

Among radial correlations, those with the IMF slope

are actively under study, for example, in Sarzi et al.

(2018), Barbosa et al. (2021b) and Gu et al. (2021). In

particular, Barbosa et al. (2021b) have shown for our

same galaxy NGC3311, that a robust radial correlation

with the IMF can be found with the age and not with

σ. Although observed, a correlation with [Z/H] was not

considered reliable by these authors since they observed

a similar positive trend in the posterior-distribution,

thus addressing the correlation to internal fit degener-

acy (as we discuss in Appendix D). We notice that along

our long-slit direction, our IMF slope is fully consistent

with the values of Barbosa et al. (2021b) showing a flat

trend, although their overall distribution of values as

a function of radius from all the Voronoi bins around

NGC3311’s center presents a mild negative gradient. On

the contrary, and similarly to their previous work Bar-

bosa et al. (2016), we do not see the same sharp negative

age gradient, which in Barbosa et al. (2021b) is rather

significant. Our results are consistent with the positive

IMF-[Z/H] correlation and we checked that our internal

fit degeneracy has only a mean ρ = 0.21 with p = 0.13,

indicating a low probability of finding a correlation due

to degeneracy.

These differences underscore the difficulty of compar-

ing results of stellar populations from analysis based on

different codes and models. With our analysis, albeit

based on only one direction across the galaxies, we can

compare the two companions in a robust way. More-

over, in Appendix C.1 we discuss the strengths of our

IMF measurements, including the comparison with the

expectations of spectral indices.

We show the trends of the IMF slope with σ and

metallicity in the centers of these galaxies in Figure 11.

Regarding the dependence of the IMF on the veloc-

ity dispersion (left panel), we first compare our results

with the global relations from, for example, Conroy &

van Dokkum (2012) and Cappellari et al. (2013). By

averaging our central values, we indeed find a good con-

sistency with their findings. However, our two local IMF

slope trends follow two different positive correlations as

shown by the line in the left panel of Figure 11: a much

steeper one for NGC3309 (diamonds, dot-dashed line),

and a milder one for NGC3311 (stars, dashed line) that

is also consistent with a flat trend. Interestingly, higher

values of both σ and IMF slope are seen in the cen-

ter of NGC3309 and, on the contrary, in the outskirts

of NGC3311, as a consequence of their opposite radial

profile of both σ and IMF.

As noted in the following Section 5.4.2, generally the

global scaling relations are not equally replicated by the

local ones. In addition, Parikh et al. (2018) show the

local trend of the α mass excess factor with σ and find

different slopes with respect to the global relation. With

the direct comparison our two objects , we further show

the complexity and peculiarity of each galaxy, but also

confirm that a trend with σ holds for both of them. We

thus conclude that, although there is not a unique trend

that radially correlates the IMF slope with the velocity

dispersion in an absolute way, σ and the IMF may be

interconnected and local processes may also affect this

relation.

IMF trends with metallicity of both galaxies show a

positive correlation (Figure 11, right panel, dashed line).

Few outliers may be explained by the higher uncertain-

ties in the IMF measures in the outer regions, as de-

scribed in Appendix C.1. While the correlation for only

NGC3309 is strong with ρ = 0.88 and p = 0.000025, the
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overall correlation is milder with ρ = 0.41 and p = 0.04.

However, the most central values of NGC3311, where

errors are smaller, are well fitted in the trend, reinforc-

ing the hypothesis that a local connection between IMF

and metallicity does hold. This finding confirms the re-

sults of Parikh et al. (2018) who find that regardless

of the mass bin or radial position, the IMF tracks very

well the total metallicity globally and locally in a sim-

ilar way. Other examples of similar results come from

Mart́ın-Navarro et al. (2015b), van Dokkum et al. (2017)

and Feldmeier-Krause et al. (2021).

We have also checked for the presence of a correlation

between IMF and [Mg/Fe] in the two centers, but found

no correlations, neither separately, nor together. This is

in agreement with La Barbera et al. (2015) and Mart́ın-

Navarro et al. (2015b). Indeed, we stress once again,

that the retrieved single-element abundances are very

similar in both galaxy centers.

In general, as noticed in van Dokkum et al. (2017),

the correlations of the IMF slope with single elemental

abundances show larger scatter and differences; only the

overall metallicity follows the IMF trend.

