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ABSTRACT

We perform a ‘fossil record’ analysis for ~800 low-redshift spiral galaxies, using STARLIGHT
applied to integral field spectroscopic observations from the SDSS-1V MaNGA survey to obtain
fully spatially resolved high-resolution star formation histories (SFHs). From the SFHs, we are
able to build maps indicating the present-day distribution of stellar populations of different ages
in each galaxy. We find small negative mean age gradients in most spiral galaxies, especially
at high stellar mass, which reflects the formation times of stellar populations at different
galactocentric radii. We show that the youngest (<10%3 yr) populations exhibit significantly
more extended distributions than the oldest (>107 yr), again with a strong dependence on
stellar mass. By interpreting the radial profiles of ‘time slices’ as indicative of the size of the
galaxy at the time those populations had formed, we are able to trace the simultaneous growth
in mass and size of the spiral galaxies over the last 10 Gyr. Despite finding that the evolution
of the measured light-weighted radius is consistent with inside-out growth in the majority of
spiral galaxies, the evolution of an equivalent mass-weighted radius has changed little over
the same time period. Since radial migration effects are likely to be small, we conclude that
the growth of discs in spiral galaxies has occurred predominantly through an inside-out mode
(with the effect greatest in high-mass galaxies), but this has not had anywhere near as much
impact on the distribution of mass within spiral galaxies.
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in the most massive galaxies has been due to some combination

1 INTRODUCTION of multiple minor mergers (Naab, Johansson & Ostriker 2009;

Understanding how, when, and where galaxies built their mass is
key to cosmology and astronomy. Analysis of the evolution of
the masses and sizes of galaxies has generally been limited to
comparisons of different galaxy populations at different redshifts.
Studies done in this manner have shown that galaxies have grown
in radius whilst building their mass (e.g. Trujillo et al. 2007; van
der Wel et al. 2008; van Dokkum et al. 2008, 2013; Patel et al.
2013; Papovich et al. 2015; Whitney et al. 2019), giving rise to the
concept of ‘inside out’ formation. It is thought that such growth
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Furlong et al. 2017), gas accretion (Conselice et al. 2013), and
quasar feedback (Fan et al. 2008). These approaches have given
us a good insight into how the average properties of galaxies
have evolved over cosmic time, but because we cannot track the
evolution of any individual system in this way, it is difficult to go
beyond such global properties. Although some studies of galaxies at
different redshifts have managed to show inside-out growth in disc-
like galaxies (e.g. Trujillo et al. 2006; Patel et al. 2013), most are
restricted to the highest mass galaxies, so this picture of inside-out
growth is normally limited to early-type galaxies.

An alternative approach which is more suited to late-type galaxies
is to explore the stellar populations in different regions of a galaxy,
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particularly through studying how the mean stellar age varies
with radius. This method requires high-quality spectral data at
multiple locations across the face of a galaxy, and so has only been
undertaken in detail for large numbers of galaxies since the advent of
integral-field spectroscopic surveys such as the Calar-Alto Legacy
Integral Field Array (CALIFA; Sanchez et al. 2012), Sydney-AAO
Multi-object Integral field spectrograph (SAMI; Croom et al. 2012),
and Mapping Nearby Galaxies at APO (MaNGA; Bundy et al.
2015) surveys. Using such a ‘fossil record’ approach applied to
integral-field spectroscopic data has revealed that most galaxies
exhibit negative age gradients (e.g. Mehlert et al. 2003; Sanchez-
Blazquez et al. 2014; Gonzalez Delgado et al. 2015; Goddard
et al. 2017) — with younger outskirts than centres — or earlier
formation times of the central regions (e.g. Ibarra-Medel et al.
2016) providing more evidence for a dominant ‘inside out’ growth
mode occurring in galaxies of all Hubble types. This is also
backed up by Sacchi et al. (2019) for the case of NGC 7793, who
find that broad-band observations of resolved stellar populations
in this nearby spiral galaxy indicate a clear gradient in stellar
age.

By applying stellar population modelling methods to integral-
field spectroscopic data from the CALIFA survey, Cid Fernandes
et al. (2013, 2014), Pérez et al. (2013), Gonzédlez Delgado et al.
(2017), and Garcia-Benito et al. (2019) have shown that it is possible
to reveal much more about a galaxy’s history by deriving full
star-formation histories rather than mean ages. We have shown
previously that such analyses of the spatial variation in stellar
populations of spiral galaxies can help us understand the structure
of the spiral arms and bars, but here we investigate how such
approaches can also help us study the evolution and growth of
populations of galaxies.

Comparative studies of the masses and sizes of galaxies at
different lookback times are most effective to measure the growth
of early-type galaxies since these are typically the most massive
and luminous objects at any given redshift so are easy to identify.
By contrast, a fossil record analysis acts as a complementary
approach best suited to — but by no means limited to; see e.g.
Lacerna et al. (2020) — studying the growth of late-type galaxies,
as such galaxies have in general had continued growth over the
last several Gyr. This extended star-formation in late-type galaxies
can be traced using fossil record methods, providing that care is
taken to ensure that older populations can be detected when the
flux may be dominated by the younger and brighter populations.
Of course, there exists a population of spiral galaxies which are
passive (see for example Masters et al. 2010; Fraser-McKelvie
et al. 2016) — contrary to the well-known relation between the
morphology and star formation rate (Tully, Mould & Aaronson
1982; Baldry et al. 2004) — so a morphological classification does
not always define the extent of the star-formation history of each
galaxy. However, for consistency, we have chosen to study a galaxy
population selected on their morphology rather than colour, to better
understand how this well-defined galaxy class have evolved over
time.

Here, we perform full spectral fitting of spiral galaxies from the
MaNGA survey (Bundy et al. 2015) and measure spatially resolved
star formation histories, to uncover their formation sequences.

This paper is structured as follows. In Section 2, we outline the
data we use from the MaNGA survey. In Section 3 we describe how a
sample of spiral galaxies from the MaNGA target list was selected,
and in Section 4 we detail the spectral fitting method employed
(with some tests of this method outlined in Appendix A). We then
describe how the derived star-formation histories are processed in
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Section 5. The mean age and metallicity gradients are derived
in Section 6. In Sections 7 and 8 we analyse the star-formation
histories and spatially resolved stellar populations in more detail,
and infer the evolution of the mass—size relation in Section 9.
Finally, we discuss the interpretation and context of the results in
Section 10.

2 DATA

2.1 MaNGA

MaNGA (Bundy et al. 2015) is part of the fourth generation of the
Sloan Digital Sky Survey (SDSS-IV; Blanton et al. 2017). By the
survey’s completion is 2020, MaNGA will have acquired 2.5 arcsec
resolution integral-field spectroscopic observations of more than
10000 galaxies in the redshift range 0.01 < z < 0.15 (Yan et al.
2016a). The survey makes use of the BOSS spectrograph (Smee
et al. 2013) on the 2.5 m SDSS telescope (Gunn et al. 2006) at the
Apache Point Observatory, which has a spectral resolution of R ~
2000 and covers a large wavelength range of 3600-10300 A. The
raw data’s calibration is described by Yan et al. (2016b), with the
datacubes then reduced using MaNGA'’s data reduction pipeline
(DRP; Law et al. 2016). For each target galaxy, observations are
taken out to at least either 1.5 R or 2.5 R, (to form the ‘Primary’ and
‘Secondary’ samples respectively; Law et al. 2015), where R, is the
elliptical half-light radius measured photometrically by the NASA-
Sloan Atlas (Blanton et al. 2011). This is achieved using integral-
field units of five different sizes, from the 127-fibre IFUs with a
diameter of 32 arcsec, to the 19-fibre IFUs of 12 arcsec diameter
(Drory et al. 2015).

The MaNGA target selection was chosen to obtain a flat
distribution in log(stellar mass) (Wake et al. 2017). Neither the
Primary nor Secondary samples are therefore volume-limited;
instead the high-mass galaxies are over-represented while the
low-mass galaxies are under-represented. The Primary+ (‘colour-
enhanced’) sample is an extended Primary sample but with an
oversampling of the ‘green valley’ galaxies (Wake et al. 2017) so is
therefore also unrepresentative in this way too. However, since the
sample selection in all cases is well-defined (Wake et al. 2017), a
weighting has been determined for each galaxy to correct for these
selection biases and form a representative volume-limited sample
(referred to as the ‘Primary+ sample weighting’ throughout this
paper).

In this work, we make use of some of the analysis outputs
of MaNGA'’s data analysis pipeline (DAP; Westfall et al. 2019).
Specifically, we use the measured stellar velocities v,, deprojected
radii R, and emission line spectra [which are themselves described
in detail by Belfiore et al. (2019)], all of which are derived using
full spectral modelling. The data we use here is from the internal
MaNGA product launch 8 (MPL-8) data release, which contains
completed observations of 6778 galaxies.

2.2 Galaxy zoo

We also make use of the morphological classifications of each
MaNGA galaxy provided by volunteer ‘citizen scientists’ as part
of Galaxy zoo (Lintott et al. 2008, 2011). The second phase of the
project (Galaxy zoo 2, hereafter GZ2; Willett et al. 2013) includes
publicly available detailed classifications of galaxies based on SDSS
DR7imaging. The users’ classifications are weighted and combined
to obtain a consensus fraction for each answer to each question for
each galaxy, using methods described by Willett et al. (2013) and
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Hart et al. (2016). We use the redshift-debiased and user-weighted
probabilities — which we denote as pelassification — from the Hart et al.
(2016) catalogue.

3 SAMPLE SELECTION

A sample of spiral galaxies was drawn from the MPL-8 data release
using the recommendations of Willett et al. (2013, table 3); see also
Masters et al. (2019) for another recent implementation. We first
remove the 45 galaxies in the matched MPL-8/GZ2 catalogues that
more than 50 per cent of GZ2 users have classified as having some
form of star or artefact in the image. To filter out elliptical galaxy
morphologies, we select the 4201 galaxies with preaures or dise > 0.43
and at least 20 classifications in this question, as recommended by
Willett et al. (2013).

Since we are interested in the variation in stellar population
properties across the face of each spiral galaxy, we remove edge-
on galaxies from this sample. This cut can be made with either
the GZ2 classifications — specifying pnotedge-on > 0.8 — following
Willett et al. (2013), or using an axial ratio cut — requiring S >04
— following Hart et al. (2017). To select only face-on galaxies, we
choose galaxies that satisfy the Willett et al. (2013) criterion and
have an axial ratio of % > 0.5 (corresponding to an inclination of
i <60° assuming the galaxies can be modelled as a thin intrinsically
circular discs). We used this higher axial ratio cut compared to that
used by Hart et al. (2017) to ensure that we have selected only
galaxies for which the radial structure is clearly resolvable with
MaNGA. Of the 5902 MPL-8 galaxies for which GZ2 classifications
are available, this leaves a sample of 1686 close-to-face-on discy
galaxies. Of these, 1314 galaxies satisfy the Willett et al. (2013)
requirement for spiral galaxies of pgir > 0.8 and 20 individual
classifications in this question.

