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ABSTRACT

We present the star formation histories of 39 galaxies with high-quality rest-frame optical
spectra at 0.5 < z < 1.3 selected to have strong Balmer absorption lines and/or Balmer break,
and compare to a sample of spectroscopically selected quiescent galaxies at the same redshift.
Photometric selection identifies a majority of objects that have clear evidence for a recent short-
lived burst of star formation within the last 1.5 Gyr, i.e. ‘post-starburst’ galaxies, however we
show that good quality continuum spectra are required to obtain physical parameters such
as burst mass fraction and burst age. Dust attenuation appears to be the primary cause for
misidentification of post-starburst galaxies, leading to contamination in spectroscopic samples
where only the [O I1] emission line is available, as well as a small fraction of objects lost from
photometric samples. The 31 confirmed post-starburst galaxies have formed 40-90 per cent
of their stellar mass in the last 1-1.5 Gyr. We use the derived star formation histories to find
that the post-starburst galaxies are visible photometrically for 0.5-1 Gyr. This allows us to
update a previous analysis to suggest that 25-50 per cent of the growth of the red sequence
at z ~ 1 could be caused by a starburst followed by rapid quenching. We use the inferred
maximum historical star formation rates of several 100-1000 M, yr—! and updated visibility
times to confirm that sub-mm galaxies are likely progenitors of post-starburst galaxies. The
short quenching time-scales of 100-200 Myr are consistent with cosmological hydrodynamic
models in which rapid quenching is caused by the mechanical expulsion of gas due to an acive
galactic neucleus.

Key words: galaxies: evolution — galaxies: formation—galaxies: starburst— galaxies: stellar
content.

1 INTRODUCTION

Uncovering the physical processes that lead to the increasing
number of quiescent galaxies over cosmic time remains a challenge
for both observational and theoretical extragalactic astronomy.
Aggregated statistics such as stellar mass functions, colour—mass
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relations, and quenched fractions do not provide unique constraints
on different possible quenching models (e.g. Skelton, Bell &
Somerville 2012). However, by identifying recently quenched
galaxies at all redshifts, we can attempt to study their properties in
sufficient detail to understand on a case-by-case basis what might
have caused the quenching to happen.

Analysis of both the morphologies and spectral energy distribu-
tions (SEDs) of high-redshift quiescent galaxies has led to growing
evidence for at least two quenching mechanisms that act on ‘fast’
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and ‘slow’ time-scales (e.g. Moutard et al. 2016; Pacifici et al.
2016; Maltby et al. 2018; Rowlands et al. 2018; Wu et al. 2018;
Belli, Newman & Ellis 2019). In the case where the shut-off in
star formation is both fast and sufficiently substantial, for example
following a short-lived burst of star formation, stellar evolution
leaves a useful identifiable imprint on the integrated continuum
spectra of galaxies for up to ~1Gyr, with dominant A and F
stars leading to a strong Balmer break and Balmer absorption
lines, while the lack of O and B stars leaves little ultraviolet
flux or nebular emission. Often termed ‘post-starburst’, ‘E + A’
or ‘K + A’ galaxies are identified either through their unusual
triangular multiwavelength SED, or through their strong Balmer
absorption lines (e.g. Dressler & Gunn 1983). Throughout this
paper we refer to these galaxies as ‘post-starburst’, as they are
not morphologically selected (as in E 4+ A’s) and this more closely
relates to the physical processes going on. We note that for sensitive
measurements, a rapid shut-off in star formation of a highly star-
forming galaxy may also cause strong Balmer lines and break, and
in these cases ‘rapidly quenched’ galaxy may be more appropriate
nomenclature (Couch & Sharples 1987; von der Linden et al. 2010;
Pawlik et al. 2019). In this paper, we focus on the observationally
easily identified ‘rapidly quenched’ galaxies. Are they truly ‘post-
starburst’ or just ‘rapidly quenched’? Can we use their recent star
formation history (SFH) to better constrain their contribution to the
overall growth of the quiescent population via a rapid quenching
mode? And can we pinpoint their progenitors?

A useful property of post-starburst galaxies is the possibility to
age-date the burst by making use of the rapid change of the Balmer
break and Balmer absorption line strength with burst age. Balmer
absorption line strength alone still leaves us with a degeneracy
between the age and strength of the starburst (Wild et al. 2007),
however there are additional features in the optical spectra that
can break this degeneracy such as the Cali(H&K) to Balmer line
ratio (Leonardi & Rose 1996). Spectral fitting of low-redshift post-
starburst galaxies has led to useful constraints on the burst strengths
and time-scales involved in the burst, which help to pin down
the cause of the starburst as well as the quenching processes.
At low-redshift, burst mass fractions of as much as 70 percent
strongly implicate major mergers as the cause of the burst in low-
redshift post-starburst galaxies, consistent with their morphological
features, while the rapid decline rate in star formation, alongside the
decline in molecular gas, implicates active galactic nucleus (AGN)
feedback as a quenching process, at least at high mass (Kaviraj et al.
2007; French et al. 2018; Pawlik et al. 2018).

Local post-starbursts have been known for decades to be predom-
inantly elliptical in morphology, with a large fraction showing signs
of morphological disturbance, and have long been linked to a transi-
tion population between major gas rich mergers and quiescent ellip-
tical galaxies (see Pawlik et al. 2018, for a review). The highly com-
pact nature of massive high-redshift (z 2 1) post-starburst galaxies,
and clear dissimilarity from the morphologies of star-forming pro-
genitors, suggests that morphological transformation via dissipative
collapse precedes the quenching of star formation for these objects
(e.g. Yanoetal. 2016; Almaini et al. 2017; Wu et al. 2018). However,
the prevalence of such extreme events is likely dependant on stellar
mass, environment, and redshift. Intermediate redshift (0.5 < z <
1) post-starburst galaxies are typically lower mass and less concen-
trated than their high-redshift counterparts (Maltby et al. 2018), and
their notable excess in galaxy clusters indicates that environmental
processes may lead to the majority of rapidly quenched galaxies at
z < 1 (e.g. Vergani et al. 2010; Moutard et al. 2018; Socolovsky
et al. 2018; Owers et al. 2019; Paccagnella et al. 2019)
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The consensus for low-redshift post-starburst galaxies is that a
large fraction is transition galaxies, forming the evolutionary link
between gas-rich major mergers, ultraluminous infrared galaxies
(ULIRGS), and future quiescent elliptical galaxies. However, with
high-quality data it is possible to identify post-starburst features
arising from three separate processes (Pawlik et al. 2018): traditional
blue—red quenching, cyclical evolution within the blue sequence,
as well as rejuvenation of red-sequence galaxies. These results
are in qualitative agreement with cosmological hydrodynamical
simulations (Pawlik et al. 2019), however more work is required to
determine whether the relative fraction of the different processes is
correctly reproduced in the simulations, especially because different
selection methods lead to observed samples with different physical
properties (French et al. 2018; Pawlik et al. 2018).

At higher redshifts, substantial and rapid shut-offs in star forma-
tion may account for a significant fraction of red-sequence growth
(Wild et al. 2009, 2016; Forrest et al. 2018; Rowlands et al. 2018;
Belli et al. 2019), however, in order to determine this fraction more
accurately we require constraints on the time for which the post-
starburst features are visible (visibility time). Belli et al. (2019)
used spectral fitting of rest-frame optical spectra and broad-band
photometry to estimate the time spent in the post-starburst phase
from the median stellar ages of a small number of post-starburst
galaxies at 1.5 < z < 2.5. In this paper, we go one step further to
calculate the visibility times for individual post-starburst galaxies
directly from their fitted star formation histories, making use of
high-quality rest-frame optical spectra. From this we can directly
calculate the fraction of red-sequence growth accounted for by this
fast post-burst quenching phenomenon, as well as identify likely
progenitors.