5.4.2. General scaling relations

In Figure 12 and 13, all elements as a function of

the velocity dispersion are shown, with the same color-

coding of Figure 6, i.e. with darker red in the two galaxy

centers and bluer in the outer halo regions. In the low-

est rightmost panel of Figure 13, the [α/Fe] trend, cal-

culated as the average of C, O, Mg, Ca, Si and Ti, is

shown.

A general comment is that the well-established global

scaling relations among early-type galaxies are not easily

reflected in the local relations, as also observed in Parikh

et al. (2019), here complicated also by the presence of

the outer stellar halo. This is evident for the [Z/H] vs

σ relation, that in our results shows a general clear neg-

ative gradient, while we usually find higher metallicity

at higher velocity dispersion. We remark that by fitting

the spectrum composed by stacking all the radial regions

spectra within 1Re of each galaxy, thus considering the

observation of the global galaxy, we obtained results per-

fectly in agreement with local relations (Thomas et al.

2010), with a (slightly) higher metallicity for a (slightly)

higher velocity dispersion ([Z/H]NGC3311 = −0.13±0.04

dex and σNGC3311 = 215±5 km/s, and [Z/H]NGC3309 =

−0.04 ± 0.01 dex and σNGC3309 = 238 ± 2 km/s). Our

result indicates that locally within galaxies, the [Z/H]-σ

positive correlation is only an artifact that occurs be-

cause typical elliptical galaxies have a decreasing veloc-

ity dispersion profile. As in the case of NGC3309’s cen-

ter, indeed, we find a steep increasing local gradient of

[Z/H] with σ as a consequence of their both negative

gradient with R. This is also valid for some of the ele-

mental abundances as Na and Ti (see Figure 12).

While in the centers, elements behave smoothly and

homogeneously, with more flat trends for the lower

and flatter velocity distribution galaxy (NGC3311) and

steeper positive gradients with σ for the other one which

has a steeper velocity distribution profile (NGC33309),

if we look globally, trends with σ are more difficult to

be spotted and justified. At σ > 250 km/s, the distinc-

tion between the two galaxies is erased, meaning that

the surrounding halo is equally non-homogeneous.

In these areas elements exhibit more scatter but, with

the exception of Ni and Ti, values are or all sub-solar

or all super-solar. This could be the first sign that the

halo regions have their own unique chemical identity,

although the large scatter decreases the statistical sig-

nificance of this result.

Moreover, it must also be noted that in these outer

regions and halos, the higher velocity dispersion values

are not tracing higher stellar mass contributions as in

the central regions, but a higher contribution from dark

matter. Indeed, Richtler et al. (2011), analyzing the

velocity dispersion profile derived from NGC3311 and

its surrounding globular clusters out to ∼ 200 kpc, have

argued that a cored dark matter halo is necessary to

explain the observed kinematics.

5.4.3. α-elements

The global scaling relation of [α/Fe] with σ has been

also widely observed and discussed (e.g.: Thomas et al.

2005, 2010; Johansson et al. 2012), thus far indicating

an enhancement of α-elements in more massive galaxies.

This parameter has been studied in particular because

it is directly connected with the timescale of the star

formation process (Thomas et al. 2005). Specifically,

more massive galaxies, observed to be more α-enhanced,

are thought to have formed with a shorter timescale,

typically < 1 Gyr for early-type galaxies.

As a consequence, considering the centers of NGC3309

and NGC3311, and that the ratio of their dynamical

mass is ∼ 0.7, we would expect a difference in the α-

elements abundance. Instead, if we average all the re-

trieved α-elements together, we find consistent values

between the two galaxies. Indeed, in Section 5.2 and

Figure 10 we have already shown the high similarity of

elemental abundances in the two central regions. The

same flat [α-Fe] vs σ trend, as shown in Figure 13, re-

mains constant also out to higher σ values, i.e. in the

halos (as also observed in Barbosa et al. 2016).

As already noted in Graves & Schiavon (2008), and

widely investigated afterwards, the abundance patterns
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Figure 11. Correlations between IMF slope and velocity dispersion (left), and metallicity (right). Points are color-coded as
in Figure 6, with darker red in the center. Diamonds refer to NGC3309 and stars to NGC3311. On the left, the dashed line
indicates the linear fit to the NGC3311 points and the dot-dashed line the fit to those of NGC3309; on the right, the dashed
line refers the global linear fit.

of stellar populations are too complex to be described

with only one parameter. Indeed, the detailed abun-

dance characteristics of stellar populations offer a wealth

of information on galaxy formation processes and stel-

lar nucleosynthesis. With the possibility of observing

the radial variation of many single α-elements, we can

thus hope to better characterize the past history of these

cluster members.