We then remove 109 galaxies which have flags for bad or
questionable-standard data in the MaNGA DRP, or for which the
MaNGA MPL-8 DAP data products are unavailable. To ensure
consistency in the spatial resolution relative to the galaxy size, we
remove galaxies which are part of MaNGA’s Secondary sample.
For the final sample of spiral galaxies, we therefore select only
those 795 which are in the Primary+ MaNGA sample, for which
MaNGA observations extend to at least 1.5 R.. The median redshift
of galaxies in our sample (weighted by the MaNGA Primary+
sample weighting) is z = 0.026, and 75 per cent of the (weighted)
sample are at redshifts z < 0.03.

4 SPECTRAL FITTING

Using a similar technique to that employed in Peterken et al. (2019b)
and Peterken et al. (2019a), we fit each spectrum in each galaxy
using STARLIGHT (Cid Fernandes et al. 2005). We first de-redshift
and subtract the emission-line spectrum using the MaNGA DAP
(Belfiore et al. 2019; Westfall et al. 2019), and then fit using
E-MILES (Vazdekis et al. 2016) single stellar population (SSP)
templates. The de-redshifted and emission-subtracted MaNGA
spectra are rebinned on to a linear wavelength scale (as required by
STARLIGHT) before fitting. STARLIGHT then uses an iterative method
to find the best-fitting linear combination of the input templates,
and returns the relative weights given to each SSP template in the
fit, along with line-of-sight velocity v,, velocity dispersion o, and
the amount of dust reddening Ay.
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4.1 Template stellar population spectra

We use a combination of nine ages (log(age/years) = 7.85, 8.15,
8.45, 8.75, 9.05, 9.35, 9.65, 9.95, 10.25) and six metallicities
(IM/H] = —-1.71, —1.31, —0.71, —0.40, +0.00, +0.22) from the
standard E-MILES library (Vazdekis et al. 2016, based on the earlier
MILES library of Vazdekis et al. 2010), assuming a Chabrier (2003)
IMF, Girardi et al. (2000, ‘Padova’) isochrones, and Milky-Way
[a/Fe] (‘baseFe’). To sample the full star-formation histories, we
also include the younger templates of Asa’d et al. (2017) covering
six ages (log(age/years) = 6.8, 6.9, 7.0, 7.2, 7.4, 7.6) and the
two recommended metallicities ([M/H] = —0.41, 40.00), which
are generated using the same method as the E-MILES set of
Vazdekis et al. (2016), but with the earlier Bertelli et al. (1994)
version of the Padova isochrones. Combining these libraries allows
us to exploit the high spectral resolution of both MaNGA and E-
MILES templates, while still being able to fully fit the whole of the
star-formation histories of star-forming regions without combining
different libraries produced in completely different ways.

4.2 STARLIGHT configuration

We use STARLIGHT in a ‘long fit” mode to prioritize robustness over
computation time, based on the recommendations from extensive
testing of STARLIGHT by Ge et al. (2018) and Cid Fernandes (2018).
We limit the fit to the wavelength range of 3541.4 to 8950.4 A,
where the raw E-MILES templates have a constant FWHM of
251 A. To ensure that the model and measured spectra have
consistent resolution, we degraded each of the SSP templates to the
wavelength-dependent resolution of the median spaxel spectrum
from all galaxies in our sample, using the line spread function
measured by the DAP (Belfiore et al. 2019; Westfall et al. 2019).

Since the DAP robustly models the emission lines (Belfiore et al.
2019), we use STARLIGHT in its ‘NOCLIP’ mode to ensure that all
of the diagnostic absorption lines are fully fitted. To ensure that the
star-formation history of each spaxel is measured as fully as possible
(defined here as the mass weights assigned to each SSP template
divided by the time interval between that template and the next-
youngest one), we require STARLIGHT to retain at least 97 per cent of
its fit’s total light during the ‘EX0’ phase of reducing the number of
templates used in the final fit (i.e. EX0s_method_option = CUMUL,
EXOs_Threshold = 0.03). This configuration helps to recover the
presence of older stellar populations even when their flux has been
obscured by the presence of a younger population, for example.
The light weights we use from the fits are those contributed by
each template at 4020 A (as used by Cid Fernandes et al. 2005),
and we allow the sum of weights at this wavelength to be between
50 per cent and 150 per cent of the input spectrum. ! In all subsequent
analysis, we use either the mass weights (using the implicit mass-
to-light ratios included in the E-MILES SSP models and assuming
a flat ACDM cosmology with Hy = 70kms~!) or only compare
the spatial variation of flux weights of a specific age, rendering the
exact choice of reference wavelength irrelevant.

From the STARLIGHT mass weights, a measure of the total
stellar mass within the MaNGA FOV can be readily calculated.
Reassuringly, we find that these stellar masses agree well with those

! Any given model may represent the entire spectrum well at all wavelengths
except that at which we measure the weights. It is therefore possible for
a good fit’s light weights at any chosen wavelength not to sum to exactly
100 per cent of the input spectrum, so allowing this large discrepancy in the
weights’ sum ensures that the best fit of the whole spectrum is used.

MNRAS 495, 3387-3402 (2020)

020Z AINf 2z Uo J8sn |NS op apuelIs) o1y Op |eJepa- apepIsIiaAlun Aq Z60/E8S//8EE/E/S61/10BASqe-a]o1e/SBIuW/ WO dNo olWwapeoe//:sdny WwoJl papeojumoq



3390 T Peterken et al.

measured by the NASA-Sloan Atlas (Blanton et al. 2011), but with
a small offset likely due to the difference in FOV limitations. We
discuss this comparison further in Section 9. Although it is possible
that the (Blanton et al. 2011) stellar mass measurements are more
robust than the STARLIGHT-derived measurements, the consistency
between the two measurements is close enough to allow us to use
either one. However, in measuring the mass growth in Section 9, we
are limited to using the STARLIGHT measurements. Therefore, for
consistency, any quoted galaxy stellar mass measurements are those
measured by STARLIGHT unless stated otherwise. The E-MILES
library contain stellar mass-loss predictions for each of the SSP
templates, allowing a measurement of the current mass and an initial
mass at time of formation for each population contained within each
spectrum. Unless otherwise stated, the mass weightings used in this
work are the present-day masses of each template, to avoid reliance
on the mass-loss predictions. In any case, we find that all results
presented here are entirely unaffected by this distinction.

4.3 Treatment of dust extinction

STARLIGHT has the capacity to fit a general dust law with extinction
Ay, and also include an extra extinction YAy which is applied only
to specified templates in the fit. This could, for example, allow for
the possibility that the youngest stellar components are be affected
by dust extinction to a greater extent than those populations which
would be expected to be free of their birth clouds. The exact values
of YAy measured by STARLIGHT would in that case be an interesting
parameter to model and investigate. However, in practice, we found
that this extra degree of freedom caused STARLIGHT’s fits to be
drawn towards negative extinctions when we included a YAy term
for all populations younger than 107% yr. This is likely due to
the combination of the limited wavelength range for which these
youngest templates dominate the spectrum due to their extreme
colours, and the lack of any significant spectral information beyond
their continuum shape. To the best of our knowledge, the YAy
parameter in STARLIGHT has not successfully been applied to any
real spectral fitting to date.

We therefore include a single Calzetti et al. (2000) dust law in the
fit, which has the same Ay for all templates. We allow Ay to vary in
the range of —1 < Ay < 8, and we find that over 90 per cent of the
spaxel fits are within the range 0.1 < Ay < 0.8.

4.4 Kinematics

We use the stellar velocity dispersion o, measured by the MaNGA
DAP (Westfall et al. 2019) as an initial kinematic guess for the de-
redshifted input spectrum’s STARLIGHT fits, but allow this to vary as
a free parameter in the range of o, =20 to 900 km s~'. Unlike other
spectral fitting tools such as pPXF (Cappellari & Emsellem 2004),
STARLIGHT is not fine-tuned for measuring stellar kinematics, and
we do not expect STARLIGHT’s exact measurements of o, to impact
the measured SFHs. Similarly, despite de-redshifting each spectrum
individually using the DAP’s stellar velocity v, measurements, this
is a free parameter in the range of v, = —600 to 600kms~! to
allow STARLIGHT to find its best possible fit, using v, = 0 as
the initial guess. In practice, we find that STARLIGHT’s fits are
consistent with v, = 0, with little deviation in o, from the DAP
measurements.

In the tests outlined in Section 4.6 and described in more detail
in Appendix A, we find that setting these kinematic parameters to
be fixed or variable has no effect on STARLIGHT’s ability to measure
stellar populations. Therefore, to accommodate for any wavelength

MNRAS 495, 3387-3402 (2020)

calibration offsets between the DAP and the SSP templates — and
for any uncertainties in the measurement of the spectral resolution
— we allow the values of o, and v, in the fit to vary.

4.5 Ignoring the youngest stellar populations

We do not expect the star formation rate or chemical evolution
to vary significantly within the last 10% yr in the majority of cases
(see e.g. Schonrich & Binney 2009), but initial tests with STARLIGHT
revealed that there was a significant correlation between the weights
assigned to templates of Z10% yr and those of 1072 yr, resulting
in a sharp peak in the SFH at ~107 yr. This effect was found to be
present in all locations of all galaxies regardless of signal-to-noise or
the strength of dust extinction, and often resulted in an implied SFR
of the galaxy to be at least an order of magnitude greater than at any
previous time in its history, of up to ~25 Mg, yr~'. Cid Fernandes &
Gonzdlez Delgado (2010) showed that this phenomenon seems to
be related to the known ‘UV upturn’ seen in old stellar populations,
which is normally attributed to horizontal branch stars in the
planetary nebula phase; see Yi (2008) for a review. The cause and
presence of this excess of blue light is not accounted for in the
old SSP template spectra, so STARLIGHT is forced to attribute it to
another population.

We first attempted to mitigate this effect by fitting only from
3700 A instead of 3541.4 A, but found this had no effect on the
derived star-formation histories, and we chose not to increase this
lower wavelength limit further to avoid impacting the valuable
Balmer absorption series. We then performed another fit with
STARLIGHT but where we had combined all of the templates younger
than 1077 yr for each metallicity into a single template representing
aflat SFR over that time interval, and used these two templates in the
fit instead of the original eight over this time interval. Comparing
the STARLIGHT results of the two approaches shows that enforcing
a flat SFR in the youngest templates has no noticeable effect on
the SFH in ages > 1077 yr at all (<0.1 dex change in the measured
SFR at any lookback time ¢ > 107 yr), but the weights assigned to
these new templates still exhibited correlation with those assigned to
older stellar populations. Similarly, when we compared STARLIGHT
fits using only those SSP templates of ages older than 107 yr,
we found that the excess of hot stars was simply assigned to
whichever stellar population was youngest. The rest of the star-
formation histories were unaffected, indicating that older stellar
populations are reliably measured regardless of how the youngest
populations are treated in the fit. We concluded that the youngest
stellar population available in the STARLIGHT fit would always have
a ‘cross-talk’ effect with populations 210 yr. The flux assigned to
the youngest populations will always be a combination of the ‘true’
flux from stars of that age, as well as a spurious contribution from
the hot stars present but not modelled in older populations.