The outline of the paper is as follows. In Section 2, we introduce
our data set, describe the analysis using the spectral fitting package
BAGPIPES, and our sample selection of post-starburst candidates
using both photometry and spectroscopy. In Section 3, we show
the derived star formation histories of the post-starburst candidates,
quantify their burst masses and ages, and investigate the role of dust
in causing post-starburst galaxies to be missed from photometric
selection methods, and contaminants to arise in spectroscopic
samples. In Section 4, we discuss our results with respect to the
growth of the red sequence and the likely progenitors of the post-
starburst galaxies. Finally, we investigate the benefit of high-quality
continuum spectroscopy over multiwavelength photometric data for
estimating the physical properties of post-starburst galaxies. Where
necessary we assume a cosmology with Qy = 0.3, Q4 = 0.7, and
h =0.7. All magnitudes are on the AB system (Oke & Gunn 1983).
Stellar masses are calculated assuming an (Chabrier 2003) initial
mass function (IMF) and are defined as the stellar mass remaining
at the time of observation.

2 DATA AND ANALYSIS

The UKIRT Infrared Deep Sky Survey (UKIDSS) Ultra Deep
Survey (UDS) Data Release 11 (DR11), is a deep, large area near-
infrared (NIR) imaging survey and the deepest of the UKIDSS
surveys (Lawrence et al. 2007; Almaini et al. in preparation). The
survey areais 0.63 deg?, after masking bright stars and cross-talk and
combining with optical and mid-IR imaging. UKIRT observations
provide J, H, K observations to 5o limiting depths in 2 arcsec diam-
eter apertures of 25.4, 24.8, and 25.3 AB magnitudes, respectively
(Almaini et al. in preparation). Deep optical observations come
from the Subaru XMM-Newton Deep Survey (SXDS, Furusawa
et al. 2008), to depths of 27.2, 27.0, 27.0, and 26.0 in V, R, i,z
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(50, 2 arcsec). Y-band coverage with a depth of 23.9 comes from
the VISTA-Video survey (P.I. M. Jarvis). Mid-IR coverage (IRAC
3.6 and 4.2 um) is provided by the Spitzer UDS Legacy Program
(SpUDS, PI:Dunlop) to a depth of 24.2. Photometry was extracted
within 2 arcsec diameter apertures at the position of the K-band
sources, with an aperture correction applied for the IRAC 3.6 and
4.5 pm images. Further details on the methods used to construct the
UDS DR11 catalogue can be found in Almaini et al. (in preparation).

Following the method presented in Wild et al. (2014), super-
colours are calculated for all galaxies with K < 24.5 and 0.5 < zphot
< 3.0, using photometric redshifts as described in Almaini et al.
(in preparation) and Hartley et al. (in preparation) or spectroscopic
redshifts where available. These supercolours represent a linear
combination of observed frame filters, in the same way as tradi-
tional colour—colour diagrams. However, the linear combination
is optimized to maximize the variance in the data set using a
principal component analysis of model SEDs, and data are not
forced to fit model SEDs unlike during a k-correction process. The
first and second principal component amplitude (termed SC1 and
SC2) are weighted linear combinations of observed-frame fluxes
that describe the overall red/blue colour of the SED and the strength
of the Balmer or 4000 A break, respectively. In DR11, the addition
of the Y-band data, extension to bluer rest-frame wavelengths of
2500 A, as well as improvements in the reduction of the IRAC
4.5 um, have allowed us to extend the redshift range slightly to
0.5 < z < 3 (Wilkinson et al. in preparation). For this paper, the
only impact is a slight alteration of the eigenbasis, and therefore
the exact values of the supercolours differ a little from those in
Wild et al. (2016) as a consequence. The boundaries between the
SED classes have been carefully shifted to align with those derived
in Wild et al. (2014).

A large number of objects in the UDS field have been observed
spectroscopically; from all sources available to us we select galaxies
with spectra that have led to secure spectroscopic redshifts and
are also included in the DR11 supercolour catalogue. Further
details of the spectroscopic data sets are provided in Maltby et al.
(2019), and we give a brief summary here. The UDSz project
used a combination of the VIMOS and FORS2 instruments on
the ESO VLT to observe galaxies with Kag < 23.0 (ESO Large
Programme 180.A-0776, PI: Almaini) providing 1156 spectra after
matching to the DRI11 supercolour catalogue. The VANDELS
project provides a further 239 from data release 2, observed with the
upgraded VIMOS instrument (McLure et al. 2018; Pentericci et al.
2018). Finally, 44 additional spectra were observed as part of ESO
program 094.A-0410, again with the upgraded VIMOS instrument.
These observations primarily targetted supercolour selected post-
starbursts (see previous paragraph) and are described in Maltby
et al. (2016, DM16 hereafter). The different spectroscopic samples
differ slightly in their central wavelengths, spectral resolutions,
and sampling. Spectral resolutions (full width at half-maximum)
are 200, 660, and 580 for the UDSz-VIMOS, UDSz-FORS, and
VANDELS/DM16. Prior to performing our analysis, we binned all
three VIMOS samples by 2 pixels, to obtain approximately Nyquist
sampling. All spectra were visually inspected and compared to
the photometry to identify regions where there were catastrophic
problems that would lead to problems during fitting. The first
and last 200 pixels were removed from all spectra and those that
extended beyond 9500 A were additionally masked beyond that
point where the data reduction becomes less reliable. The visual
inspection revealed an unphysical drop in flux in the red end of a
few of the VANDELS and DM16 spectra, and these few spectra
were therefore masked above 9250 A. The VANDELS and DM16
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spectra were additionally masked below 5000 A due to typically
very low signal-to-noise ratio (SNR).

2.1 Spectral fitting

To aid our spectroscopic sample selection, we perform an initial
fit to the combined stellar continuum spectrum and photometric
data of all spectroscopically observed galaxies with the BAGPIPES
code described in detail in Carnall et al. (2018), using the same
SFH model and priors as in Carnall et al. (2019a). BAGPIPES is a
fully Bayesian spectral fitting code, that fits observed spectroscopic
and photometric SEDs to spectral synthesis models to obtain the
probability distribution functions (PDFs) for parameters describing
the SFH, dust, and metallicity content of each galaxy. For this initial
fit, the aim is simply to get a good, physically plausible fit, to both
the photometry and spectra.

We use the Bruzual & Charlot (2003) spectral synthesis mod-
els, updated to 2016,' built from both observed and theoretical
stellar spectra, assuming a Chabrier (2003) IMF and Padova-
1994 evolutionary tracks (Alongi et al. 1993; Bressan et al. 1993;
Fagotto et al. 1994a, b; Girardi et al. 1996). This version of the
stellar synthesis models includes the observed MILES stellar library
(Sanchez-Blazquez et al. 2006; Falcon-Barroso et al. 2011) in the
wavelength range 35407350 A, extended with the STELIB stellar
library (Le Borgne et al. 2003) out to 8750 A. Theoretical spectra
complement the observed spectra from the Tlusty (Lanz & Hubeny
2003a, b), Martins (Martins et al. 2005), UVBIlue (Rodriguez-
Merino et al. 2005), POWR (Sander, Hamann & Todt 2012), BaSeLL
3.1 (Aringer et al. 2009), IRTF (Rayner, Cushing & Vacca 2009)
libraries, as well as dusty TP-AGB stars (Nenkova, Ivezi¢ & Elitzur
2000; Gonzdlez-Lopezlira et al. 2010), extending the models into
the near-infrared and ultraviolet wavelength ranges and covering
more unusual spectral types. Even with this extensive combination
of theoretical and observed stellar spectra, there are inevitable
gaps. Of particular importance for this work on post-starburst
galaxies is a lack of A stars included in the models bluewards
of 3000 A. For this reason, as well as the problems caused by
an uncertain and potentially varying dust attenuation law and
2175 A dust feature, we mask the spectra bluewards of <3000 A
and increase the errors on the photometry where the central
rest-frame wavelength is bluewards of <3000A to a maximum
SNR of 10.