We then derived the [α/Fe] trend in three different

ways by averaging C-O, Mg-Si and Ca-Ti separately.

These trends are shown in Figure 14, from which it is

clear that they do follow different behaviours, as ex-

pected. C-O (orange) traces roughly the Ca-Ti (red),

albeit being higher mostly in the centers, while Mg-Si

(blue) shows a totally different behavior especially in the

halos. In the right panel of Figure 14, with the same col-

ors, we show the three [α/Fe] trends as a function of the

velocity dispersion. It can be noticed that the Mg-Si

trend clearly shows a positive gradient, totally in con-

trast with the other two trends.

If we would have considered the average of all α-

elements trend alone, as is usually done, we would have

concluded that the central regions and halos shared the

same α-enhancement and thus star formation timescale.

Instead, by inspecting separate elements, produced by

different processes or by a different mix of them, it be-

comes clear that the halo regions have probably experi-

enced a different star formation history. If following the

[Mg/Fe] ratio, as used in Thomas et al. (2005, 2010),

our Mg-Si trend suggests a star formation timescale in

the range 0.2− 1 Gyr for regions within 1Re, and < 0.1

Gyr in the outer regions.

We have also checked if the difference among α-

element trends can be addressed to the corrections ap-

plied during the post-processing of the fit. Without the

corrections the difference is still visible, however the Mg-

Si trend is flat at ∼ 0.2 dex also in the halo regions, with

the consequence of an overall constant star-formation at

∼ 1 Gyr.

From the analysis of the detailed α-elements we can

conclude that: i) regardless of their different mass and

velocity dispersion, the core of the two galaxies have

formed with the same star formation timescale, ii) the

outer regions show signs of different production mecha-

nisms for different α-elements, iii) the outer regions stars

have formed with a different star formation timescale

than the centers.

5.5. The possible origin of halo stars

In Section 3.2 we have discussed the similarity among

the western, central and eastern regions. With the re-

sults obtained on the α-element distributions and the

related information on the star formation time-scale dis-

cussed in Section 5.4.3, we can also speculate on the

possible origin of the halo stars.

The relatively small spread of elemental values around

the cluster seems consistent with an origin due to the

accretion of dwarf galaxies rather than globular clus-

ters, the latter of which, with their significantly larger

numbers, would have resulted in a more diverse distri-

bution of abundance values (e.g., Aoki et al. 2020; Ji

et al. 2020). Moreover, the single α-element trends in

the halos (see Figure 14) show a clear difference in their

values in the central regions, suggesting that the stars
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Figure 12. Correlations with velocity dispersion of metallicity and all retrieved elements. Points are color-coded as in Figure
6, with darker red in the center and blue in the outskirts. Diamonds refer to NGC3309 and stars to NGC3311. Within 250
km/s, in the central regions, it can be easily seen that the different σ radial profiles of the two galaxies produce different trend of
elements with σ, proving that local scaling relations are only explained by their σ profiles. At σ > 250 km/s, instead, elements
in the halos are distributed in a different way, which is hard to connect to the inner regions due to the increasing contribution
of dark matter.
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in the halos have been formed in different stellar sys-

tems, where the star formation occurred over different

time-scales. A possible origin of such stars could be

dwarf spheroidal or ultra-faint dwarf galaxies. Indeed,

these kinds of stellar systems are known to host chem-

ical properties similar to the ones we observed in the

Hydra halo, i.e. very low metallicity associated with,

for example, super-solar [Mg/Fe] and very low [Ba/Fe]

(Koch et al. 2008).

Additional observational evidence supporting this sce-

nario can be found in the works of Coccato et al. (2011),

Ventimiglia et al. (2011) and Arnaboldi et al. (2012).

On the basis of stellar population parameters and kine-

matic properties of planetary nebulae in the halo around

NGC3311 and NGC3309, these works show evidence

of accreted satellite galaxies which have been tidally

stripped and then diffused into the stellar halo. This

mechanism is witnessed to be still ongoing for the dwarf

low-metallicity galaxy HCC 026 and the S0 galaxy HCC

007, in the proximity of the cluster center, where tidal

streams are observed and dynamically characterized.

6. SUMMARY AND CONCLUSIONS

In this work we have analyzed high-quality long-slit

optical+NIR spectroscopic data across the two brightest

galaxies of the Hydra I cluster. We have characterized in

detail the stellar population of their centers, where the

in situ component still resides, and compared them to

their surrounding stellar halos where, on the contrary,

their evolution has resulted in mixed stellar components.

