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ABSTRACT

We present hydrodynamical N-body models which demonstrate that elliptical galaxies
can transform into SOs by acquiring a disc. In particular, we show that the merger with a
massive gas-rich satellite can lead to the formation of a baryonic disc around an elliptical.
We model the elliptical as a massive, compact galaxy which could be observed as a ‘red
nugget’ in the high-z universe. This scenario contrasts with existing SO formation scenarios
in the literature in two important ways. First, the progenitor is an elliptical galaxy whereas
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Table 1. Description of the basic parameter values for the simulated com-
pact elliptical and satellite spiral galaxy in the fiducial model.

Elliptical Satellite
DM halo mass (x10"*M) 1.0 0.3
Virial radius (kpc) 81.7 134.2
el 5 12
Spheroid mass (x 101" M) 6.0 -
Spheroid half mass radius tkpc} 0.85 -
Stellar disc mass (x 10" M) - 0.18
Gas disc mass (x101°M ) . 1.26
Stellar disc size (kpe) - 9.6
Gas disc size (kpc) e 9.6
Initial gas metallicity {[Fe/H] dex) - —(0.52
Gravitational softening length (pc) 43 138
Mass resolution (x 10*M ) 30.0 1.8

T ¢ is the concentration parameter in the NFW dark matter profile.
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Figure 5. Two-dimensional velocity field of the fiducial model at the final time step with disc inclination set to 60° with respect to the plane of the sky. The
line-of-sight velocity fields are separated by particle type: (a) all gas, (b) all stars, (c) stars formed out of gas plus stars initialized to the satellite, and (d) stars
from the ceniral elliptical galaxy. Note that panel (b) is the mass-weighted superposition of the stars in panels (¢) and (d).
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Figure 3. (Left panel) One-dimensional stellar surface density of the fiducial model at the start of the simulation (t = —2.82 Gyr) (black

from the center of the elliptical galaxy. The fitis given by a single Sersic component with free index n (green line), and the boxed inset
parameter values of the fit. (Right panel) One-dimensional stellar surface density at the end of the simulation (f = 0 Gyr) along the cylinc
disc (black line). The overall fit (red dashed line) is given by the sum of a bulge (Sersic component with free index ng: green line) and expot
component with index np, = 1). The boxed inset gives the important parameter values of the fit along with the derived mass ratios between
components. See text for details of the fit.
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Figure 7. The age of stars as a function of radius in the fiducial model at
t = 0 Gyr. The greyscale plot is a mass-weighted histogram of age versus
radius for stars which formed during the simulation, where the greyscale
varies from 5 x 104 M, per bin (white) to 107 M, (black). These ‘new
stars’ have an age which ranges from 0 Gyr (i.e. formed at the end of the
simulation) to 2.82 Gyr (i.e. formed at the first time step) as determined
by their epoch of formation. The coloured lines indicate the mass-weighted
mean age of all stars in the model as a function of radius. The lines differ
by the assumed age of the stars in the central Elliptical: 2.82 Gyr (blue),
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The Color-enhanced sample supplements colour space that
is otherwise under-represented relative to the overall galaxy
population. The spatial resolution is 1 — 2 kpe at the me-
dian redshift of the survey (z ~ 0.03), and the r-band S/N
is 4 — 8 Al for each 2” fibre, at the outskirts of MaNGA
galaxies. For more detail on the survey we refer the reader
to Law et al. (2015) for MaNGA’s observing strategy, to
Yan et al. (2016a) for the spectrophotometry calibration, to
Wake et al. (2017) for the survey design, and to Yan et al.
(2016Db) for the initial performance.

' 2.1.1 CGralaxy sample

We make use of data taken during the first two years of sur-
vey operations, equivalent to SDSS’s fourteenth data release
(Abolfathi et al. 2017, DR14) containing 2812 datacubes.
The galaxy masses range from ~ 10° =10 Mg. The Primary
and Color-enhanced samples of MaNGA, together known as
the Primary+ sample, contains 1700 galaxies, out of which
970 are early-type. These were selected using Galaxy Zoo
(Lintott et al. 2011; Willett et al. 2013) morphologies and
visually inspected when necessary (Goddard et al. 2017).