For the initial fit, we assume a standard double power-law star
formation rate (SFR) as a function of time:

[ N\ N
SFR(7) o <7> +(7) , (1)
T T

where 7 is time from the formation epoch, « is the rising slope, B
is the falling slope, and 7 determines the position of the peak SFR.
We find that the final sample selection is not sensitive to the precise
details of the assumed SFH or other details of the fit. Metallicity
is free to vary between 1/100th and 2.5 times solar, but does not
evolve with time. A nebular component is included with ionization
parameter log U = —3, and a two-component Charlot & Fall (2000)
dust attenuation with a variable slope for the attenuation curve
and attenuation strength, and stars younger than 107 yr twice as
attenuated as those older. A second-order multiplicative polynomial
makes allowances for any inaccuracies in the spectrophotometric

Uhttp://www.bruzual.org/~gbruzual/bc03/Updated_version_2016/
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calibration, while a Gaussian process noise component accounts for
systematic correlated noise in the spectra. Both these components
are crucial to obtaining a good fit to these z ~ 1 spectra. For full
details of this initial fit, including ranges and priors on parameters,
see Carnall et al. (2019a). We additionally carry out a run with
a pure white-noise scaling rather than Gaussian process noise, to
ensure that this additional feature does not significantly impact the
final sample selection. A Gaussian prior is set on the spectroscopic
catalogue redshift, with a o-width of 0.01.

Before performing the fit, we mask regions that might contain
emission lines in the rest frame with a mask of £5 A (most notably
[O1] and H§ in the observed wavelength range) and observed-
frame atmospheric telluric features between 7580 and 7650 A.
Although BAGPIPES does simultaneously fit emission lines this
prevents confusion where emission lines are caused by non-stellar
processes as may be common in post-starburst galaxies (Yan et al.
2006; Wild et al. 2007; Wild, Heckman & Charlot 2010; Alatalo
etal. 2016). We verified that our results are not significantly altered
when lines are not masked. The errors on the photometry are set to a
maximum SNR of 20, or 10 for the IRAC bands or where the central
rest-frame wavelength of the filter is <3000 A (see above). The
UDSz and VIMOS spectra were corrected for Galactic extinction
using interpolated Schlegel, Finkbeiner & Davis (1998) maps and
the Cardelli, Clayton & Mathis (1988) extinction law. The reduced
VANDELS spectra are already corrected for Galactic extinction
(Pentericci et al. 2018).

While the quality of the spectra is generally extremely high for
these redshifts, we found that the limited SNR as well as various
spectrophotometric inaccuracies limited our ability to select a robust
sample of post-starburst galaxies from spectral lines measured
in the raw spectra. We therefore measured the H§, (Worthey &
Ottaviani 1997) and Dn4000 (Balogh et al. 1999) spectral indices
from the fitted stellar continuum. This has the added advantage of
excluding the emission lines from our spectral indices, making our
measurements more representative of the recent SFH. We note that
the Hd, index values are lower by ~1 A than the H$ equivalent
width used in some other post-starburst work (e.g. Goto 2007;
Maltby et al. 2016), after allowing for the fact that these works often
include the infilled emission lines in their measurements. We choose
to use HS, for consistency with more general work on galaxy
populations with the Sloan Digital Sky Survey (e.g. Kauffmann et al.
2003) and more recent analyses at higher redshift (e.g. Wu et al.
2018). We measure the [O 11] line equivalent width (W[O 11]) directly
from the spectra, but use the fitted model continuum to define the
continuum above which to integrate, and integrate between £3.5 x
o gisp Where o gigp is the width of the Gaussian kernel used to convolve
the spectrum during the fit.?

When analysing both spectra and photometry together we must
be aware of possible aperture effects due to stellar population
radial gradients in the galaxies. The photometry is extracted in 2
arcsec apertures, while the slitwidths are typically 1 arcsec and may
therefore miss a fraction of the outer regions of the galaxies. For
the post-starburst galaxies, their relatively compact effective radii
of 0.2-0.3 arcsec and negligible radial colour gradients (Maltby
et al. 2018) indicate aperture effects will be minimal. However, in
the case of younger outer regions it is possible that some nuclear
post-starbursts present in the spectroscopic sample will not be well
fit by our combined spectra and photometry fitting method, due to

2We note this is not the velocity dispersion of the galaxy, as it does not
account for the resolution of the spectrum or the models.
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Figure 1. Example model SFH fitted to the post-starburst galaxies (see
equation 2). In this example, the galaxy has a redshift of 1 which corresponds
to a Universe age of 5.75 Gyr. It has formed 10'! M, of stars and has a burst
mass fraction of 10 per cent, a burst age of fpyrst = 1 Gyr, an age of formation
of ttform = 5 Gyr, an exponential decline time of 7. = 5Gyr, and @ = 50
controlling the decline rate of the double power-law burst.

excess light from outer young stars dominating the shape of the
photometric SED.

2.1.1 Two-component model for post-starburst galaxies

The double power-law model used in the initial fits has been shown
to work well for quiescent galaxies (Carnall et al. 2019a). However,
it only allows a single rise and fall in star formation over time. For
our post-starburst samples, this forces 100 per cent of the mass into
the recent starburst, which may not be realistic. Following selection
of our post-starburst and quiescent samples (described below), we
fit a second model to these two samples that allows for a secondary
burst of star formation. We choose an old, exponentially declining
component with uniform prior on the decline time (t.) between
300 Myr and 10 Gyr and age (tjorm) between 4 Gyr and the age of
the Universe at the redshift of the galaxy, truncated at the time of the
burst. To this we add a double-power-law young starburst occurring
at a burst time () Within the last 2 Gyr, with a fixed rising slope
of B = 250 and variable declining slope («). A variable 8 was
attempted, but was poorly constrained by the data and was removed
for speed. Varying B within reasonable values had no impact on
the results, so long as the rise was sufficiently rapid to form a
well defined burst. The relative strengths of the two components
is characterized by a flat prior on the burst mass fraction (fouse =
Mt/ Moy Where My, is the integrated mass of stars formed in the
burst and M, is the total integrated mass of stars formed), which
can range between 0 and 1. The star formation rate as a function of
time () is shown in Fig. 1 and can be written as

1 - f burst

V(1) ¢ ———— X (1) )
f 1//3 dr torm >1>Tpurst
f burst
—_— 1), 3
+ fl//bursldt X 1;[/'bursl( ) ( )
where the two independent components are given by
Yelt) = exp= “

a —B -1
wm:(’>+(’> . 5)
ours Tourst Tourst

In Appendix A, we show some examples of fitted SFHs to the
post-starburst galaxies assuming the double power law versus burst
model priors.
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Figure 2. Example BAGPIPES fit to a post-starburst galaxy (DR11 ID 122200, z = 0.99) using the two-component burst model (equation 2, Fig. 1). Top: the
input spectrum in the observed frame (blue) and posterior fit (orange). The fitted model without the calibration corrections is shown in black and the photometry
as blue points. The Gaussian process noise component is shown arbitrarily offset below zero for clarity, with the dotted line marking zero correction. The lower
panel shows the polynomial spectrophotometric correction. Regions that are masked during fitting are indicated by blue shading. Bottom: the input photometry
(blue), posterior fitted photometry (orange circles), and posterior SED (orange line). The resulting SFH for this galaxy can be seen in Fig. 7. A colour version

is available online.