The advantage of studying these two galaxies together

is that we have been able to compare directly data taken

with the same instrumental setup and also using the

same data-reduction methods and stellar-population-

synthesis models. In addition, we have been able to

test the validity of many scaling relations (in a local

setting), since the two objects differ in their mass and

velocity dispersion radial profiles.

With full spectral fitting over a large wavelength

range, in comparison with stellar population synthe-

sis models allowing for non-solar values of elemental

abundances and a non-constant IMF slope, we deter-

mined age, overall metallicity, IMF slope and 19 elemen-

tal abundances with good precision. Due to the lower

signal-to-noise of IMF-sensitive spectral features in the

halo regions, the IMF could only be robustly derived in

the centers of the two galaxies.

Despite their different masses and velocity dispersions,

we find that the two galaxy centers are very similar in

their stellar content, with same age and same elemental

abundances. This suggests that their formation hap-

pened at the same cosmic epoch and that they shared

a similar chemical enriching history. Moreover, since we

can correlate α-elements with the star formation time-

scale, it also appears that their star formation history

has been prolonged in the same way.

Beyond such shared characteristics that may suggest

that NGC3311 and NGC3309 followed a similar evolu-

tionary path, we also measured some disparities that

suggest a slightly more complex picture. In particular,

the two galaxies differ in their overall metallicity, the

IMF slope, and the radial velocity dispersion profile.

Focusing on these three properties that change, and

investigating their possible relation, we found that: i)

the IMF correlates well with [Z/H] both locally and glob-

ally, with higher metallicity having a bottom-heavier

IMF. Although the difference in metallicity in the cen-

ters of the two galaxies is small (∼ 0.1 dex), the local

metallicity-IMF correlations are consistent with the sug-

gestion by Mart́ın-Navarro et al. (2015b) that the metal

content could have affected the initial collapse of the

molecular clouds, thus shaping the low-mass end of the

IMF. We can also speculate that the high-mass end of

the IMF, co-responsible for the chemical enrichment, is

similar for the two galaxy centers. ii) The IMF corre-

lates with the velocity dispersion, with higher σ con-

nected with a bottom-heavier IMF. Moreover, we found

that the local correlations of the two galaxies have dif-

ferent slopes, suggesting not only that the IMF and σ

can be related, but also that local processes within the

same galaxy can drive this connection.

In a similar way, the elemental abundance trends with

σ also show different local behaviours for the two galax-

ies. Given the different velocity dispersion profiles of

NGC3311 and NGC3309, we were able to distinguish

trends that are likely robust global correlations from

those that are only the consequence of possessing both

abundance gradients and a negative velocity dispersion

gradient, typical of elliptical galaxies.

Analysing the outskirts and stellar halo regions, we

found gradually larger uncertainties in the retrieved stel-

lar properties. These larger uncertainties are due to

many factors, including a lower signal-to-noise, as well

as the increasing line broadening due to the higher ve-

locity dispersion and the presence of mixed stellar com-

ponents. Indeed, the investigation of stellar halos is at

the moment limited by the lack of fitting codes that al-

low for multiple populations that differ not only in their

age but also in their chemical properties.

In addition to these limits, we found clear chemical

patterns in the halos, with homogeneity among the east-

ern, western and the regions between the two galaxies,

suggesting an overall common evolution for the central

∼ 200′′ of the cluster. Although it is not yet possible
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Figure 13. Continued.
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Figure 14. [α/Fe] trend when averaging: C-O (orange), Mg-Si (blue) and Ca-Ti (red). Left panel as a function of the distance
from NGC3309, right panel as a function of the velocity dispersion. Error bars in the left panel are the standard deviations of
each average; to better see the trends, error bars are omitted in the right panel.

to resolve stars in such distant stellar halos, a dedicated

study of chemical properties for different regions around

the Hydra cluster halo would help in understanding the

origin and nature of the accreted systems. From our

findings we can speculate that the origin of the halo

stars can likely resides in dwarf spheroidal or ultra-faint

dwarf galaxies that have been bounded to the cluster

potential well, as also observed in previous works (Ven-

timiglia et al. 2011; Arnaboldi et al. 2012).