Table 1. Median velocity dispersion, effective radius and redshift
of the mass terciles.

Mass range (logM/Mz) o (kinfs) Re (kpe) Z

9.9-10.2 130 2.43 0.027
10.2 = 10.5 170 3.11 0.030
10.5 - 10.8 200 4.38 0.034
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Figure 3. Masses of our sample of 366 early type galaxies, split

into 3 bins containing equal numbers of galaxies.
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Table 2. Index definitions for the absorption features used in
this work. All wavelengths are in vacuum. The optical indices are
defined in Trager et al. (1998); Nal in {(La Barbera et al. 2013);
and FeH in Conroy & van Dokkum (2012a).

Index Blue Continuum Feature Red continuum
Hp 4829.2 - 4849.2 4849.2 - 4878.0 ARTHE.0 - 4893.0
Mgb 5144.1 - 5162.8 5161.6 - 5194.1 5192.8 - 5207.8

Feb270) 5234.6 - 5249.6 0247.1 - 5287.1  H287.1 - 5319.6
Feb335 o306.1 - 5317.4 0313.6 - 5353.6  5354.9 - 5364.9
NabD o8b62.2 - 58TT.3 a878.5 - 5911.0  5923.8 - 5949.8
Nal 8145.2 - 8155.2 8182.2 - 8202.3  8235.3 - 8246.3
FeH 9555.0 - 9580.0 9905.0 - 9935.0  9940.0 - 9970.0
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Figure 10. Optical indices for the three mass bins against the high-resolution TM.J model index grids. The age and metallicity dependence
plotted for models with [e/Fe| = 0 (left-hand panel) and metallicity against [e/Fe] for models at a fixed age of 10 Gyr (right-hand panel).
Dark to light shades of blue represent the mass bins in decreasing order; decreasing size represents increasing radius.
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Figure 14. Nal line-strengths for the mass bins as a function of radius, with 1-o errors calculated using a Monte Carlo-based analysis,
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ABSTRACT

We report the discovery of a new low-redshift galaxy-scale gravitational lens, iden-
tified from a systematic search of publicly available MUSE observations. The lens
galaxy, 2MASX.J04035024-0239275, is a giant elliptical at z = 0.06604 with a velocity
dispersion of o =314kms™!. The lensed source has a redshift of 0.19165 and forms a
pair of bright images either side of the lens centre. The Einstein radius is 1.5 arcsec,
projecting to 1.8 kpe, which is just one quarter of the galaxy effective radius. After
correcting for an estimated 19 per cent dark matter contribution, we find that the
stellar mass-to-light ratio from lensing is consistent with that expected for a Milky
Way initial mass function (IMF). Combining the new system with three previously-
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Figure 1. MUSE data of J0403, within different wavelength ranges (shown in the top right). a) displays a broadband image collapsed over
the entire MUSE wavelength range, displaying the lens structure. The red crosses mark the arc positions, while the red box encompasses
the region shown in panels b) and ¢). In b) we collapse about the He line in the background source, revealing arcs A and B, separated
by 2.94 + 0.06 arcsec, without the need for lens subtraction. ¢) shows the continnum-subtracted image at the same wavelength, with
contours to show the outer sophotes of the ares.
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Figure 2. MUSE spectra of the lensed images. In a) we display the arc spectrum extracted from a continmum-subtracted residual
datacube, showing the bright Ha, [N11|, [O111], HB, Hy and [S11] emission lines, at a redshift of 0.19165. In b) and ¢), we overlay the
emission from images A and B, for the [Om] and He regions, respectively. There is negligible velocity offset { <50 kms™!) between the

two spectra, and image A has been subject to a greater magnification.
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D
(zems = 0.06569,0.19130 and f = 400.5Mpc). We derive
Is

a total projected mass, Mg, = 10.64+0.23 x 10'Y My, with
the 2 per cent uncertainty dominated by the measurement of
Rgin. Including a small ellipticity (e =~ 0.1 as measured from
GALFIT) increases the mass by 3 per cent, and the inclusion
of a small external shear (< 5/1 per cent for SIS/SIE) re-
produces the image positions perfectly. In order to account
for these additional possible complexities, we revise the un-
certainty in Mgy, to ~4 per cent, i.e. 0.4 x 10" M.