Fig. 2 shows an example BAGPIPES fit to one of the post-starburst
galaxies using the two-component model. The double power-law
starburst has the advantage over an exponential (tau) starburst
of allowing the star formation rate to decay more completely to
zero, which was found to be necessary to fit the UV flux of our
post-starburst data. Framing the model in terms of burst mass
fraction (fyus), rather than mass ratio, was required to ensure the
prior on the burst mass fraction was flat. A flat prior on mass
ratio instead imposes a double horned prior on the burst mass
fraction, with strong preferences for either O or 1, which resulted
in overestimated burst mass fractions for the post-starbursts. Due
to the fixed rising slope on f, any width to the burst is controlled
by « alone.

Following Carnall et al. (2019b), Fig. 3 shows some relevant
quantities from the assumed prior SFH distribution, created from
10000 random draws from the model. While the prior distribution
for fourst 1 flat by construction, as with many parametrized SFH
models there is an implicit tight prior on the sSFR. In the centre
right panel we show how this in turn leads to a tight prior on the
measured H§a, which we will return to below. On the right we
show the resulting prior on the star formation rate, normalized by

the mass formed by that time (i.e. closely related to sSFR but not
accounting for mass-loss). At ages >2 Gyr the prior median SFH is
a smooth decline, at younger ages this rises allowing for significant
amounts of mass to be formed at recent times.

We additionally altered the dust law slightly compared to the
initial fits, allowing the amount of attenuation caused by the
birthclouds surrounding stars younger than 107 yr to be larger than
that in the ISM by a factor 5, using a Gaussian prior with mean
of n = 3 and width of 1. This is a crucial part of the modelling
of post-starburst galaxies, as a possible source of contamination of
the spectroscopic samples may be dust-obscured starbursts, where
a high 7 causes a large fraction of light from OB stars to be hidden
behind dense dust clouds, leading to the strong Balmer absorption
lines from AF stars used to identify post-starburst galaxies. We
fixed the slope on the ISM and birthcloud components to 0.7 and
1.3 respectively, following Wild et al. (2007).

It is worth noting that burst mass fraction is not a particularly
well defined quantity, even for parametric star formation histories.
There is nothing to stop the code from replacing the end of the
exponential decay with a double power-law ‘burst’ in order to extend
the SFH to times within the last 2 Gyr. The fitted value of « allows
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Figure 3. The prior distribution on the burst mass fraction (left, flat by design), sSFR (centre left), and spectral index H § o (centre right) for the two-component
burst model (equation 2, Fig. 1). The dashed line shows the median value. On the right we show the prior median SFH (purple line) with the 16th and 84th
percentiles (shaded area), normalized by the mass formed at that time. Twenty random draws from the prior SFH are overplotted in grey. A colour version is

available online.

a SFH that is either continuous from the end of the exponential, or
increases, or efficiently shuts off. The relative fraction of mass in
the double power-law component will depend on how long the star
formation needs to run for before shutting off, and cannot always
be physically interpreted as a burst mass fraction. We therefore
additionally calculate the fraction of mass formed within the last
1 and 1.5 Gyr, which are quantities robust to the form of the fitted
SFH, and as we shall see, usefully separate post-starburst galaxies
from others.

2.2 Sample selection

Starting from our combined catalogue of all 1439 spectroscopic
observations in the UDS, we select only those objects with 0.5 < z
< 1.3 and an SNR > 3 in the H § 24100 spectral region. Below z =
0.5 the supercolour measurements are less reliable due to increasing
rest-frame wavelength separation between the bands and therefore
weaker constraints on the sharpness of the Balmer break. Above
z = 1.3 we lose H§a from the red end of the spectra. We further
remove three clear broad-line AGNs. This gives a starting sample
of 694 spectra. The majority (617) are from the UDSz survey, 45
from VANDELS, and 32 from DM 16.

Once the initial BAGPIPES fits have been performed, we remove
from our sample galaxies where the initial redshift and BAGPIPES
redshift differ by more than +0.005. This indicates that BAGPIPES
has been unable to find the correct redshift in the noisy stellar
continuum spectra, without the additional information afforded by
the masked emission lines. We make this cut to ensure that the
spectra add value to the photometry: where BAGPIPES cannot find
even a redshift from the stellar continuum, it is certain that any
spectral indices that we measure from the fit are driven by the
photometry alone. This reduces our initial sample to 668. We further
remove galaxies for which we are unable to measure one of the
spectral indices, leaving 635 galaxies. These final cuts only remove
UDSz spectra from the sample, leaving a final sample of 558 from
the UDSz survey, 45 from VANDELS, and 32 from DM16.

We identify spectroscopic post-starbursts with H8, > 5 A and
w[on] <5 /D\, where Hé, and the continuum for W[O1I] is mea-
sured from the fitted double power-law model. Due the difference
between measurements of the equivalent width of H§ this is a
slightly more conservative cut than used in DM16. We addition-
ally allow two objects with H8, > 8 A, even though they have
W[O1] ~ 20 A. These two objects lie significantly above the main
sequence in H 6 4 and the [O 11] emission may arise from an AGN. We
shift slightly the quiescent limits compared to DM16, to allow for
larger errors on W[O 11] and to identify truly quiescent galaxies with
Hd, <2 A and W[O11] < 10 A. We use the convention that H8 4 is
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positive in absorption, while W[O 11] is positive in emission. This se-
lects 27 post-starburst galaxies and 114 quiescent galaxies. We care-
fully inspect each of the post-starburst galaxy spectra and fits, and
remove a further two spurious objects, leaving a total sample of 25.

We additionally identify 14 objects that are classified as post-
starburst galaxies photometrically using the supercolours (see
Section 2), but are not included in our spectroscopic classification
of post-starburst galaxies, giving a total sample of 39. Post-
starburst galaxies are identified photometrically using the first and
second supercolours, which efficiently separates intermediate-age
galaxies with a well defined Balmer break, weak UV continuum
and continually declining NIR SED, from those with older and
younger stellar populations (Wild et al. 2016). Table 1 lists the
main measurements of the selected post-starburst galaxies, with
those selected photometrically listed at the bottom.

For 10 of our post-starbursts the redder side of the H §  index falls
into a part of the spectrum that has poor spectral calibration and has
therefore been masked during the fit. We still measure H § 5 from the
fitted model, which naturally extends beyond the range of the fitted
data, as the remaining Balmer lines constrain the strength of the H §
line well. Indeed, the errors on these measurements are typical for
the sample as a whole. These extrapolated measurements are marked
by an asterisk in the table. We note that the cut on W[O 1] in our spec-
troscopic sample will exclude post-starburst galaxies that had a more
recent burst, or are quenching more slowly, as well as galaxies with
strong narrow line AGN and/or shock ionisation (Yan et al. 2006;
Wild et al. 2007, 2010; Alatalo et al. 2016). In the case of narrow line
AGN or shock ionization the photometric selection should include
them, however the sample will likely be incomplete at younger ages
and for slightly longer duration bursts (Wild et al. 2007).