Further investigations will be needed to confirm these

findings and in particular to understand if they are a

characteristic of cluster galaxies.
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APPENDIX

A. FOREGROUND EMISSION

All the spectra extracted from the long slit positioned across the Hydra I cluster center show a uniform emission of

the lines [OII3727Å], Hβ, [OIII5007Å], [NI5200Å], Hα and [NII6585Å]. By analysing this emission, in particular the

strongest one, i.e. [OII], it is clear that they do not belong to the cluster’s light, but rather are local in the Milky

Way. We fit all the lines with a Gaussian profile, and found a mean cz∼ 25 km/s with a mean velocity dispersion of

360 km/s. This foreground emission is constant along the whole physical direction of the slit. Fig. 15 shows a zoom

of each foreground emission line in an example spectrum extracted in the halo between NGC3309 and NGC3311.

Figure 15. Foreground emission lines in four different regions of an example spectrum extracted in the halo between NGC3309
and NGC3311.

The observed lines and their intensities are consistent with those typical of the Warm Ionized Medium (WIM), as

studied over the past two decades (e.g., see the review by Haffner et al. 2009). Indeed, the WIM is characterized

by strong [NII] and [SII] lines, while [OIII] and [SIII] are generally weaker (Mathis 2000). Moreover, [OII3727Å] is

generally the strongest line in the optical region. We also checked some line ratios, like [NII6583Å]/Hα, and found

that they are consistent with Mathis (2000). Generally, the WIM is considered to be produced by UV bright O-B

stars, but studies are still investigating if other sources and mechanisms, like supernovae remnants (Raymond 1992),

or shock excitation (Martin 1997), or dust scattered radiation (Barnes et al. 2015), can contribute to the ionization.

We found a confirmation of our detection of WIM in the foreground region of the Hydra I cluster from the Wisconsin

H-Alpha Mapper Sky Survey (WHAM, Haffner et al. 2003). The WHAM survey scanned the whole sky at the Hα

wavelength with a spectral resolution of 12 km/s and a spatial resolution of one degree. By inspecting the WHAM Hα

intensity map around the region of the Hydra I cluster, we confirmed that there is a moderate emission of Hα which

is constant around the cluster, as measured in our spectroscopic data.

With the aim of finding possible known candidates for the source of this emission, we looked for O-B-A stars around

the cluster. We cross-checked the list of nearby UV-bright stars with Galex data (Bianchi et al. 2011) using Aladin

(Bonnarel et al. 2000). We only found two stars with high flux in B-band, i.e. HD-91209 and HD-93657 with spectral

type A3IV and A1V respectively, but their locations do not match the morphology of the higher intensity regions in

the Hα map very well. We have also checked for the presence of supernovae remnants from the catalog Green (2019),
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but did not find any matches. No visible X-ray emission sources were found in this same region: this is not unexpected

since the X-ray emission originates from the potential well of the cluster at z∼ 0.013, as spectroscopically confirmed

by the Chandra data of Hayakawa et al. (2004).

We further analyzed the photometric data available in both the B (Bessell-B1) and I (CTIO-I1) band, as observed

with IMACS during the same night of the spectroscopic observations. The large field of view of 15′ could potentially

help in localizing a hypothetical excess of blue light. We then reduced the photometric data in both bands and

generated the color B-I frames of the Hydra I cluster. No blue excess is observed; the color is highly uniform in all

observed regions.

We conclude that with the available data and catalogs, we are not able to retrieve the actual source of this diffuse

ionization.

B. GAS EMISSION

Figure 16. Retrieved gas emission properties. From the top to the bottom: recession velocity offset from the main stellar
component, gas velocity dispersion, intensity of Balmer, [OII] and [NII] emission lines.



The Hydra cluster 27

In Figure 16, top two panels, the kinematics of the gas component, retrieved with ALF, is shown. The top panel

indicates the relative shift in radial velocity of the gas component with respect to the main stellar component. We

note that, for NGC3309, the small amount of gas present in its center is strongly decoupled from the stellar component

with velocities offset by up to 300 km/s. While for NGC3311, which hosts strong emission lines in its center (as shown

for Balmer lines and [NII] in the lower panels of Figure 16), there is a velocity offset of only 100 km/s from the stellar

system. This is consistent with the findings of Richtler et al. (2020) (see their figure 6), when considering the position

of our slit with respect to the galaxy (see Figure 4).

A difference between the two galaxies can be observed also looking at the velocity dispersion of their gas component:

in the center of NGC3311 the gas has similar velocity dispersion values (comparing to Figure 9) to the stellar component,

while NGC3309’s center present much higher σ values. The latter, however, have larger error bars probably due to

the more difficult detection of the gas in emission considering its paucity.