The DM mass component is estimated following Smith
et al. (2015), using the EACGLE hydrodynamical cosmolog-
ical simulation (Schaye et al. 2015). We measure the av-
erage DM mass which would be projected inside an aper-
ture of 1.8 kpc, averaged over all EAGLE halos hosting galax-
ies with stellar velocity dispersions >275kms™!. This in-
dicates a contribution of E-'IE;# =2.01+0.36 x10° My (ie.
19% of Mgin), which yields an aperture stellar mass Mg, = of

8.63 +0.54x 1019 M.
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The final corrected Einstein-aperture apparent magni-
tude is igjp = 15.87+ 0.05, which for the adopted cosmology
(Dy. =295.7 Mpc), and the solar AB i-band absolute magni-
tude of 4.534 (Blanton & Roweis 2007), yields an aperture
luminosity of 2.59 +0.12 x10'Y L. The uncertainty is dom-
inated by the applied corrections. Combined with Mg, = the
observed stellar mass-to-light ratio is T=23.33 £0.26 solar

units. . N . -
After making this correction to remove the emission-

infilling of the spectrum at HS, we perform a full-spectrum
fit over the interval 45006400 A, using single-burst mod-
els from Conroy & van Dokkum (2012b), (Figure 3, green).
We allow for variation in abundances of Mg, Fe, Na, and
J, as well as variation in age. Formally, the fit implies
an old population, with age 12.0 £ 1.0 Gyr, high metallic-
ity [Z/H] = [Mg/H] = +0.15+0.02 and typical massive ellipti-
cal galaxy abundance ratios [Mg/Fe| = +0.3, [Na/Fe| = +0.5,
[C/Fe] = +0.2.

The reference mass-to-light ratio is estimated with Con-
roy et al. (2009) stellar population models accessed via Ez-
CAL (Mancone & Gonzalez 2012). For a Kroupa (2001) IMF,
with an old, solar metallicity stellar population (zgm, = 3),
the models predict Tp . =2.90+0.10. The uncertainty is
derived from small variations in the metallicity and age
(e.g. Zform = 2-5-3.5, metallicity 1-1.5 solar). The resulting
IMF mass excess parameter, with its statistical error is
a=1.15+0.10.
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Figure 3. The MUSE spectrum of the lens galaxy J0403, extracted within the Einstein aperture, ie. radius 1.5 arcsec, after masking
pixels strongly affected by the ares. For clarity, only the blue region used for fitting stellar population models is shown. The observed
spectrum (red) shows that the galaxy has an absorption-dominated spectrum, but also has a nebular line emission component, seen most
casily in the Ha—[N 11] region. The corrected spectrum, shown in grey, after subtracting an emission-line model, fitted to the Ha—[N 11]
complex, and assuming Case B recombination and galactic (no internal) extinction, to predict the HB emission. Below, we reproduce the
emission-corrected spectrum, and show the best-fitting stellar population (green), derived from the models of Conroy & van Dokkum
(2012a). This model has age 12 Gyr and metal abundances typical for massive ellipticals. The fit residuals, shown in black, have a 1 per
cent rms. In fitting this model, we exclude the Ha region, as well as wavelengths contaminated by atmospheric artifacts (indicated by
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Figure 4. The distribution of the mass excess parameter (a)
for the combined SNELLS and J0403 sample. In blue, is the
SNELLS sample with results for SNL-0 from Newman et al.
(2017), and SNL-1, SNL-2 from Collier et al. (2018). The result
for JO403 from this paper is marked in red. The sample average
is {a) = 1.09 +0.08, with an inferred intrinsic scatter of < 0.32,
at 90 per cent confidence. These galaxies on average favour a
Milly-Way like IMF in preference to a Salpeter or heavier IMF.