The left-hand panel of Fig. 4 shows the selection of our spec-
troscopic post-starburst (orange) and quiescent (red) subsamples,
using the W[O11] and H§, line measurements from the complete
spectroscopic measurements (blue crosses). The green points show
the position of the photometrically selected post-starburst galaxies,
and orange points ringed with green are selected by both methods.
We see that the majority of the post-starbursts selected purely
photometrically have slightly lower Hé, than the limit imposed
on the spectroscopic selection, while a few have stronger W[O11],
which may arise from AGN emission or simply errors on our W[O 11]
measurements. The right-hand panel of Fig. 4 shows the continuum
Dn4000 versus H 6, measurements for our sample. We see that a
large fraction of the spectroscopic post-starburst galaxies lie above
the main sequence of star-forming galaxies, however, the additional
cut on W[O 11] potentially allows us to identify galaxies within the
main sequence that have prematurely shut down their star formation.
Those post-starbursts selected purely photometrically lie within the
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Table 1. Measured properties of both the spectroscopically and photometrically selected post-starburst galaxies. Values given are
median values of the posterior distribution, with errors calculated from the 16th and 84th percentiles. Columns are (1) DR11 ID
number, (2) redshift, (3) stellar mass as log(M*/Mg), (4) first supercolour amplitude, (5) second supercolour amplitude, (6) class
as defined by supercolours, (7) H§ A/A measured from the fitted continuum model, an asterisk indicates the H § , measurement is
made from an extrapolated spectrum (see text), (8) W[O /A (positive in emission), (9) Dn4000 measured from the fitted continuum
model (statistical errors are small), (10) survey from which the spectrum was taken (DM = PI observations from Maltby et al. 2016),

(11) instrument used to obtain the spectrum.

DRI1IID ¢ log Mx SC1 SC2 SCclass  Hdacont W[O 1] Dn4000 Survey Instrument
33044 069  9.86%0)  —70 103  PSB 8.6370%  6.887}3 1.36 UDSz  VIMOS
58883 126 1144707 —129 2.7 SF x6.08703  4.92707 126  VANDELS VIMOS
107102 0.54 103970  —21.0 1.2 Q 5.52704 437799 1.47 UDSz VIMOS
108365 112 10.84%))  -29 126  PSB 7.60703 0.5170] 1.42 DM VIMOS
109922 1.04 1173793 —276  —92 D 6.31107 474713 1.29 UDSz FORS2
122200 0.99 1022751 151 184  PSB 9.89103 501703 1.25 DM VIMOS
125246 128 1054707 -85 6.0 SF #8.0470¢  18.19707 133 VANDELS VIMOS
132150  L14 1119703 —17.9 2.0 Q 5.50103 470793 1.46 DM VIMOS
133987 101 10.9470] 56 159  PSB 828703 101702 1.33 UDSz VIMOS
152227 115 10.65752 78 144 PSB 837706 2017} 1.32 UDSz VIMOS
153020 1.00 1075707  -79 110  PSB  7.2%)3 429702 1.44 DM VIMOS
153502 1.27  10.84703 130 172 PSB x9.86%03  4.95%0% 1.23 DM VIMOS
157397 1.06 1107753 48 168  PSB 7.18%0% 193703 1.26 UDSz VIMOS
164912 0.62 1083702 —10.9 0.5 SF 5.52103 0.06701 1.31 UDSz  VIMOS
173705 123 1073707 —-62  —1.0 SF 546707 46179 1.32 UDSz FORS2
176778 051 10.99%0  -261  —74 SF 5.63703 4.74%07 1.34 UDSz VIMOS
182104 092 1038701  —67 108  PSB 5.90%03 2.60703 1.44 DM VIMOS
186754 110 10.52%07  -29 123 PSB 8.6870% 416703 1.38 DM VIMOS
187658 1.10 1103703  —213  —25 SF 8.5170% 201371 1.32 DM VIMOS
187798  0.88 1029702 81 109  PSB 551110 0.74703 1.42 UDSz VIMOS
191179 119 1109703 —237  —28 Q 5.82103 414703 1.33 UDSz FORS2
193971 099 1049703 —77  —00 SF 5.89703 1.98737 1.29 UDSz FORS2
213260 1.17  10.86703 58 170  PSB 8.3410:2 2.5870° 1.26 UDSz VIMOS
229763 130 1112707 —105 70  PSB 531703 1.92%04 1.44 UDSz FORS2
255581 0.64 1055703  —21.8  —02 Q 6.00707 3.02%08 1.45 UDSz VIMOS
65602 1.1 1088701  —-67 103  PSB 6.21103 7.47%03 145  VANDELS  VIMOS
96779 112 1024701 8.0 94  PSB 3.8370% 0.95707 1.47 UDSz FORS2
98596 126 1058703 —95 102 PSB  x4.03%0% 039" 133 UDSz FORS2
108587 120 1104751 —12.8 80  PSB 3.0704 —0.1875] 1.54 UDSz FORS2
114152 127 1073%))  —-62 134  PSB  x3.91707 22177 1.36 UDSz FORS2
116031 128 10947  —12.3 93  PSB  x5.9070%  5.18703 1.49 UDSz FORS2
124662 111 1018707  —12 115  PSB 5.9070% 7.83103 131 VANDELS VIMOS
125588 1.03 103410 —92 89  PSB  479M08  —0160%F 145 DM VIMOS
136729 057  9.85%01 87 76  PSB 471707 190799 1.47 DM VIMOS
138600 127 10.85707  —102 92  PSB 489710 11.57724 1.46 DM VIMOS
162358 054 996101 —83 95  PSB 4.6270% 279703 1.48 DM VIMOS
165790 119 1103707  —103 68 PSB 476703 510709 1.26 DM VIMOS
212238 117 1064707 87 99  PSB 3.95709 0.28+03 1.50 UDSz FORS2
240201 099 1096703 118 79  PSB 4.13%04 0.8170¢ 132 UDSz VIMOS

‘green valley’ with lower H8, and stronger Dn4000 than their
spectroscopically selected counterparts, perhaps indicating older
burst ages. We see a strong correspondence between the H5 5 versus
W[O11] selection and Dn4000 versus H §, measurements for the
quiescent galaxies, with the majority of the galaxies with high
Dn4000 selected as quiescent.

Fig. 5 shows the position of our spectroscopically observed
galaxies on the supercolour diagram (see Section 2). The spec-
troscopically selected post-starbursts and quiescent galaxies are
marked as orange and red points, respectively, while the PSBs
selected by supercolours alone are marked as green points. The
remaining sample of spectroscopic observations are shown as blue
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Figured4. Left: Equivalent widths of the stellar continuum absorption line H § o (positive in absorption) versus [O 1I] nebular emission line (positive in emission)
for our full sample of spectroscopically observed galaxies. Right: Dn4000 versus H§a for the same sample. The spectroscopic samples of post-starburst and
quiescent galaxies studied in this paper are marked as orange and red points, respectively. The photometrically identified post-starbursts are marked as green
points. Post-starbursts that are identified both photometrically and spectroscopically are marked as orange with green outer rings. The remaining galaxies not
used in this paper are marked as blue crosses. Hd4 and Dn4000 are both measured from the continuum fit to the photometry and spectroscopy, to improve
signal as well as remove infilling caused by emission lines. The same models are used to define the continuum from which W[O 11] is measured. A colour

version is available online.
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Figure 5. Principal component amplitudes (‘supercolours’) SC1 versus
SC2 for our sample of spectroscopically observed galaxies. The first
supercolour amplitude (SC1) describes the overall red/blue colour of the
SED, while the second (SC2) relates to the strength of the 4000 A or Balmer
break. Symbols are as in Fig. 4. The black demarcation lines indicate the
main supercolour class boundaries: quiescent to the left, star-forming to the
right, post-starbursts at high SC2 and dusty star-forming galaxies at low
SC2. A colour version is available online.

crosses. 13/25 spectroscopic post-starbursts lie in the post-starburst
region in SC space, with the remainder lying in the quiescent (4),
dusty (1) or low sSFR star-forming population (7). While at first
glance this is not a surprise — we expect spectroscopy to be far more
sensitive at identifying weaker and older post-starburst galaxies
than photometry — we will use the derived star formation histories
to confirm the reasons for these differences in classifications
below. The vast majority of the spectroscopically selected quiescent
galaxies lie in the supercolour red sequence (81/83).
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Returning briefly to Fig. 4, we note that we measure a very
narrow range of Hé, for the star-forming galaxies, that does not
appear to change much with W[O11]. As we show in Fig. 3 this
is an artefact of our fitting procedure. Strict priors on the SFH, as
used in parametric fitting methods, enforce an unphysically tight
range in sSFR (Carnall et al. 2019b). The small range in continuum
Hé, measured from the models is another manifestation of this
effect, meaning that higher quality data is required to measure a
value outside of this prior range when the signal is weak compared
to if the signal is strong. An alternative would be to use the
model to subtract off the emission-line flux as is done in e.g. the
MPA-JHU SDSS catalogues (Kauffmann et al. 2003; Brinchmann
et al. 2004), however, we found the quality of the spectra was not
sufficient for this to be reliable. We verified that our selection was
independent of the exact details of the prior used, by repeating it on
the double power-law fit, as well as a fit without Gaussian process
noise included. This latter check reassured us that the Gaussian
process noise was not being used to alter the equivalent width of
the absorption features.