It may be possible to effectively separate these two effects when
stellar population models are able to fully model the hot stellar
remnants or other factors responsible for the UV upturn. However,
for the purposes of this work, the weights and fluxes of stellar
populations younger than 30 Myr are fundamentally unrealiable, so
we include these SSP templates in the fit but then we ignore these
populations entirely and do not use their weights in deriving the
STARLIGHT-measured star formation histories. The SFHs are not
likely to have varied over this time period (Schonrich & Binney
2009), but such young stellar populations are clearly present in
many galaxies, so by including these SSPs in the fit but ignoring
their weights in subsequent analysis allows the spectrum to be
fully modelled. Limiting the measurements of the derived SFHs
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to exclude the region younger than 30 Myr does not limit the results
from our analyses.

Based on this, we advise users of STARLIGHT and other stellar
population fitting software to carefully consider the effects of at-
tempting to measure star-formation histories to young ages without
accounting for the limitations of SSP models to include the UV
upturn. Cautious interpretation of all derived SFHs is essential to
determine which parts of a SFH are likely to be correctly measured.
However, we do see that the older populations are almost entirely
unaffected however the youngest populations are modelled, so are
robustly reliable.

4.6 Effects of low signal-to-noise

Many authors spatially bin neighbouring spaxels of integral-field
spectroscopic data to create regions with approximately constant
signal-to-noise ratio (SNR) before fitting. However, since we wish
to retain the full spatial information of the stellar populations —
and therefore fit each spectrum independently instead of binning —
we must ensure that the STARLIGHT fits in regions with low SNR
are reliable. Ge et al. (2018) showed that STARLIGHT may exhibit
bias in the fitting of spectra with low SNR, but Cid Fernandes
(2018) contend that these effects are not significant in most physical
applications and with the robust STARLIGHT configuration used
here.

In Appendix A, we outline a series of tests to measure the effect
of low signal-to-noise ratio on STARLIGHT’s recovered fits, and
its ability to recover a stellar population of known age or a star-
formation history of known shape using the configuration described
above. We find that combining spectra with a given signal-to-noise
ratio and comparing the fit of this combined spectrum with the fits
of the spectra it contains, STARLIGHT is consistent for the low signal-
to-noise regions. We also find that STARLIGHT is able to recover the
age of a known stellar population with a signal-to-noise ratio as low
as 5. Similarly, with the configuration outlined in Section 4.2, we
find that STARLIGHT can reliably measure the shape of a known SFH
in such low signal-to-noise conditions, indicating that we are able
to detect the presence of older stellar populations when obscured
by brighter younger populations.

These tests imply that, assuming the E-MILES model spectra are
accurate representations of the stellar populations they represent, we
expect STARLIGHT to be able to recover the true SFHs under all the
conditions analysed in the remainder of this paper. Notwithstanding
this robustness, to ensure that the low signal-to-noise regions of the
galaxy are not affecting our results in ways we do not anticipate, in
all stages of our analysis we ensure that we weight spaxels by
their flux or mass, ensuring that the central regions with good
fits are up-weighted, and low signal-to-noise regions are down-
weighted.

5 TIME-SLICING

From the SSP template weights obtained in the STARLIGHT fits,
we are able to reconstruct the star formation history (SFH) and
metallicity distributions at every location in each galaxy in the
spiral sample. From the SFHs, it is straightforward to reconstruct
an image of the total flux (or mass) emitted by (or contained in)
stars of any given age. To ensure that we are not overinterpreting
small-scale noise in the age-distributions of weights assigned to
individual templates, we first smooth the SFHs before any analysis
is done on these images. We have smoothed by 0.3 dex in age, but
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Figure 1. Top: Animation of a MaNGA spiral (plate-IFU 8329-12701)
showing the spatially resolved flux (colour-coded by the metallicity) of stars
as a function of age, from 10 to 0.03 Gyr. Middle: Weighting function used.
The STARLIGHT output’s temporal information is smoothed to 0.3 dex. The
red points indicate the SSP ages used. Bottom: Colour map indicating the
flux (in units of 10~ erg s~! em™2 A~! spaxel~!) and metallicity (in units
of log(Z/Z)) of the stellar population. The dashed vertical lines indicate the
SSP metallicities used. Requires Adobe Reader version > 9 (and < 9.4.1 on
Linux) or similar.

smoothing by any factor between 0.2 and 0.5 dex does not affect
results significantly.?

As an illustration, Fig. 1 shows an animation of a single galaxy
(MaNGA plate-IFU 8329-12701) from the spiral sample, stepping
through stellar population ages from 17 Gyr down to 30 Myr,
highlighting the wealth of information contained in the spatially
resolved SFHs available using STARLIGHT and MaNGA. Such
animations can be made for any of the galaxies in the sample, but
here we show an example of a galaxy observed using the largest-
sized (127-fibre) IFU to demonstrate the amount of information
potentially available through such time slicing.

2We find that the measured uncertainties in the SFHs in the tests described
in Appendix A are typically lower than 0.2 dex, but those measurements
don’t account for any error or bias in the SSPs themselves, so we have
conservatively included 0.3 dex smoothing on temporal scales here.
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It is worth emphasizing that we can only measure the current
location of stars in the galaxy, so that we can only treat a ‘time slice’
at any given stellar age as an approximation of the structure
of the galaxy at that time, since we cannot undo the effects
of dynamical heating or radial mixing and migration. However,
Martinez-Lombilla, Trujillo & Knapen (2019) showed that the shape
of vertical colour gradients seen in edge-on disc galaxies imply that
radial migration occurs at a slower rate than the intrinsic growth
of the galactic disc. Simulations of galactic discs also suggest that
stellar populations are in general equally likely to migrate inwards
or outwards (Avila-Reese et al. 2018), and only by sufficiently
small distances that this effect has only minor effects on the radial
distribution of populations (Avila-Reese et al. 2018; Navarro et al.
2018; Barros et al. 2020), so here we assume that the current
distribution of a given stellar population is — to a first approximation
— representative of the distribution of star formation in the galaxy
at the corresponding lookback time.

Clearly this assumption does not hold true for spiral structures,
since such distributions will become diluted rapidly with the disc’s
rotation. However, for the youngest stellar populations, we showed
in Peterken et al. (2019a) that interpreting spatially resolved star-
formation histories in this ‘time-slicing’ approach can help us to
understand spiral arms and bars. Mallmann et al. (2018) also showed
that a similar approach can be used to understand the properties of
AGN, and other studies with CALIFA showed that this approach can
offer clues to the history of a galaxy’s radial profile (Cid Fernandes
etal. 2013, 2014; Pérez et al. 2013; Gonzalez Delgado et al. 2014).

6 MEAN AGES AND METALLICITIES

A first-order measurement of the SFHs resolved across the face of
a galaxy is that of the mean age or — with a similar calculation — of
spatially resolved metallicity. Using the mass weights assigned to
each SSP template by STARLIGHT in the fits for each spaxel spectrum,
we derive mass-weighted mean age and metallicity (specifically
(log (agelyr)) mass and (1og (Z/Zs)) mass respectively) maps. We then
plot the light-weighted median of all spaxels’ mean log(age) and
log(metallicity) within radial bins of width 0.045 R, (where R, is the
elliptical Petrosian effective radius measurements from the NSA)
against the elliptical galactocentric radius R (in units of R.), and
find a best-fitting straight line to these data using a least-squares
fit. The fitting is only performed out to 1.2 R, to avoid the edges
of the hexagonal-shaped IFU FOVs and to ensure consistency
between galaxies. From these best-fitting lines, we obtain a mean
age and metallicity gradient, and a characteristic age and metallicity
value of the stellar populations located at 1R., a measure which
Séanchez et al. (2016) showed to be representative of the galaxy as a
whole.

The distributions of age gradients and ages at 1 R. are shown
in Fig. 2, and equivalent metallicity measurement in Fig. 3. We
find that, on average, a majority (approximately 60 per cent) of
the spiral sample exhibit slight negative age gradients, implying
younger outskirts. This agrees with the general picture found by
others (Sdnchez-Blazquez et al. 2014; Gonzélez Delgado et al. 2015;
Goddard et al. 2017; Zheng et al. 2017) and is usually taken to
be evidence for inside-out formation being dominant in the most
massive galaxies. When the sample is split into three mass bins (of
M < 10°7' Mg, 107" < M < 10'%22 My, and M > 10122 M%), we

3The mass bin thresholds used here were chosen such that a volume-limited
sample of spiral galaxies selected in the method described in Section 3
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gradients (horizontal axis) for each galaxy, coloured by the galaxy’s total
stellar mass. Each data point’s transparency is defined by the MaNGA
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indicate the distributions of ages and their gradients, respectively, where the
grey line indicates the distribution of the whole sample and the coloured
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Figure 3. As Fig. 2, but for mass-weighted mean metallicities and their
gradients.

find that the approximately 80 per cent of the highest-mass galaxies
exhibit negative age gradients while only 50 per cent of the lowest-
mass galaxies do. This difference suggests that inside-out formation
is more dominant in high-mass galaxies.

We find that most (*=60-80 per cent) galaxies in all mass bins
exhibit slight negative metallicity gradients, and Fig. 3 highlights
a strong mass—metallicity correlation too, as first suggested by
Lequeux et al. (1979).

7 MASS BUILDUP TIMES

Measuring only a mass-weighted mean age or metallicity does not
make use of all of the available information in the age distribution
of SSP template weights. From a full spectrum fitting approach, it
is also possible to use the width of the distribution in stellar age, as

would contain equal numbers of galaxies in each bin, determined using the
‘EWEIGHT’ sample weighting for the Primary+ MaNGA sample.