As specified in Section 3.1, in the fit with ALF we included the emission of the following lines, typical of young,

star forming regions, as free parameters: Balmer lines, [OII], [OIII], [SII], [NI] and [NII]. In Figure 16 we only show

the retrieved intensity of Balmer lines, [OII] and [NII], which are the strongest in our fitted wavelength range, and

constrained best. Due to their weakness, [OIII], [NI] and [SII] generally span all the possible values and have large

error bars.

The detection of emission lines in the core of NGC3311 is not unexpected due to the presence of the dusty disk as

shown in Figure 4, as extensively observed in the literature (e.g. Lindblad 1977; Wirth & Gallagher 1980; Vasterberg

et al. 1991; Grillmair et al. 1994). More recently, Richtler et al. (2020) showed that this inner dust disk embeds an

ongoing star formation region whose gas, detected in emission, is perfectly confined within its limits. Taking into

account the likely presence of a small and young stellar component in this confined region, we have fit two stellar

components as allowed by ALF. The age of the minor one is bound in the fit from 0.5 to 3 Gyr. We found young

component fractions < 1% with ages from 0.8 to 1.3 Gyr, in agreement with the estimates in Richtler et al. (2020).

Regarding the center of NGC3309, we fit only the very central bin with a double component, since the retrieved age

does not converge well otherwise. We found a 1.1% young component with an age of 1.8 Gyr.

C. OUTER REGIONS FIT DETAILS

In this section we focus on how we treated the analysis of the outer regions and halos, located at > 10′′ and

characterized by lower S/N, higher velocity dispersion, and likely mixed stellar populations.

Lower S/N and higher velocity dispersion make the absorption line features less evident and broader. Moreover, the

large number of rejected pixels due to increasing sky residuals, mostly around 6400Å and 8400Å, makes the fit cover

wavelength ranges over several gaps. Mixed stellar populations can instead create a bias on the retrieved parameters

obtained with SSP models.

After several tests aimed at verifying the robustness of the fit on these outer spectra when changing wavelength

region and using ALF in either full or simple mode (the latter consisting of a smaller set of free parameters), we

noticed that the retrieved parameters that suffer most from the above-listed difficulties are the kinematics ones, i.e.

the velocity dispersion and the radial velocity. Indeed, these parameters did not converge well even after increasing

the number of walkers.

Since the kinematics severely affect the retrieval of stellar population parameters due to degeneracy, we further

investigated this problem as follows. We fit each spectral range separately with ALF in the super simple mode

(retrieving only the kinematics, age and metallicity) and compare the kinematics results with those obtained with

PPXF, set up as described in Section 2. The comparison shows large scatter both among results obtained with the

same code but from different spectral ranges, and between the results obtained with different codes on the same

wavelength region. The only observed good consistency between the two codes was the results from chip 5 (around

5500Å) and partially chip 8 (around 4700Å), where the spectra have higher signal and a larger number of strong

features (e.g. Mgb). Repeating the same test on inner galaxy spectra instead, we found a full consistency.

Kinematic results from chip 5 are also in very good agreement with those in the literature, as detailed in Section

4 and shown in Figure 9. For these reasons, we decided to fix the kinematic values of the halo and outer regions to

those obtained by our ALF run on chip 5 spectra with the super simple mode.

With similar arguments, we decided to keep fixed also the age and metallicity values as extracted from chip 5 in

the halo regions, when later performing the full-mode fit. The retrieved values of age and [Z/H], indeed, are in good

agreement with the indications of the two spectral indices Hβ and [MgFe]’, which consolidates our choice.
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To summarize, when performing the fit with ALF in full mode, as described in Section 3.1, in the outer regions we

fixed the kinematic values to the simple mode ones extracted from chip 5, while in the halos we fixed not only the

kinematics, but also age and metallicity.

C.1. The IMF in the centers

In this section we test the accuracy of our results by comparing them with the expectations of some IMF sensitive

indices, such as TiO2 and bTiO. Indeed, when taking into account age, metallicity and all of the elemental abundances