The left-hand panel of Fig. 6 shows the stellar mass versus
redshift distribution of our sample of spectroscopically observed
galaxies, assuming the double power-law SFH. We find stellar
masses 0.15 dex larger on average than those derived in Wild et al.
(2016) from fits of exponentially declining models with stochastic
bursts to the supercolours. We see that the majority of the quiescent
and post-starburst galaxies have stellar mass 10! < M*/Mg <
5 x 10''; this is largely due to completeness limits of these higher
mass-to-light ratio galaxies (see Wild et al. 2016, for more details of
completeness limits). Our sample of spectroscopic post-starbursts
include 5 with z < 0.8, while the remaining 20 have 0.8 < z < 1.3.
The spectroscopically observed quiescent galaxies have a similar
mass-redshift distribution to the post-starbursts, although again we
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Figure 6. Left: The redshift versus stellar mass distribution of our sample of spectroscopically observed galaxies with 0.5 < z < 1.3. Right: The stellar mass
versus sSFR distribution, where both mass and sSFR are the median value from the posterior distribution of fitted double power-law models. Upper limits are

given where sSFR <10~ '2 yr~!

limits for different samples. Symbols are as in Fig. 4.

refer the reader to Wild et al. (2016) for completeness-corrected
stellar mass functions where differences are seen between post-
starburst and quiescent galaxies. The right-hand panel of Fig. 6
shows the stellar mass versus sSFR of the sample, where the sSSFR
is the median value from the fitted posterior double power-law star
formation histories, with SFR averaged over the last 100 Myr. This
comes from the stellar continuum fit, rather than a direct estimate
from the UV, far-infrared, or nebular emission lines. It is important
to remember that sSSFR measured in this way is strongly affected by
the assumed priors, in particular the tightness of the star-forming
main sequence and the exact values for the quiescent galaxies, and
therefore the values should only be used for comparison between
samples (Carnall et al. 2019b). We set a lower limit of 1072 yr~! as
values below this are entirely dependent on the prior SFH assumed
and do not reliably indicate a distinction of objects. We see that
the quiescent sample have low measured sSFR, as do the majority
of the photometrically selected post-starburst. On the other hand,
some of the post-starbursts selected on H§ and W[O 11] alone lie
on the blue sequence.

Finally, we cross-match our PSB sample with the X-ray cata-
logues of Ueda et al. (2008) and Kocevski et al. (2018), finding
only one match (ID 125246). The AGN content of PSBs is being
explored in more detail in Almaini et al. (in preparation).

3 RESULTS

Fig. 7 shows a montage of the posterior star formation histories
for the galaxies identified as post-starburst galaxies both spec-
troscopically and photometrically (i.e. with strong Balmer breaks,
weak nebular emission and strong Balmer absorption lines), Fig. 8
shows those identified purely spectroscopically, and Fig. 9 shows
those identified purely photometrically. Immediately we see a clear
difference between the three samples: while the photometric criteria
clearly identifies a majority of objects that most people would be
happy calling ‘post-starburst’, i.e. having experienced a recent short-
lived burst of star formation and rapid quenching, this is not true
for the majority of the spectroscopic-only sample. We note that
all the fits are formally good (i.e. have a reduced chi-squared for
the best-fitting models of around unity), due in large part to the
calibration and noise components included in the fits. To reassure
ourselves that the SFHs are robust, we compared them to those
derived from the double power-law fit, both with and without the

as values below this are dependent entirely on the prior SFH assumed. For clarity an arbitrary offset is applied between upper

Gaussian process noise, finding all galaxies to show qualitatively
similar SFHs regardless of the priors. In Tables 2 and 3 we list the
main properties of the galaxies from the BAGPIPES fit, and relevant
quantities derived from the fitted star formation histories. We find
that the galaxies studied typically have stellar masses in the range
10'°-10""> My, and stellar metallicities typically lie in the range
0.5—2 times solar. We note that the spectra do not go red enough to
contain the strong metal lines for accurate metallicity constraints,
so these values should be treated with caution. The remaining
quantities will be described in detail in the following sections.

In order to provide a quantitative way to distinguish ‘burst-like’
SFHs from those with no evidence of a burst, we calculate the
mean SFR during the burst (SFRpys ), 50 Myr either side of fiys,
and compare this to the mean SFR between 200 and 300 Myr prior
to the burst (SFR() for 500 random draws from the posterior star
formation histories. In the penultimate column of Table 3 we present
the 0.15th and 16th percentiles of the distributions of SFRy,,s/SFRg
as lower limits on this ratio. We classify as ‘burst-like’ those where
the 0.15th percentile is >1 and those as ‘star-forming’ where the
16th percentile is <1. Those in between are classified as ‘possible
burst’ and these classifications are given in the final column of
Table 3. We note that these quantitative classifications of the SFHs
are very close to those that result from a simple visual inspection of
the SFHs in Figs 7, 8, and 9.

3.1 Burst mass fractions and ages

Fig. 10 shows the fraction of mass formed in the last 1 Gyr versus
1.5 Gyr for the quiescent and post-starburst samples with burst-
like or possible burst-like star formation histories,” and these
quantities are given in columns 2 and 3 of Table 3. There is a
clear difference between the samples: very few of the quiescent
galaxies have formed any stars in the last 1 Gyr, and the majority
having formed <20 per cent in the last 1.5 Gyr; the post-starbursts
classified photometrically have formed >40 per cent of their mass
in the past 1.5Gyr and <40 percent in the past 1 Gyr; and the
majority of post-starbursts classified both spectroscopically and
photometrically have formed >40 per cent of their mass in the past
1 Gyr. The blue star indicates the position of a hypothetical galaxy

3Fraction of mass is defined as the integrated SFH within some time, divided
by the total integrated SFH. It does not account for mass-loss.
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Figure 7. A montage of the fitted star formation histories for the galaxies classified as a post-starburst both spectroscopically and photometrically. The black
line shows the median of the posterior SFH at each age, while the shading indicates the 16th and 84th percentile confidence intervals. The DR11 ID is given in

the top right of each panel.

which has undergone constant star formation for 5.75 Gyr, the age
of the Universe at z = 1.