020z AINF 2z uo Jasn |ng op 8pue.ls) oIy Op [eiapa- apepisioniun Aq Z60.E8S//8EE/S/SEY/10BNSAE-aDIE/SRIUW/WO0D dNO dlwapede//:sd)ly WOl PaPEOjUMO(]



1010 4 °

Tos (yr)

1094 %.°

10° 1010 10%
Stellar mass (Mg)

Figure 4. Time since 95 per cent of the total stellar mass within 1.2 R, had
been assigned in the STARLIGHT fits (7os) for galaxies of different present-
day stellar mass. All spiral galaxies with high present-day mass built the
bulk of their mass at early times, but most low-mass galaxies were building
their mass more recently. The transparency of each point is defined by the
galaxy’s MaNGA Primary+ sample described in Section 2.1.

well as its mean value. To this end, from a given smoothed SFH,
we define the time 795 by which 95 per cent the total stellar mass
of that spectrum was built up. We measure a Tys for all light within
R < 1.2 R, of each galaxy. We find that Tys correlates with the
total stellar mass of the galaxy, as shown in Fig. 4: all galaxies
with present-day stellar masses within 1.2 R, of M, > 2 x 10'° Mg
formed the bulk of their mass at least 5 Gyr ago, while most of
those with stellar masses M, < 10'° M, were still building their
mass as recently as ~2 Gyr ago. This effect is reflected in the
known relation between the stellar mass and star formation rates
in galaxies, and the results shown here agree well with other fossil
record studies (Thomas et al. 2010; Pacifici et al. 2016), empirical
modelling (Rodriguez-Puebla et al. 2017; Behroozi et al. 2019),
and theoretical modelling (Henriques et al. 2015; Hill et al. 2017)
including previous analysis of MaNGA galaxies (Ibarra-Medel et al.
2016). There is a population of low-mass spiral galaxies with large
values of Tys, but no equivalent population of high-mass galaxies
with small build-up times, highlighting that low-mass spiral galaxies
have had more varied histories than their high-mass counterparts,
as found by Ibarra-Medel et al. (2016).

Using the spatial information available with MaNGA, we are also
able to measure how the local value of Tys varies with galactic radius
R in galaxies of different masses, using the same total stellar mass
bins as in Figs 2 and 3. In Fig. 5, Tys for each spaxel in the sample of
spiral galaxies plotted against the galactocentric radius shows that
the stellar populations currently at the centres of high-mass galaxies
formed on average significantly earlier (by ~0.7 dex or a factor of 5)
than those in low-mass galaxies. By contrast, the galaxy’s outskirts
built up at approximately the same time regardless of the mass of
the host galaxy. At =1 R., the discrepancy in 75 is much less, at
~(0.3 dex (or a factor of 2).

To quantify this effect, we obtained the radial profiles of Tos
for each individual galaxy. We find that these profiles are well-
described by a straight line in radius versus log (79s), so we calculate
a best-fitting straight line, weighting spaxels by their flux. We
find that the majority of galaxies (>80 per cent) in each mass
bin show a negative gradient, as we show in Fig. 6, implying
younger outskirts than galactic centres. Assuming that the stellar
populations of any given age have not significantly migrated since
their birth, this is evidence for inside-out growth occurring in
the great majority of spiral galaxies. We find strongest evidence
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Figure 5. Time since 95 per cent of the stellar mass built up (7os) in each
spaxel of each galaxy in the spiral sample. Each spaxel in each galaxy is
shown as a point, with the opacity defined by the product of the total spaxel
flux and the galaxy’s MaNGA Primary+ sample weight. Colours denote the
galaxy’s total present-day mass. The solid lines represent a weighted running
median, and dashed lines are one-third and two-third weighted percentiles.
The outskirts of galaxies of all masses built up at approximately similar
times, but the centres of massive galaxies formed significantly earlier than
those of low-mass galaxies. The apparent horizontal feature in the high-mass
data points at ~7 Gyr is an artefact: there’s a large number of spaxels which
have not reached Tos by 8.9 Gyr but have by the next oldest SSP at 4.5 Gyr,
causing an apparent cluster between these two ages.
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Figure 6. Distribution of gradients of Tos versus galactic radius R for
galaxies of different masses. Most galaxies show evidence for inside-out
formation, and the effect is strongest in high-mass galaxies.

in the highest mass galaxies, for which >90 per cent exhibit
negative gradients in 79s. These results are consistent with the mean
age gradient analysis of Section 6, which is not surprising since
both approaches are measures of the age distributions contained
within the derived SFHs. However, directly determining a quantity
such as Tys is returning something much closer to a physical
measurement of how the mass of the galaxy has built up over
time.

When a 90 per cent, 75 per cent, or 50 per cent threshold was used
instead of the 95 per cent threshold results shown here, we found
no change to the qualitative conclusions. The higher 95 per cent
threshold was used to ensure that the buildup time of more galaxies
and spaxels was within the range 0.8 £ Tos < 5 Gyr where spectral
fitting methods are most sensitive, and avoids saturation at either
extreme of the stellar age range we are able to measure.
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8 CONCENTRATION OF STELLAR
COMPONENTS

Another more physically motivated way to expand beyond measur-
ing mean age gradients to infer the radial build-up of spiral galaxies
is to analyse the spatial extent of individual stellar populations
of different ages. We showed in Peterken et al. (2019a) that it is
possible to measure such distributions directly using time-slicing
techniques. The animation in Fig. 1 suggests systematic variation
in how concentrated the stellar populations are in one particular
spiral galaxy. Older populations are most centrally concentrated in
the bulge regions of the galaxy while the younger populations make
up the more extended disc. This illustrates the general consensus
of the cores of galaxies having younger ages than the surrounding
discs.

To quantify the variation in spatial extent of different stellar
populations in the full galaxy sample, we choose to measure a
concentration of each stellar population in each spiral galaxy. A
concentration can be defined in a number of ways (for example
as defined by Conselice 2003) which often require a larger FOV
than MaNGA offers in order to measure a background flux.
Here we define the concentration ¢ of a population of stellar age
tas

(m),<o.5r.(t)
(m)y <12k, (@)

c(t) = (D

where (m), <, (t) is the mean mass contained in all spaxels within
k x R. using the R. elliptical Petrosian radius values of each
galaxy from the NASA-Sloan Atlas (Blanton et al. 2011). This
measure ensures that the extent of each population is scaled by the
size of the present-day galaxy, and only requires data from within
the MaNGA footprint. This definition of ¢(#) also means that a
completely uniform (i.e. radially flat) distribution has a value of ¢ =
1, with ¢ < 1 indicating a distribution which rises with radius in the
inner region.

The concentration ¢ of stellar populations of different ages in
each galaxy in the full sample is shown in Fig. 7. There is a clear
trend of older populations being most centrally concentrated (with
typical values of ¢ &~ 2.5 at t > 2 Gyr), and the younger stars in
all galaxies exhibiting the most spatially extended distributions
(with ¢ = 1 at r < 0.1 Gyr). This is unsurprising since this is
simply a different way of presenting and interpreting the same
effects as in Section 7, but in a manner that utilizes more of
the temporal information available to illustrate how radial gra-
dients in mass-to-light ratios (e.g. Garcia-Benito et al. 2019) are
created.

We find that there is a strong dependence of ¢(¢) on total (current)
galactic stellar mass. Using the same mass bins as in Figs 2 and
3, we find that in the highest mass galaxies, the oldest (L6 Gyr)
stellar populations are almost three times more concentrated than the
youngest populations (0.1 Gyr), while in the lowest mass galaxies
this ratio is less than two.

By repeating this analysis using the mean 4020 A flux mass in
the definition of c(#) (i.e. replacing m, g, (t) with f,<xg (¢)) in
equation (1), the results are unchanged. This is unsurprising since
the radial variation in mass-to-light ratio is unlikely to be significant
for any single time slice .

This analysis reinforces the conclusion that inside-out growth is
the primary formation mode in the majority of spiral galaxies, and
that the effect is strongest in higher mass galaxies.
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Figure 7. Population concentration ¢ of each galaxy’s stellar populations
in the spiral sample as a function of stellar age, where ¢ at each time slice
is defined by equation (1). Each galaxy’s line is weighted by its MaNGA
Primary+ weighting. The heavy line shows the weighted median of all
galaxies, and the dashed lines indicate the weighted one-third and two-third
percentiles. Top: All galaxies. Bottom: The same, but with galaxies coloured
by their total (present-day) stellar mass. The youngest stellar populations
are more spatially extended than the oldest populations in all galaxies, with
the effect strongest in higher mass galaxies.

9 MASS-SIZE DISTRIBUTION

Although the mass buildup times in Section 7 and the variation
in concentration in Section § both show evidence for inside-out
formation being the dominant growth mechanism in spiral galaxies,
these analyses are still not directly comparable measurements to
those used in most studies over different redshifts. Previously,
observational evidence for inside-out formation in galaxies has
come from analysing how the masses and sizes of galaxies increase
simultaneously over time, by measuring these properties of different
populations at different redshifts (e.g. Maltby et al. 2010; Patel et al.
2013; van Dokkum et al. 2013; Papovich et al. 2015; Whitney et al.
2019). This comparison is something that can be directly made
using time-slicing methods with integral field spectroscopy for a
single galaxy population, to understand how the total mass and size
growth has occurred over time.

9.1 Deriving half-light and mass measurements

At each stellar age 7, we define the stellar mass to be the sum of
the masses in all populations with ages >¢ within 1.2 R., using
the temporally smoothed distribution of weights from STARLIGHT.
We can also define a measurement r(¢) of the light size of a time
slice ¢ as being the radius of half the light contained within 1.2 R,
(using R, elliptical Petrosian radius measurements from the NSA)
of all of the light emitted by stars older than ¢. This definition is
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used since the MaNGA observations are limited in their fields of
view. This limitation prohibits us from reliably measuring a sky
background, forbidding a direct half-light radius measurement in a
normal approach.

To ensure that the radius and stellar mass measurements defined
here using the STARLIGHT fits are reliable, we compare these
measurements for the present-day galaxy (i.e. = 0) with the known
size and mass measurements of the galaxies in the NSA (see Fig. 8).
We find that r; is a good proxy for the NSA elliptical Petrosian
half-light measurements, with an offset of ~0.2dex which is a
consequence of both the limited MaNGA FOV and the difference
in wavelengths used. (The NSA radii are measured in the r band
imagery, but the measurements for the STARLIGHT outputs are
done on a model 4020 A image, which would be located in the
g band.) We also find that the total stellar masses determined
by STARLIGHT are consistent with the photometry-derived masses
in the NSA. Both mass measurements assume the same IMF,
so a small observed offset is likely due to MaNGA'’s limited
FOV.

Maltby et al. (2010), Mosleh, Williams & Franx (2013), Bernardi
et al. (2014), van der Wel et al. (2014), and others have shown
that, unlike the early-type galaxies, the mass—size relation for
spiral galaxies is weak. However, using the STARLIGHT-derived
measurements of the galaxies” masses and sizes, we find no strong
mass—size trend in the present day sample of spiral galaxies
at all; a Spearman rank test results in a correlation p-value of
only p = 0.84 for the measured data, and similar for the NSA
values. This lack of a relation may indicate that the Galaxy zoo
classifications for low-mass galaxies under the conservative se-
lection criteria used here may be slightly biased so that the
smaller low-mass galaxies are less likely to be classified as
spirals.