(see Lonoce et al. 2021), spectral indices can give reliable indications on the IMF slope value, as widely done in the

literature (e.g.: Mart́ın-Navarro et al. 2015a; La Barbera et al. 2015; Parikh et al. 2018). We measured the value of the

indices in our wavelength range and made comparisons with the results obtained with ALF. In addition to metallicity

that perfectly matches the measured total metallicity indicator [MgFe]’ (Thomas et al. 2003) at the retrieved ages,

also the IMF trends in the centers are confirmed, for example, by TiO2 and bTiO. In Figure 17, the plot of the

retrieved IMF slopes vs the measured TiO2sdss index is shown. In this plot we only show the measures from spectra

that were not disturbed by sky residuals, i.e. only the central regions. Together with our measurements, we also show

the expectations of models at different metallicity values (different colors) and with a depletion of [Ti/Fe] (dashed

lines). We recall, however, that [Ti/Fe] is confined to a region of ±0.1 dex in the center of both galaxies. The models

also outline regions of different velocity dispersion values, but notably, σ does not affect this index much (while other

indices are more affected, like bTiO). From this figure it is clear that the very central region of NGC3309 (dark red

diamonds) has increasing values of TiO2sdss, suggesting a degeneracy effect of both increasing [Z/H] and IMF, while

NGC3311 values (dark red stars) are confined in a narrow region pointing to constant metallicity and IMF. Since [Z/H]

is very well constrained as confirmed by [MgFe]’, we are confident that the retrieved trend of IMF in both galaxies

is well validated by the value of this index. Finally, from this plot it is also possible to understand how difficult the

retrieval of the IMF at lower metallicity values is, where the slope of models is steep, meaning that the same value

of TiO2sdss can be explained with both a Kroupa-like or bottom-heavy IMF. This is the case for the orange points,

plotted with open symbols to indicate the higher uncertainty of their retrieved values.

In conclusion, our IMF measurements in the centers of NGC3309 and NGC3311 have the following strengths: i) we

fitted a large wavelength range in the optical and NIR with high S/N, including many IMF-sensitive spectral features,

ii) all fits are well-converged in all parameters, including the IMF, iii) we took into account all elemental abundances

that contribute to the shaping of spectral features, iv) we considered the systematics affecting all parameters, including

the IMF, and v) we checked the values of IMF-sensitive spectral indices to confirm the results obtained from full spectral

fitting. We will discuss the implications of the retrieved values in Section 5.4.1.

D. FIT CORRELATIONS

As mentioned in the main text, before discussing correlations among parameters, it is important to check the level

of degeneracy among them during the fit, to rule out nonphysical correlations. In this brief section we list out results.

For each analyzed spectrum, we inspected the marginal posterior distributions of all the pairs of parameters, and to

be quantitative, we calculated the Spearman correlation coefficient ρ for each distribution.

In general, each spectrum presents many relevant correlations (i.e. those with p-value p < 0.1), but not all are

recurrent for all spectra. When averaging correlations on the spectra with higher S/N (in the central regions), indeed,

we found that around 30% of parameter pairs have a correlation with ρ > 0.20 with p-value p < 0.1, and only around

7% with ρ > 0.40. In five cases ρ > 0.60, they are: C-O (ρ = 0.74, mostly due to the extraction of these two elements

from the same molecule CO, see Worthey et al. 2014), Mg-Fe, Ca-Fe, Fe-[Z/H] and Na-[Z/H]. In more detail, age

correlates with [Z/H] (ρ = −0.45) and IMF slope (ρ = −0.48); [Z/H] correlates mostly with Fe, Na, C, Ca, Cr, Mg,

Mn, O, Si; Na correlates with [Z/H], Fe, C, Mg and O; Mg correlates also with C, Ca, Ti, V and Cr. The IMF slope

correlates moderately only with age, and mildly with Na and Ti (ρ ∼ 0.30). The IMF with [Z/H] has ρ = 0.21 but with

p = 0.13. These degeneracy indicators are similar to their analogs in Barbosa et al. (2021a), obtained with different

codes; however, the strength of each correlation show some differences. An example, as noted in the main text, is the

correlation between [Z/H] and IMF slope which we measured ρ = 0.21 with p = 0.15 while Barbosa et al. (2021a)

report ρ = 0.35 with p = 0.00, indicating a more important internal degeneracy in the latter.

E. GENERAL CORRELATIONS

In Figure 18 we show some examples of the mutual correlations between the retrieved parameters in the form of a

corner plot. Ellipses indicate the degree of correlation with their ellipticity proportional to the measured Spearman
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Figure 17. Retrieved IMF vs TiO2sdss index values in the centers of the two galaxies NGC3309 (diamonds) and NGC3311
(stars). Solid colored lines are the model values at different metallicity and age 13.5 Gyr. Dashed lines show the same trends
when the [Ti/Fe] abundance is sub-solar, i.e. −0.3 dex. All other abundances are solar. Points are color-coded as in Figure 6,
with darker red in the center and orange in the outskirts. While in the very central regions TiO2sdss values indicate a clear
gradient for IMF and [Z/H] for NGC3309 and a flat trend for NGC3311 (confirmed by the retrieved results), in the outer regions
where the metallicity is lower, it is harder to constrain the IMF since the same value of TiO2sdss corresponds to a wide range
of IMF.