Overplotted in Fig. 10 is the evolutionary track taken by the SFH
shown in Fig. 1, for a burst mass fraction of 70 percent and a
burst age of 1.5 Gyr. The track is colour coded by lookback time
to the big bang for a z = 1 galaxy and points are spaced equally
in time every 10 Myr. For an exponentially declining or constant
SFH occurring before the starburst, galaxies evolve from top right
first horizontally, then diagonally towards the bottom left on the
diagram, as mass is steadily built. As the burst occurs, galaxies
evolve up and right, meeting the group of spectroscopically and
photometrically selected post-starbursts positioned in the upper

MNRAS 494, 529-548 (2020)

right of the diagram. The evolution slows for a while, explaining
the build-up of observed galaxies forming a tight line here. As the
burst ages, galaxies evolve horizontally, first rapidly then slowly,
passing through the photometrically selected post-starbursts at a
height determined directly by the burst mass fraction. Again the
evolution slows, while there are very few observed galaxies here.
This may be due to incompleteness in our sample, as bursts this old
are hard to identify as post-starburst. Alternatively it may indicate
that our model is too simple to describe the entire data set. For clarity
in the figure we stop the evolution at 1.5 Gyr; from this point they
evolve rapidly vertically downwards, reaching the origin 1.55 Gyr
after the burst.
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Figure 8. A montage of the fitted star formation histories for the galaxies classified as a post-starburst spectroscopically, but not photometrically. The lines
are as in Fig. 7. The DR11 ID is given in the top right of each panel, as well as the supercolour class (Q = quiescent, SF = star forming, D = dusty).

Fig. 11 shows the fraction of mass formed in the starburst
component of the fitted SFH (fyy:st) versus the age of the starburst
(fpurst» columns 3 and 4 in Table 2). As the SFH model is flexible
enough to use the ‘burst’ component to extend the exponential
declining component, rather than creating a well defined ‘burst’ of
star formation, we restrict this to only those galaxies with burst-
like or possible burst-like star formation histories based on the
peak to pre-burst SFR ratio in Table 3, as described above. We
measure total burst mass fractions of typically 40-90 per cent, and
the onset of the burst occurs within the last 0.25-1 Gyr for those
identified spectroscopically, and slightly earlier (0.8-1.3 Gyr) for
those identified only with photometry. This older burst in the sample
selected purely photometrically is consistent with their weaker
H 4 absorption lines which causes them to be missed from the
spectroscopic selection (see Fig. 4).

3.2 Further useful quantities

Table 3 provides the historical maximum star formation rate in the
last 2 Gyr and the quenching time-scales calculated from 500 draws
from the posterior SFH distribution. The quenching time-scales are
provided in two different ways: first the time from the peak of the
SFR to where the sSFR falls below 0.2/f;, where #4 is the age of the

Universe at the redshift of the quenching; secondly from where the
sSFR falls from 1/t to 0.2/t;. The former measurement is designed
to show how rapid ‘rapid’ quenching needs to be, to match the
observations of Balmer absorption lines and break in post-starburst
galaxies. We see that values of 100-200 Myr are typical for our
samples. The latter measurement will allow us to compare directly
with recent simulation results in the discussion section below. The
0.2/ty criteria is a standard cut-off for identifying quenched galaxies
used in the literature (e.g. Pacifici et al. 2016).

3.3 Interlopers and escapees

We now turn to look at the objects that do not fit nicely into the
picture. First, there are either four or five post-starbursts with burst-
like SFHs that are not classified as post-starbursts by the super-
colours (DR11 IDs 107102, 255581, 187658 and 125246, 132150).
This ~15 per cent incompleteness is a little lower than reported in
Maltby et al. (2016). Secondly, we find that the spectroscopic post-
starburst sample contains seven objects with no apparent recent
starburst (DR11 IDs 176778, 164912, 191179, 109922, 173705,
193971, 58883).

We begin with the missing post-starbursts from the photometric
selected sample. 132150 has a much lower burst mass fraction,
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Figure 9. A montage of the fitted star formation histories for the galaxies classified as post-starbursts photometrically but not spectroscopically. The lines are

as in Fig. 7.

which might explain why it is not identified by a photometric
method, as we expect photometry to be less sensitive to weaker
bursts than spectroscopy. 187658 and 125246 have slightly longer
quenching times and are the two objects with significantly higher
W[O1] than the rest of the sample, which might indicate their
burst has not yet completely quenched.* Both factors may cause a
reduction in the strength of Balmer break needed for photometric
selection. The penultimate column of Table 2 provides the median
and percentile fitted values for attenuation by dust. Note that in

4 Additionally, 125246 is the only X-ray source in our PSB sample, so the
[O11] may also arise from an AGN.
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our two-component dust model, Ay refers to the amount of dust
affecting stars older than 107 yr. Younger stars are attenuated by an
additional factor. We see that 107102, 255581, and 187658 have an
unusually high fitted Ay of 1.42, 1.66, and 1.93 mag, respectively,
and 125246 is equally on the high side with Ay = 1.27. These
four objects with high dust contents where the photometry fails to
identify the post-starburst nature of the galaxy fall in or very close to
the supercolour defined red sequence. Dust causes the supercolours
to be biased to redder overall colours, and the distinctive triangular
shape of the AF-star SED is lost.

In Fig. 12 we show the fitted attenuation by dust of the post-
starburst and quiescent samples against the fraction of mass formed
in the last 1.5 Gyr. The majority of quiescent galaxies have Ay
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Table 2. Fitted properties of the spectroscopically and photometrically selected post-starburst
galaxies. Values given are median values of the posterior model distribution, with errors
calculated from the 16th and 84th percentiles. Columns are (1) DR11 ID number, (2) stellar
mass, (3) burst mass fraction (only for burst-like SFHs), (4) burst age, (5) magnitudes of
attenuation in the V band, (6) metallicity relative to solar.

DRI1ID logM*/Mo Sourst tourst/ Gyr Ay/mag ZIZq

33044 9.93%053 075703 0.507 4 118492 0.68+04
58883 11374004 - - 1.84+01 0.11+00
107102 10.5170.00 0.67+92 1.04+01 141491 044102
108365 1083064 085101 062109 046700 177103
092 1128 - - Loshn 2302
122200 10.23+002 0.84*91 0.33%9% 0.6792 1.43103
125246 10.55700 0.70%92 0.72791 126102 0.76+93
132150 11.0875:05 0.11%0¢, 0.45%02 0.88702 112402
133987 10,9410 0.77+92 041790, 05992 2.10792
152227 10.637000 0.69%92 0.59%0:] 0.50%93 123408
153020 10.787003 0.86*0) 0.8079%7 0.79%¢1 0.86%03
153502 10807002 0.82+01 0224004 0.89+01 206103
157397 11.0370.00 0.38+92 0.50192 0.97+52 0.12+907
164912 10474556 - - 0.85%03 0.85106
173705 10.6209 - - 0.55701 1.39703
176778 11062504 - - 1037005 205403
182104 10.39%003 0.67+92 0.93%01 06091 053793
186754 10515003 0.68%03  0.547000 0.78*91 0.99*93
187658 11125903 07612 0.53%0.0% 1.93+903 214403
Is798 1035700 074l 0ol 096t 023t
191179 11.017093 - - 176401 0.32+02
193971 10225552 - - 0.52%3 121403
213260 10.7270.08 0.72+02 041401 1.28+02 011100
229763 11.047098 0.50%93 1.33%93 0.71%1 049102
255581 10.4610.% 0.58%03 0.8210] 1.66%03 0.3370%,
65602 10.817503 0.9119%7 1007007 0.627008 0.43100%
96779 10.2110:9 0.51+03 1.01+92 0.31+02 0.55+04
98596 10.4254, 0.50*03 0.99704 0.71+03 0.3610%
108587 11.03%50] 078%3  128%5) 0SSP 04775
114152 10.66700 0.56703 108792 0.70%92 0.23%01
116031 11.0610:9 0.82791 1.011597 1.04791 047102
124662 10.14+0:97 0.65+02 1.35403 0.99+02 0.27102
125588 10.347007 0.49103 0.94102 0.61192 0.36+0
136729 9.80%0.07 033103 086103 0.20%97 116794
138600 10.83%0Y7 05103 0.84%)3 0.53+02 0.95+07
162358 9.95+003 0.25%02 0.80703 0.15%1 109793
165790 10887007 - - 125003 0.0675:0¢
212238 10.65*00¢ 07392 1.01+01 028192 0.969¢
240201 10.744005 0.72+52 1.00709 0.94%03 0.3319¢

in the range 0—1 mag. The post-starburst galaxies classified both
spectroscopically and photometrically are fitted with a slightly
higher Ay in the range 0.5—1.2 mag as might be expected given
the more recent star formation activity.5 However, as well as the 4/5

SWe note that for the post-starburst sample alone there is only a very weak
correlation between burst age and Ay with a Pearson correlation coefficient
of —0.1.

of the post-starbursts not identified by the photometry, 4/7 of the
spectroscopic-only post-starbursts with non burst-like SFHs also
have Ay > 1.2. Both results make intuitive sense: relying on W[O11]
to identify galaxies with unusually low SFRs will also identify
star-forming galaxies with unusually high dust contents; and even
high-quality multiwavelength photometry can suffer from the well-
known age-dust degeneracy.