9.2 Evolution of the mass—half-light-radius plane

Having reassured ourselves that our mass and r; radius measure-
ments are appropriate proxies for the photometric measurements
in the present-day galaxies, we can now explore how the mass—
size plane changes over time. The upper panels of the animation
in Fig. 9 shows the evolution of the mass-r; plane over the last
~10Gyr. Fig. 10 also shows the distribution of galaxies in the
mass—r; plane at four different redshifts. The measurements shown
are using STARLIGHT’s current mass measurements of each SSP
template (see Section 4.2 for the distinction between current and
initial mass weights). In reality, the mass-loss of each population
will have been gradual over the galaxy’s evolution rather than
instantaneous as this approach implies. However, as stated in
Section 4.2, by instead adopting the initial mass — and therefore
assume that no mass-loss occurs at all — we find no significant
change to these results. The ‘reality’ would of course be between
these two extremes. However, since the two cases reach near-
identical results, we present here only the results for the current
mass template weightings to avoid uncertainties in modelling time-
dependent mass-loss estimates separately for each SSP at each time-
step.

Assuming an absence of significant systematic radial migration
effects, we find that the growth in r; of these galaxies has only
occurred over the last &3 Gyr, while the bulk of the growth in
mass occurred before this. We also find that galaxies generally
have not changed their relative mass group, instead growing in
mass and size at the same rates as those of similar masses and
sizes. This cohort behaviour implies that, although every galaxy
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Figure 8. Comparison of the masses (fop) and radii ry (middle) of the
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Primary+ MaNGA sample weighting for each galaxy.

has had a unique formation history, tracing the average evolution of
a galaxy population (e.g. by measuring galaxy properties at different
redshifts) is representative of how most galaxies have evolved over
the same time period.

MNRAS 495, 3387-3402 (2020)

020z AINF 2z uo Jasn |ng op 8pue.ls) oIy Op [eiapa- apepisioniun Aq Z60.E8S//8EE/S/SEY/10BNSAE-aDIE/SRIUW/WO0D dNO dlwapede//:sd)ly WOl PaPEOjUMO(]



3396 T Peterken et al.

z=0.07 (t=0.89 Gyr)

&n(?) (dex)

Lrm(t) (dex)

lol o s o s s ¢ e s e e i v .................................................
.5 S3% &
° :
T °r«=o e "‘b" e
6x10 @ ° o) 1Y
2 > o8 § N
b o o ‘g& a2
S ° e < o _j
5 4x10° ob o‘g”‘-’i-‘e SPe V' 2o
3 % 3 ¢
B 3x100 o S80.0 e
z p P o | @
3 » ¢
2x10° o
e °
101
&
° % & PS

™ ® .® R, e
2 6x10° *® "% ?f“‘
< & P ? . ®
= ° Ak o
E ° ® o % 3
S ax10° i 0359'3'& ’;} 2O L8y
"!g:l .0 waPg! wh i e
2 3x10° » &°a® 'y
§ ° ° N +®
* 2x100 i 8

° (]

10° 10%° 103

Mass M(t) (M)

L e S @ M<10%7imM, 1
o 1087 < <1002 My

0204 i
' & M>101022 M,

0.15 1
0.05 4
0.00 4
-0.05 +

-0.10 1

-0.15
0.25 1

0.20 1
0.15 1
0.10 4
0.05 4
0.00 4

=0.05

=0.10 4

-0.15 ' : . , . . ' ' .
000 005 010 015 020 025 030 035 040

&r4(¢) (dex)
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redshift’s time slice.

9.2.1 Mass dependence

By splitting the galaxy into the subsamples of different mass bins
as before, we find that over the last 10 Gyr, the low-mass galaxies
have grown significantly more in mass (=0.17 dex) but less in
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light radius r; (*0.05 dex) than the high-mass galaxies (~0.14 dex
growth in mass, ~0.1 dex in 7). The small ~0.03 dex difference in
mass growth rates between the samples combined with the mass
dependence of Tys seen in Section 7 indicates that the low-mass
galaxies have only built up slightly more mass relative to the
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high-mass galaxies, but that this growth occurred later. We also
see this downsizing effect in the ‘turnup’ time — at which galaxies
stop growing significantly in mass and start growing in light radius
1, — which occurred earlier in high-mass than low-mass galaxies
(~3.5 Gyr ago compared to ~1 Gyr ago).

9.3 Evolution of the mass—half-mass-radius plane

While the light-weighted radius measurements are directly com-
parable to the size evolution of galaxy populations observed at
different redshifts, the mass distribution of a galaxy is more
fundamental to its build-up. In Figs 9 and 10, we therefore also
show the evolution of the mass—size plane but using a half-mass size
rm (equivalently defined as the radius containing half of the stellar
mass within 1.2 R, due to the limitations of the MaNGA FOV)
using the SSP template mass-to-light ratios. We find that despite
increases in the observed light size 7y of the galaxy population, the
corresponding increase in the mass size ry, of the same galaxies is
minimal; we find an increase of é0.0S dex in size for almost all
galaxies, even in those with low present-day stellar masses. This
weak evolution is in agreement with the results presented by Suess
et al. (2019a, 2019b) using entirely independent approach to show
that the half-mass radius does not evolve significantly compared to
the evolution of the half-light radius.

The physical size growth of spiral galaxies over the last 10 Gyr has
therefore been extremely small, at typically only 10 per cent growth.
Such an increase in mass radius — however slight — requires a radial
increase in the regions of ongoing star formation. Since younger
stellar populations dominate the light of a spiral galaxy at any time
slice or lookback time, the increase in measured radius in observa-
tions of the same galaxies becomes significant. A small amount of
star formation in the outskirts of the galaxies will contribute a large
amount to the light while contributing comparatively little to the
bulk of the galaxy, causing a strong mass-to-light gradient. Direct
measurements of the growth of galaxies from observations therefore
produce an overestimate of the underlying mass growth rate. This
effect has also been recently quantified for cosmological galaxy
catalogues from CANDELS (Suess et al. 2019a,b), who showed
that the half-light radius growth of galaxies, both star-forming and
quiescent, previously reported in many works is significantly weaker
for the half-mass radius.

Interestingly, it has been reported by Frankel et al. (2019) that
the structure of stellar populations seen in the Milky Way provide
evidence for a slower growth in half-mass radius than in the half-
light radius, and the evidence presented here — as well as from high-
redshift surveys (see above) — suggests that this feature is common in
the growth of spiral galaxies. This slow size growth of spiral galaxies
seems to be in tension with predictions from semi-analytical models
and hydrodynamics simulations of galaxy evolution in the context
of the ACDM cosmology (see for a discussion Avila-Reese et al.
2018 and more references therein).

10 POTENTIAL LIMITATIONS

10.1 Limitations of the data

Due to the limited FOV of the MaNGA observations, we are unable
to measure a true half-light (or half-mass) radius for any given
‘time slice’, since we do not have any background in the images.
We are able to confirm in Fig. 8 that the radius of half of the light
(or mass) contained within 1.2 R, is a good proxy for the present-
day galaxy, but we have no way of confirming this at other stellar
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population ages. However, since we find that the oldest populations
are most concentrated, the measured sizes in the earlier age-steps
in the mass—size evolution are likely to be closer to the true sizes.
The observed increase in size is therefore a conservative estimate
of the real change. Since little of a galaxy’s mass is located outside
1R, (e.g. Pérez et al. 2013), we expect that the mass radius ry,
measurements are likely to be close to true half-mass radii.

10.2 Stellar population models and spectral fitting

Although we show in Appendix A that STARLIGHT can measure
stellar populations if the models used to do so are correct, this
work assumes that the model spectrum templates of the E-MILES
(Vazdekis et al. 2016) and Asa’d et al. (2017) libraries are represen-
tative of the true observed stellar populations. There are a number
of unresolved problems in the field of stellar population modelling;
see Conroy (2013) for a comprehensive review. For example, in
Section 4.5, we described a correlation between weights assigned
to populations Z10%° yr and those of <107 yr due to a deficiency
in the SSP templates. This is likely to be related to the UV upturn
problem, due to the presence of hot stars in old stellar populations
(Yi 2008) which is not accounted for in the SSP models. There
is also uncertainty surrounding the shape of the IMF and ongoing
debate on whether it varies between and within galaxies (La Barbera
etal. 2013; Alton, Smith & Lucey 2017; Parikh et al. 2018; Vaughan
etal. 2018). In principle, any variation of the IMF over cosmic time
is likely to affect our analysis too.

We also assume here that stellar metallicity is a 1D parameter.
In reality, the individual elemental abundances can vary from star
to star. Further time-slicing work can be done to measure the
simultaneous change in star-formation histories and metallicity
evolution, including variation in «-enhanced metals, but this is
beyond the scope of this project. Although we are confident that
the fitting methods used here can recover the distributions of
stellar population ages and metallicities, the degeneracy between
metallicity and [«/Fe] is harder to assess. However, in Peterken et al.
(2019a), we found that removing the extra metallicity dimension
appears to have little effect on the derived star-formation history.

This work has also assumed a single Calzetti et al. (2000)
exinction model which affects every stellar population contained
within a single spectrum equally. As we state in Section 4, we
expect that younger stellar populations are instead likely to be
affected by a greater amount of extinction, but we are unable to
resolve this difference in non-parametric fitting using STARLIGHT.
How this deficiency affects the measured star-formation histories is
not known.

Notwithstanding these shortcomings and assumptions used in the
fitting process, the resulting star-formation histories tell a consistent
story of inside-out formation in spiral galaxies with no noticeable
artifacts, and the coherent structures visible in the time-slicing of
galaxy 8329-12701 shown in Fig. 1 gives confidence in the fitting
method for the purposes described here. The clear inside-out forma-
tion reported here might even be underestimated: Ibarra-Medel et al.
(2019) have recently shown that any intrinsic signature of inside-out
growth is diminished by the instrumental/observational setting and
the stellar population modelling, mainly the age resolution of the
SSP templates.

10.3 Effects of radial mixing and mergers

Time-slicing methods can only reveal the current locations of
different stellar populations in a galaxy. In this work, we have
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interpreted these present-day distributions to be indicative of the
radial distributions of star formation at the age of the stellar
population, and make no attempt to correct for the effects of radial
migration or mergers. Fortunately, simulations suggest that the
radial distributions of stellar populations in a galactic disc are
not significantly altered by radial migration (Avila-Reese et al.
2018; Navarro et al. 2018; Barros et al. 2020), indicating that the
assumptions made here are at least approximately valid.