rank coefficient. We divided the results in center of NGC3309 (pink), center of NGC3311 (green) and the remaining

outer regions and halo (blue) to highlight their differences. In general, it can be observed that there are no strong

correlations apart from the center of NGC3309. This galaxy shows strong correlations, with ρ > 0.6, between [Z/H]

and σ, Na, IMF slope, C, Ti, and O; between σ and IMF slope, O, Ti, C, N and Na; and as a consequence, all the

combinations of these quantities. There is also an important anti-correlation between age and [Z/H], IMF slope, and

σ.

However, most of these correlations are not found in the center of NGC3311, which in some cases shows even opposite

correlations. There is agreement between the two galaxies only for σ-IMF, [Z/H]-Ti, Ti-O, [Z/H]-N, Ti-N, Na-O and

Na-N. On one hand, this evident difference is a sign that the kinematics radial profile plays a role in the distribution of

elements. Indeed, as it will be further discussed in Section 5.4.2, there is large disagreement between the two galaxies

correlations with σ, with the exception of the IMF.

On the other hand, looking more closely, for example, at correlations with the total metallicity, it can be noticed

that, although they are different in the two galaxies for their slope and strength, there is a common positive trend with

O, C, Ti, N and Na. This suggests that, although the metallicity trends are slightly different for the two objects, these

elements track [Z/H]. This finding is in agreement with the MaNGA data results in Parikh et al. (2019), in particular

for Na, N and partially for Ti. However, they do not find a local correlation with C. That N follows [Z/H] is expected

since N can be enhanced by a delayed secondary production, activated only at higher metallicity (Johansson et al.

2012; Maiolino & Mannucci 2019, and references therein).

In the halo regions we do not see many strong correlations, with the exception of e.g.: Ca-[Z/H], Ca-Si, C-age,

Na-Mg, Na-Ca, Fe-N; we only note the excellent accord among all regions in the correlation between N and Ti. This

general disagreement between central and outer regions indicates likely different origins and star formation histories

of their stellar content.

Comparing the correlations in the centers of the two galaxies with our results described in Feldmeier-Krause et al.

(2021) obtained from a sample of local ellipticals, we confirm the correlations between Na-O, Na-N, C-O (but affected

by cross-correlation in the fit), N-O, Na-O, C-Ti, Na-C. We also observe the same [Z/H]-age anti-correlation, but much

of it comes from the fit degeneracy.
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Figure 18. Correlations between retrieved parameters. Comparison of results obtained in the center of NGC3309 (pink), in
the center of NGC3311 (green) and in the outer regions and halos (blue). Numbers refer to the Spearman correlation coefficient
with the same color coding. The eccentricity of each ellipse is proportional to the calculated Spearman coefficient value. Strong
correlations observed for NGC3309’s center are generally not confirmed for the center of NGC3311.
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van den Bosch, R. 2018, MNRAS, 478, 4084,

doi: 10.1093/mnras/sty1092

Schiavon, R. P. 2007, ApJS, 171, 146, doi: 10.1086/511753

Smette, A., Sana, H., Noll, S., et al. 2015, A&A, 576, A77,

doi: 10.1051/0004-6361/201423932

Smith, R. J., Hudson, M. J., Nelan, J. E., et al. 2004, AJ,

128, 1558, doi: 10.1086/423915

Spiniello, C., Trager, S., Koopmans, L. V. E., & Conroy, C.

2014, MNRAS, 438, 1483, doi: 10.1093/mnras/stt2282

Thomas, D., Maraston, C., & Bender, R. 2003, MNRAS,

339, 897, doi: 10.1046/j.1365-8711.2003.06248.x

Thomas, D., Maraston, C., Bender, R., & Mendes de

Oliveira, C. 2005, ApJ, 621, 673, doi: 10.1086/426932

Thomas, D., Maraston, C., Schawinski, K., Sarzi, M., &

Silk, J. 2010, MNRAS, 404, 1775,

doi: 10.1111/j.1365-2966.2010.16427.x

Tody, D. 1993, in Astronomical Society of the Pacific

Conference Series, Vol. 52, Astronomical Data Analysis

Software and Systems II, ed. R. J. Hanisch, R. J. V.

Brissenden, & J. Barnes, 173

Trager, S. C., Faber, S. M., Worthey, G., & González, J. J.
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