High-resolution simulations of Milky Way-like galaxies show
that radial migration has no preferential direction, with most stars
being scattered similarly inwards and outwards, by typically no
more than 1-2kpc (Avila-Reese et al. 2018). Instead, stars are
equally likely to move in either direction over their lives (Sellwood
& Binney 2002; Avila-Reese et al. 2018), with observations imply-
ing that any resulting observed growth as aresult of migration occurs
slower than the intrinsic growth of the disc (Martinez-Lombilla et al.
2019). Any radial migration of an initially centrally concentrated
distribution of stars is likely to become slightly less concentrated
over time, an effect which is observed in the stellar metallicity
distributions of the solar neighbourhood in the Milky Way (e.g.
Frankel et al. 2018; Feltzing, Bowers & Agertz 2019). A galaxy
with a radial distribution of star formation that is not varying over
time would be observed using time-slicing methods to have been
slightly decreasing in measured radius over the same time frame,
since the oldest populations will have more time to disperse and
would therefore appear at larger radii. The measured variations
of spatial distribution of stellar populations of different ages in
Section 8 are also therefore likely to be a close lower limit on the
true variation of the sizes of spiral galaxies over the same time
period. Similarly, the recovered change in light size r; in Section 9
is therefore a slightly conservative but representative estimate of
how the galaxy evolved over the same time period.

11 CONCLUSIONS

We have derived spatially resolved star formation histories for a
sample of 795 low-redshift spiral galaxies using STARLIGHT applied
to integral-field spectroscopic observations from SDSS-1V MaNGA.
From this fossil record analysis, we have built maps indicating the
regions in which stellar populations of different ages are located
in any given galaxy. We analysed the radial profiles of these ‘time
slices’ to extract the historical growth of the population of spiral
galaxies. The main findings are:

(i) Using E-MILES single stellar population template spectra, the
star formation histories measured by STARLIGHT are unreliable for
the youngest populations used in the fit (in this case those younger
than 3 x 107yr). We found evidence that this is related to the UV
upturn (Yi 2008) and a solution to this problem requires population
models to include the presence of hot old stars (whatever their
nature) in the oldest population templates. However, despite this
degeneracy between the oldest and youngest template weights, the
derived star-formation histories of the stellar populations older than
3 x 107yr are trustworthy.

(i) We have quantified evidence for inside-out galaxy growth in
three different ways, which all indicate that such a growth mode is
dominant in the majority of spiral galaxies, and is most significant
in high-mass galaxies:

(a) The mass-weighted mean age gradient of spiral galaxies
tends to be slightly negative; the outskirts are younger than the
centres in ~60 per cent of all spiral galaxies. This fraction rises
to 80 per cent for galaxies with stellar mass M > 10'%22M,.
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(b) By measuring a time Tos by which 95 per cent of the
stellar mass had built up in each location of the galaxy, we
find that Tys decreases with radius in the majority galaxies.
Gradients in Tys are steepest in the highest mass galaxies.

(c) The concentration ¢ of each ‘time slice’ was found for
each galaxy. The youngest stellar populations (younger than
~1033 yr) are more radially extended than the oldest (~10'° yr
old) populations in all cases, and this effect is most significant
in high-mass galaxies.

(iii) By considering the simultaneous increase in stellar mass
and the increase in light radius with the addition of ever-younger
stellar populations, we found that the mass—size distribution of
spiral galaxies evolves with very little change in rank; galaxies
grow in mass and size at similar rates to other galaxies with similar
masses and sizes. This suggests that a ‘like for like” approach when
comparing the sizes and masses of distributions galaxies at different
redshifts is representative of how the individual galaxies themselves
have evolved.

(iv) We found that over the last 10Gyr, galaxies with high
present-day stellar masses have grown their half-light size by
approximately twice the amount that low-mass galaxies have,
although low-mass galaxies have grown slightly more in mass.

(v) However, when the half-mass radius of the galaxies was
used instead, we found that spiral galaxies have barely altered
their radial mass distributions over the same time period. Although
galaxies appear to grow in (light) size over cosmic time, we show
that this is an overestimate of their actual physical growth. This
apparent discrepancy is due to a small amount of star formation
occurring in the outskirts being able to dominate a galaxy’s light
while contributing very little to the physical bulk of the galaxy.

ACKNOWLEDGEMENTS

Funding for the Sloan Digital Sky Survey IV has been provided by
the Alfred P. Sloan Foundation, the U.S. Department of Energy
Office of Science, and the Participating Institutions. SDSS-IV
acknowledges support and resources from the Center for High-
Performance Computing at the University of Utah. The SDSS web
site is www.sdss.org.

SDSS-IV is managed by the Astrophysical Research Consor-
tium for the Participating Institutions of the SDSS Collaboration
including the Brazilian Participation Group, the Carnegie Institution
for Science, Carnegie Mellon University, the Chilean Participa-
tion Group, the French Participation Group, Harvard-Smithsonian
Center for Astrophysics, Instituto de Astrofisica de Canarias,
The Johns Hopkins University, Kavli Institute for the Physics
and Mathematics of the Universe (IPMU) / University of Tokyo,
Lawrence Berkeley National Laboratory, Leibniz Institut fiir Astro-
physik Potsdam (AIP), Max-Planck-Institut fiir Astronomie (MPIA
Heidelberg), Max-Planck-Institut fiir Astrophysik (MPA Garching),
Max-Planck-Institut fiir Extraterrestrische Physik (MPE), National
Astronomical Observatories of China, New Mexico State Univer-
sity, New York University, University of Notre Dame, Observatdrio
Nacional / MCTI, The Ohio State University, Pennsylvania State
University, Shanghai Astronomical Observatory, United Kingdom
Participation Group, Universidad Nacional Auténoma de México,
University of Arizona, University of Colorado Boulder, University
of Oxford, University of Portsmouth, University of Utah, University
of Virginia, University of Washington, University of Wisconsin,
Vanderbilt University, and Yale University.

020Z AINf 2z Uo J8sn |NS op apuelIs) o1y Op |eJepa- apepIsIiaAlun Aq Z60/E8S//8EE/E/S61/10BASqe-a]o1e/SBIuW/ WO dNo olWwapeoe//:sdny WwoJl papeojumoq


http://www.sdss.org

This publication uses data generated via the Zooniverse.org
platform, development of which is funded by generous support,
including a Global Impact Award from Google, and by a grant from
the Alfred P. Sloan Foundation.

We are grateful for access to the University of Nottingham’s
Augusta high performance computing facility.

JHK acknowledges financial support from the European Union’s
Horizon 2020 research and innovation programme under Marie
Sktodowska-Curie grant agreement No. 721463 to the SUNDIAL
ITN network, from the State Research Agency (AEI) of the Spanish
Ministry of Science, Innovation and Universities (MCIU) and the
European Regional Development Fund (FEDER) under the grant
with reference AYA2016-76219-P, from IAC project P/300724,
financed by the Ministry of Science, Innovation and Universities,
through the State Budget and by the Canary Islands Department
of Economy, Knowledge and Employment, through the Regional
Budget of the Autonomous Community, and from the Fundacién
BBVA under its 2017 programme of assistance to scientific research
groups, for the project ‘Using machine-learning techniques to drag
galaxies from the noise in deep imaging’.

REFERENCES

Alton P. D., Smith R. J., Lucey J. R., 2017, MNRAS, 468, 1594

Asa’dR. S., Vazdekis A., Cerviilo M., No€l N. E. D., Beasley M. A., Kassab
M., 2017, MNRAS, 471, 3599

Avila-Reese V., Gonzdlez-Samaniego A., Colin P., Ibarra-Medel H.,
Rodriguez-Puebla A., 2018, ApJ, 854, 152

Baldry I. K., Glazebrook K., Brinkmann J., Ivezi¢ Z., Lupton R. H., Nichol
R. C., Szalay A. S., 2004, AplJ, 600, 681

Barros D. A., Pérez-Villegas A., Lépine J. R. D., Michtchenko T. A., Vieira
R.S. S., 2020, ApJ, 888, 75

Behroozi P, Wechsler R. H., Hearin A. P., Conroy C., 2019, MNRAS, 488,
3143

Belfiore F. et al., 2019, AJ, 158, 160

Bernardi M., Meert A., Vikram V., Huertas-Company M., Mei S., Shankar
F, Sheth R. K., 2014, MNRAS, 443, 874

Bertelli G., Bressan A., Chiosi C., Fagotto F., Nasi E., 1994, A&AS, 106,
275

Blanton M. R., Kazin E., Muna D., Weaver B. A., Price-Whelan A., 2011,
A, 142, 31

Blanton M. R. et al., 2017, AJ, 154, 28

Bundy K. et al., 2015, ApJ, 798, 7

Calzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-
Bergmann T., 2000, ApJ, 533, 682

Cappellari M., Emsellem E., 2004, PASP, 116, 138

Chabrier G., 2003, PASP, 115, 763

Cid Fernandes R., 2018, MNRAS, 480, 4480

Cid Fernandes R., Gonzélez Delgado R. M., 2010, MNRAS, 403, 780

Cid Fernandes R., Mateus A., Sodré L., Stasiriska G., Gomes J. M., 2005,
MNRAS, 358, 363

Cid Fernandes R. et al., 2013, A&A, 557, A86

Cid Fernandes R. et al., 2014, A&A, 561, A130

Conroy C., 2013, ARA&A, 51,393

Conselice C. J., 2003, ApJS, 147, 1

Conselice C. J., Mortlock A., Bluck A. F. L., Griitzbauch R., Duncan K.,
2013, MNRAS, 430, 1051

Croom S. M. et al., 2012, MNRAS, 421, 872

Drory N. et al., 2015, AJ, 149, 77

Fan L., Lapi A., De Zotti G., Danese L., 2008, ApJ, 689, L101

Feltzing S., Bowers J. B., Agertz O., 2020, MNRAS, 493, 1419

Frankel N., Rix H.-W., Ting Y.-S., Ness M., Hogg D. W., 2018, AplJ, 865,
96

Frankel N., Sanders J., Rix H.-W., Ting Y.-S., Ness M., 2019, ApJ, 884, 99

The fossil record of MaNGA spirals 3399

Fraser-McKelvie A., Brown M. J. ., Pimbblet K. A., Dolley T., Crossett J.
P, Bonne N. J., 2016, MNRAS, 462, L11

Furlong M. et al., 2017, MNRAS, 465, 722

Garcia-Benito R., Gonzédlez Delgado R. M., Pérez E., Cid Fernandes R.,
Sanchez S. F., de Amorim A. L., 2019, A&A, 621, A120

Ge J., Yan R., Cappellari M., Mao S., Li H., Lu Y., 2018, MNRAS, 478,
2633

Ge J., Mao S., Lu Y., Cappellari M., Yan R., 2019, MNRAS, 485,
1675

Girardi L., Bressan A., Bertelli G., Chiosi C., 2000, A&AS, 141,
371

Goddard D. et al., 2017, MNRAS, 466, 4731

Gonzidlez Delgado R. M. et al., 2014, A&A, 562, A47

Gonzilez Delgado R. M. et al., 2015, A&A, 581, A103

Gonzidlez Delgado R. M. et al., 2017, A&A, 607, A128

Gunn J. E. et al., 2006, AJ, 131, 2332

Hart R. E. et al., 2016, MNRAS, 461, 3663

Hart R. E. et al., 2017, MNRAS, 472, 2263

Henriques B. M. B., White S. D. M., Thomas P. A., Angulo R., Guo Q.,
Lemson G., Springel V., Overzier R., 2015, MNRAS, 451, 2663

Hill A. R., Muzzin A., Franx M., Marchesini D., 2017, ApJ, 849, L26

Ibarra-Medel H. J. et al., 2016, MNRAS, 463, 2799

Ibarra-Medel H. J., Avila-Reese V., Sanchez S. F., Gonzdlez-Samaniego A.
r., Rodriguez-Puebla A., 2019, MNRAS, 483, 4525

La Barbera F., Ferreras 1., Vazdekis A., de la Rosa I. G., de Carvalho R.
R., Trevisan M., Falcon-Barroso J., Ricciardelli E., 2013, MNRAS, 433,
3017

Lacerna 1., Ibarra-Medel H., Avila-Reese V., Herniandez-Toledo H. M.,
Vézquez-Mata J. A., Sanchez S. F., 2020, preprint (arXiv:2001.05506)

Law D. R. etal., 2015, AJ, 150, 19

Law D. R. et al., 2016, AJ, 152, 83

Lequeux J., Peimbert M., Rayo J. F., Serrano A., Torres-Peimbert S., 1979,
A&A, 500, 145

Lintott C. J. et al., 2008, MNRAS, 389, 1179

Lintott C. et al., 2011, MNRAS, 410, 166

Mallmann N. D. et al., 2018, MNRAS, 478, 5491

Maltby D. T. et al., 2010, MNRAS, 402, 282

Martinez-Lombilla C., Trujillo I., Knapen J. H., 2019, MNRAS, 483, 664

Masters K. L. et al., 2010, MNRAS, 405, 783

Masters K. L. et al., 2019, MNRAS, 487, 1808

Mehlert D., Thomas D., Saglia R. P, Bender R., Wegner G., 2003, A&A,
407, 423

Mosleh M., Williams R. J., Franx M., 2013, ApJ, 777, 117

Naab T., Johansson P. H., Ostriker J. P., 2009, ApJ, 699, L178

Navarro J. F. et al., 2018, MNRAS, 476, 3648

Pacifici C., Oh S., Oh K., Lee J., Yi S. K., 2016, ApJ, 824, 45

Papovich C. et al., 2015, ApJ, 803, 26

Parikh T. et al., 2018, MNRAS, 477, 3954

Patel S. G. et al., 2013, ApJ, 778, 115

Pérez E. et al., 2013, ApJ, 764, L1

Peterken T. G. et al., 2019a, MNRAS, 489, 1338

Peterken T. G., Merrifield M. R., Aragén-Salamanca A., Drory N., Krawczyk
C. M., Masters K. L., Weijmans A.-M., Westfall K. B., 2019b, Nat.
Astron., 3, 178

Rodriguez-Puebla A., Primack J. R., Avila-Reese V., Faber S. M., 2017,
MNRAS, 470, 651

Sacchi E. et al., 2019, ApJ, 878, 1

Sanchez S. F. et al., 2012, A&A, 538, A8

Sanchez S. F. et al., 2016, Rev. Mex. Astron. Astrofis., 52, 171

Sanchez-Blazquez P. et al., 2014, A&A, 570, A6

Schonrich R., Binney J., 2009, MNRAS, 396, 203

Sellwood J. A., Binney J. J., 2002, MNRAS, 336, 785

Smee S. A. et al., 2013, AJ, 146, 32

Suess K. A., Kriek M., Price S. H., Barro G., 2019a, ApJ, 877, 103

Suess K. A., Kriek M., Price S. H., Barro G., 2019b, ApJ, 885, L22

Thomas D., Maraston C., Schawinski K., Sarzi M., Silk J., 2010, MNRAS,
404, 1775

Trujillo I. et al., 2006, ApJ, 650, 18

MNRAS 495, 3387-3402 (2020)

020z AINF 2z uo Jasn |ng op 8pue.ls) oIy Op [eiapa- apepisioniun Aq Z60.E8S//8EE/S/SEY/10BNSAE-aDIE/SRIUW/WO0D dNO dlwapede//:sd)ly WOl PaPEOjUMO(]


http://dx.doi.org/10.1093/mnras/stx464
http://dx.doi.org/ 10.1093/mnras/stx1824
http://dx.doi.org/10.3847/1538-4357/aaab69
http://dx.doi.org/10.1086/380092
http://dx.doi.org/10.3847/1538-4357/ab59d1
http://dx.doi.org/10.1093/mnras/stz1182
http://dx.doi.org/ 10.3847/1538-3881/ab3e4e 
http://dx.doi.org/10.1093/mnras/stu1106
http://dx.doi.org/10.1088/0004-6256/142/1/31
http://dx.doi.org/10.3847/1538-3881/aa7567
http://dx.doi.org/10.1088/0004-637X/798/1/7
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1086/381875
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1093/mnras/sty2012
http://dx.doi.org/10.1111/j.1365-2966.2009.16153.x
http://dx.doi.org/10.1111/j.1365-2966.2005.08752.x
http://dx.doi.org/10.1051/0004-6361/201220616
http://dx.doi.org/10.1051/0004-6361/201321692
http://dx.doi.org/10.1146/annurev-astro-082812-141017
http://dx.doi.org/10.1086/375001
http://dx.doi.org/10.1093/mnras/sts682
http://dx.doi.org/10.1111/j.1365-2966.2011.20365.x
http://dx.doi.org/10.1088/0004-6256/149/2/77
http://dx.doi.org/10.1086/595784
http://dx.doi.org/ 10.1093/mnras/staa340 
http://dx.doi.org/10.3847/1538-4357/aadba5
http://dx.doi.org/10.3847/1538-4357/ab4254
http://dx.doi.org/10.1093/mnrasl/slw117
http://dx.doi.org/10.1093/mnras/stw2740
http://dx.doi.org/10.1051/0004-6361/201833993
http://dx.doi.org/10.1093/mnras/sty1245
http://dx.doi.org/10.1093/mnras/stz418
http://dx.doi.org/10.1051/aas:2000126
http://dx.doi.org/10.1093/mnras/stw3371
http://dx.doi.org/10.1051/0004-6361/201322011
http://dx.doi.org/10.1051/0004-6361/201525938
http://dx.doi.org/10.1051/0004-6361/201730883
http://dx.doi.org/10.1086/500975
http://dx.doi.org/10.1093/mnras/stw1588
http://dx.doi.org/10.1093/mnras/stx2137
http://dx.doi.org/10.1093/mnras/stv705
http://dx.doi.org/10.3847/2041-8213/aa951a
http://dx.doi.org/10.1093/mnras/stw2126
http://dx.doi.org/10.1093/mnras/sty3256
http://dx.doi.org/10.1093/mnras/stt943
http://arxiv.org/abs/2001.05506
http://dx.doi.org/10.1088/0004-6256/150/1/19
http://dx.doi.org/10.3847/0004-6256/152/4/83
http://dx.doi.org/10.1111/j.1365-2966.2008.13689.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17432.x
http://dx.doi.org/10.1093/mnras/sty1364
http://dx.doi.org/10.1111/j.1365-2966.2009.15953.x
http://dx.doi.org/10.1093/mnras/sty2886
http://dx.doi.org/10.1111/j.1365-2966.2010.16503.x
http://dx.doi.org/10.1093/mnras/stz1153
http://dx.doi.org/10.1051/0004-6361:20030886
http://dx.doi.org/10.1088/0004-637X/777/2/117
http://dx.doi.org/10.1088/0004-637X/699/2/L178
http://dx.doi.org/10.1093/mnras/sty497
http://dx.doi.org/10.3847/0004-637X/824/1/45
http://dx.doi.org/10.1088/0004-637X/803/1/26
http://dx.doi.org/10.1093/mnras/sty785
http://dx.doi.org/10.1088/0004-637X/778/2/115
http://dx.doi.org/ 10.1088/2041-8205/764/1/L1
http://dx.doi.org/10.1093/mnras/stz2204
http://dx.doi.org/10.1038/s41550-018-0627-5
http://dx.doi.org/10.1093/mnras/stx1172
http://dx.doi.org/10.3847/1538-4357/ab1de1
http://dx.doi.org/10.1051/0004-6361/201117353
http://dx.doi.org/ 10.1051/0004-6361/201423635 
http://dx.doi.org/10.1111/j.1365-2966.2009.14750.x
http://dx.doi.org/10.1046/j.1365-8711.2002.05806.x
http://dx.doi.org/10.1088/0004-6256/146/2/32
http://dx.doi.org/10.3847/1538-4357/ab1bda
http://dx.doi.org/10.3847/2041-8213/ab4db3
http://dx.doi.org/10.1111/j.1365-2966.2010.16427.x
http://dx.doi.org/10.1086/506464

3400 T Peterken et al.

Trujillo I., Conselice C. J., Bundy K., Cooper M. C., Eisenhardt P., Ellis R.
S., 2007, MNRAS, 382, 109

Tully R. B., Mould J. R., Aaronson M., 1982, ApJ, 257, 527

van der Wel A., Holden B. P., Zirm A. W., Franx M., Rettura A., Illingworth
G. D., Ford H. C., 2008, ApJ, 688, 48

van Dokkum P. G. et al., 2008, ApJ, 677, L5

van Dokkum P. G. et al., 2013, ApJ, 771, L35

van der Wel A. et al., 2014, ApJ, 788, 28

Vaughan S. P., Davies R. L., Zieleniewski S., Houghton R. C. W., 2018,
MNRAS, 475, 1073

Vazdekis A., Sdnchez-Blazquez P., Falcon-Barroso J., Cenarro A. J., Beasley
M. A., Cardiel N., Gorgas J., Peletier R. F., 2010, MNRAS, 404,
1639

Vazdekis A., Koleva M., Ricciardelli E., Rock B., Falcon-Barroso J., 2016,
MNRAS, 463, 3409

Wake D. A. et al., 2017, AJ, 154, 86

Westfall K. B. et al., 2019, AJ, 158, 231

Whitney A., Conselice C. J., Bhatawdekar R., Duncan K., 2019, Apl, 887,
113

Willett K. W. et al., 2013, MNRAS, 435, 2835

Yan R. et al., 2016a, AJ, 152, 197

Yan R. et al., 2016b, AJ, 151, 8

Yi S. K., 2008, in Heber U., Jeffery C. S., Napiwotzki R., eds, ASP Conf.
Ser. Vol. 392, Hot Subdwarf Stars and Related Objects. Astron. Soc.
Pac., San Francisco, p. 3

Zheng Z. et al., 2017, MNRAS, 465, 4572

APPENDIX A: TESTING FULL-SPECTRUM
FITTING

It is common to spatially bin neighbouring spaxels of integral-field
spectroscopic data to create regions with a minimum signal-to-
noise ratio (SNR) before fitting. However, since we wish to retain
and measure the full spatial information of the stellar populations
— and therefore fit each spectrum independently instead of binning
— we require the STARLIGHT fits in regions with low SNR to be
reliable. Ge et al. (2018) showed that STARLIGHT may exhibit bias
in the fitting of spectra with low SNR, but Cid Fernandes (2018)
contends that these effects are not significant in most physical
applications and with the robust STARLIGHT configuration used here.
To assess this conclusion, we have performed a series of tests laid out
here.

A1 Average fits of regions with low signal-to-noise

To testhow the SNR of a spectrum in a MaNGA datacube may affect
the fitting results from STARLIGHT, we combined spectra of a single
galaxy (plate-IFU 8329-12701) within different SNR bins to form a
single integrated spectrum for each bin. In combining spectra from
the MaNGA datacube, emission lines were removed and the spaxel
spectra de-redshifted and interpolated on to a common wavelength
base before summing. Each single spaxel’s SNR was then defined
as the median value over the fitting wavelength range of the ratio
between the spaxel’s flux spectrum and the reciprocal of the square
root of the inverse variance spectrum (as measured by the MaNGA
DRP).

We chose to combine spaxel spectra in SNR bins of width
2, centred on every even value. A single spectrum was created
by combining all spectra from spaxels with SNR between 3 and
5, another from spaxels with SNR between 5 and 7, etc., up
to a spectrum comprising the sum of all spaxels with a SNR
between 29 and 31. Each of the combined spectra’s signal-to-noise
ratio is greater than 60 and most are greater than ~200. These
combined spectra were then fit using STARLIGHT with an identical
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Figure A1l. The mean age of spaxels in different signal-to-noise ratio bins
(blue) in a spiral galaxy compared to the mean age of the spectrum of all
spaxels combined (black squares). There is no significant bias in the average
age measured by STARLIGHT compared with varying SNR.

configuration to that of the science fitting to see how their measured
star-formation histories varied from the average of their constituent
parts. In the absence of any systematic bias in STARLIGHT, it would
be expected that the average SFH measured in all individually-
fitted spaxels in a given SNR bin should be the same as the SFH
measured from the average spectrum of those spaxels, regardless
of the actual variation in SFH shape between spaxels in a given
bin.

‘We find that the light-weighted mean age of the summed spectrum
is always within ~0.2 dex of the mean age of all individual spaxels
(separately fitted) in a given SNR bin, indicating that signal-to-
noise effects do not significantly bias the average results (see
Fig. Al). However, we find that the full star-formation histories
of the summed spectra are most discrepant for the bins of larger
SNR, as shown in Fig. A2. This is likely due to an effect of small
systematics (e.g. sky subtraction or flux calibration) dominating
over random noise when summing spectra of already-high signal-
to-noise ratios. In summing high-SNR spectra, the modest reduction
in combined SNR is outweighed by the increase in systematic
errors when considering the fine detail required to measure a SFH.
The fact that these effects have less significance in measuring the
average properties highlights the level of extra complexity involved
in measuring SFHs over mean ages.

A2 Recovery of a single stellar population of known age

To further examine whether the above effects are due to systematics
in the spectra rather than in STARLIGHT, we tested how well
STARLIGHT is able to return the age and metallicity of a single
stellar population with known parameters. We can create spectra
representing single stellar populations of any age and metallicity by
interpolating over the grid of E-MILES SSP template spectra. We
produced spectra representing 200 ages and three metallicities using
a bilinear interpolation in 2D log space of the 66 SSPs used in the
fitting. We then degraded these spectra to signal-to-noise ratios of
5, 10, 15, and 20 by adding Gaussian noise, and also applied a dust
extinction with Ay = 0.2 using a Calzetti et al. (2000) extinction
curve. We blur these 2400 individual spectra to the MaNGA LSF,
and then applied STARLIGHT using the same SSPs and STARLIGHT
configuration as described in the main text to compare how well the
populations are recovered under different circumstances.
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Figure A2. The star-formation histories of spaxels (blue) in three different
signal-to-noise ratio bins compared to the SFH of the spectrum of all spaxels
combined (black). STARLIGHT shows worse performance at higher signal-
to-noise ratios.
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Figure A3. Distributions of the measured mass weights given by STARLIGHT
in fits of stellar populations of known age, for a signal-to-noise ratio of 5 and
Ay = 0.2. Input spectra are interpolated from the grid of E-MILES SSPs at
Z = 7. The recovered weight distributions are smoothed by 0.3 dex in age,
and the green line indicates equality between input and output ages. The
noise in the weights assigned to templates older than the input SSP age is
due to the STARLIGHT configuration used: specifically, we force 30 per cent
of all templates to be assigned a flux weight for consistency with the main
text. This small amount of noise in flux weights is then amplified in the
conversion to mass weights.

The 0.3-dex temporally-smoothed distributions of mass weights
measured from the STARLIGHT output of these known SSPs is shown
in Fig. A3 for a signal-to-noise ratios of 5 and Z = Zg. Results
for a signal-to-noise ratio of 10, 15, or 20 were not noticeably
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improved, and providing an input metallicity of Z = 10796 7
or Z = 107"% Z, did not change the results. STARLIGHT is able to
recover the mean age of input stellar populations of all ages older
than ~10% yr even with an input spectrum signal-to-noise ratio of 5,
highlighting the diagnostic power of using such a long wavelength
range to model the large-scale continuum in fitting.

A tendency for STARLIGHT to also include small levels of older
populations is highlighted. This is a consequence of the combination
of a strong trend in mass-to-light ratio with stellar population age
and the robust STARLIGHT configuration used. As STARLIGHT fits the
input spectrum (i.e. in light space), we force it to assign a weight to
at least 30 per cent of all SSP spectra to ensure full SFH recovery in
science cases. In the case of a single input stellar population, this will
result in small spurious weights being given to other templates, and
this noise becomes amplified in old populations when considering
mass weights.

It is not necessarily clear how much the boundary between the
two template libraries affects STARLIGHT s inability to recover stellar
populations younger than ~107 yr, or whether it is purely due to
the lack of diagnostic spectral information at these ages.

A2.1 Effects of kinematics and dust

To test whether these results are improved when STARLIGHT does
not also have to model the kinematics of the input spectrum, we
repeated these test, but with the velocity and dispersion fixed to the
known input values. The results were entirely unchanged.

We also performed these same tests with Ay = 0 and Ay =
0.8 (instead of Ay = 0.2 as used above) to check that STARLIGHT
is still able to recover populations in low- and high-extinction
environments, and found the results to be unchanged here
too.

A3 Recovery of a known star-formation history

Finally, to simulate the effects of low SNR on a spectrum comprising
multiple stellar populations (such as is found in real galaxies), we
created spectra of three different star-formation histories (SFHs)
using the template SSPs. The different SFHs reflect different cases:

A: a flat SFH, where the star-formation rate is defined as
SFR(t) = 0.1 Mg yr~! for all lookback times ;

B: a peaked and then declining SFH (as seen in many galax-
ies) with a star-formation rate represented by SFR(t) =[0.2 +
./\/;125 (log(1))IMg yr“, where N ; (x) denotes a Gaussian function
of x centred on x = p with standard deviation of o dex;

C: adeclining and rejuvenating SFH with a star-formation history
represented by SFR(t) = [1.2 — J\/’Q‘f‘(log(t))] Mg yr“.

In building these SFHs, we assign weights to each SSP assuming
that they represent all star-formation between their nominal age and
the next-youngest SSP.

We also included two different metallicity distributions, neither
of which vary with stellar population age:

X: a flat distribution over the range of metallicities in the E-
MILES templates, where the relative flux of each SSP of any given
age is defined by F; = 1;

Y: a peaked distribution where the relative flux of each SSP is
defined ateach age tby F; = N, (log(Zi/Zo)).

These spectra were then degraded to different SNRs of S/N = 3,
5,7, 10, 15, 20, and 30. When each of these 42 spectra of known
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Figure A4. The measured SFHs for different input spectrum signal-to-noise ratios (coloured lines) compared to the input SFH shape (black line) for each SFH
(left to right) and metallicity distribution (fop and bottom). Recovered SFHs are smoothed by 0.3 dex in age. The red-shaded region indicates that for which
SSP weights are ignored in science cases (see the main text). The general shape is recovered well in all cases, particularly for signal-to-noise ratios greater

than 5.

SFHs were fit using STARLIGHT in the same configuration used in
the main text, we found the general shape of SFR(?) is recovered in
all cases, as shown in Fig. A4. For a SNR greater than 5 (the lowest
typically found in the outskirts of MaNGA galaxies in the Primary
or Primary+ samples; see Yan et al. 2016a), the derived SFHs show
very good agreement (with a value of SFR(#) within 0.15 dex of the
known value at all lookback times 7) to the input SFHs. This is also
shown in Fig. A5, where a simple x? goodness-of-fit measurement
is obtained between the input SFH and each of the recovered SFHs.
STARLIGHT is able to recover SFHs A and B for all cases with S/N
> 10, and while the measurement of SFH C is worse, it is recovered
equally well for S/N > 7 in metallicity distribution X and S/N > 15
for metallicity distribution Y.

A4 Implications

We assume throughout this work that the E-MILES model spectra
are accurate representations of the stellar populations they represent.
A full test of whether this is indeed the case (as conducted by e.g.
Ge et al. 2019) is beyond this study, but the tests shown here imply
that if this is true, we expect STARLIGHT to be able to recover
the true SFHs under all the conditions analysed in this work. In
fact, we find evidence that fitting spaxels individually — rather
than summing spectra from neighbouring spaxels — may be the
most robust approach to avoid the dominance of systematics from
compromising the ability to measure a SFH. Notwithstanding this
robustness, to ensure that the low signal-to-noise regions of the
galaxy are not affecting our results in ways we don’t anticipate, in
all stages of the science analysis shown in this work, we ensure
that we weight spaxels by their flux or mass, ensuring that the
central regions (with higher SNR and therefore with probably good
fits) are emphasized, and low signal-to-noise regions are down-
weighted.
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Figure A5. A x? goodness-of-fit measurement of the input to the measured
SFH in Fig. A4, for each of the three SFH shapes (line styles) and metallicity
distributions (fop and bottom) for different input signal-to-noise ratios.
Increasing S/N above 7 does very little to improve STARLIGHT’s ability
to recover the SFH.
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