This leaves only three unexplained objects with normal dust
contents where the strong Balmer absorption lines and weak [O11]
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Table 3. Derived properties of the spectroscopically and photometrically selected post-starburst galaxies calculated from their
fitted star formation histories. Values given are median values of the posterior model distribution, with errors calculated from
the 16th and 84th percentiles. Columns are (1) DR11 ID number, (2) fraction of mass formed in the last 1 Gyr, (3) fraction
of mass formed in the last 1.5 Gyr, (4) visibility time spent in supercolour post-starburst selection box, (5) maximum SFR in
past 2 Gyr, (6) time taken to quench from peak to sSFR = 0.2/t in Gyr, where #y is the age of the Universe at the redshift
of quenching, (7) time taken to quench from sSFR=1/ty to 0.2/ty in Gyr, (8) 0.15th and 16th percentiles of peak to pre-burst
SFR ratio, (9) classification of SFH based on SFRqii0 (b = burst; pb = possible burst; sf = star forming).

DR111ID fler h 5Gyr log(tyis) SFRmax Tql Tq2 SFRati0 Class

33044 0.76793 0.78%02  8.52%07 12479 017753 0.0470% >14.6,74.1 b

58883 0.227006 03310, - 126718 - - >0.7,1.0 sf
0.2 0.2 330 0.6 0.2

107102 0.2753 0.69753 - 263778 03375  0.09795, >3.7,19.2 b
0.1 0.09 0.1 683 0.1 0.03

108365 0.8610 0.8710 879701 1706755 0.11Fg0s  0.0230¢) >35.2,116.3 b

109922 0.191096  0.28707 - 70132 - - >0.7,0.9 sf
0.1 0.1 0.1 145 0.2 0.04

122200 0.85%)3 0.86701 8.6770, 2367 022407 0.05%)0%% >35.7,102.5 b
0.2 0.2 33 0.1 0.05

125246 071753 0.74%53 - 17913 0.68%5; 02179 >4.5,13.6 b

132150 0.19%00 028704, - 340728 010703, 0.04704, >0.5,2.5 pb

133987 0.79%07 081705 8.60703 104673 024703 006700,  >16.9,69.0 b

152227 0.71793 073102 8.8070, 286780 0.557902 0177558 >7.0,24.3 b

153020 0.86107  0.8870% 87901 12357000 016702, 0.047098  >16.4,108.8 b

153502 0.84791 0.86101 858102 1702492 0.08%007 0027002 >46.5,118.3 b
0.2 0.2 0.07 698 0.4 0.2

157397 042757 047707 9.05%] 758%%05 0.18%y7  0.06%57, >4.3,12.9 b

164912 0.1070% 0.16750¢ - 173 - - >0.6, 0.7 sf
0.03 0.05 4

173705 0.09%00  0.1510%3 - 1973 - - >0.5,0.6 sf

176778 0.18700¢ 0277098 - 50147 - - >0.7,1.0 sf

182104 0.49+03 070702 8.9070%: 332720 020703 0.05%0, >7.8,31.9 b
0.2 0.2 0.1 324 0.2 0.06

186754 071753 0.74%53 8.79105 58370 01305, 0.037005 >20.2, 56.1 b

187658 0.78%0 0.80705 - 877751 0.5270%% 011700 >14.6,35.9
0.4 0.2 0.4 327 0.2 0.09

187798 0.38%0% 075503 894105, 334%] 0a7hT 0.04700; >4.8,39.7

191179 0.067002 0.11790¢ - 48+l - - >0.5,0.6 sf

193971 0.097902  0.167507 - 7+ - - >0.5,0.6 sf
0.2 0.1 0.1 655 0.2 0.07

213260 0.75%)3 078705 896104 964752 0.13T55,  0.0370) >13.9,54.2 b

229763 0.15109% 045103 86170 31819 1.09753 052703 >0.8,2.9 pb
0.3 0.2 212 0.3 0.1

255581 0.53%)3 0.62703 - 28571 022707 0.06%0, >4.2,22.6 b

65602 0.61703 091709 8937002 12137128 020707 005700,  >17.6,114.1 b

96779 0.18%03 055702 9.09%0) 174050 016707 0.057, >1.7,11.6 b

98596 0.21793 050703 9.a2%02 3220393 015707 0.05%0, >0.9, 10.0 pb

108587 0.0079%% 077102 893702, 2418788 013702 0.037007 >9.1,45.7 b

114152 007103, 057503 9a7H)y 61Ty 004t0g,  0.04%0 4, >0.7,13.8 pb
0.4 0.1 0.09 1506 0.2 0.06

116031 0.40%)75 0.84705  8.83F000 343701285 0.10%)7s  0.02%0¢° >13.0,78.0 b

124662 0.26700  0.57103 0.007) 291, 133703 0447073 >0.7,2.6 pb

125588 0.31%03 054103 892702 2001216 0.16703  0.05%0, >2.4,13.9 b

136729 0.20%0%, 037103 874701 21437 03804 014102 >0.6,5.3 pb

138600 0.45+03 058102 89170%  773#83 015703 0.05709 >0.9, 14.6 pb
0.2 0.2 0.1 36 0.3 0.1

162358 0.234)%0 0.3277 8.77105 35170 022407 0.07% s >1.3,6.9 b

165790 0.0579%3  0.08799¢ - 3513 - - >0.5,0.5 sf
0.5 0.1 0.2 681 0.3 0.09

212238 0.29%93 076705 892100, 7935 01677 0.047003 >6.2,36.4 b

240201 0.29%03 0.68707  8.94703  798T% 016707 0.04700% >1.2,19.8 b

suggest there has been a recent starburst, but the photometry and
spectral fitting disagree. Inspecting the fits shows that there is excess
UV flux in these objects compared to the other PSBs (164912,
173705, and 193971). Another factor that might cause the false
identification of post-starburst galaxies in both photometry and
spectroscopy is the relative geometry of dust and stars which
we attempted to fit for with the n parameter which controls the
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additional fraction of dust attenuating young stars. OB stars can
be hidden behind dense dust clouds, rather than absent from the
galaxy, causing stronger Balmer lines than expected. Unfortunately
this quantity is not well constrained with the current data and in
most cases the posterior distribution is close to the prior. However,
two of these three do show some evidence for enhanced 7. Only
improved data will allow us to ascertain whether these are truly
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Figure 10. The fraction of stars formed in the last 1 Gyr versus 1.5 Gyr for the post-starburst and quiescent samples. Only post-starburst galaxies with burst-like
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identified post-starbursts are omitted for clarity, but are similar to the other
classes. Symbols are as in Fig. 10.

post-starburst galaxies or interlopers caused by dust. Finally, there
is always the possibility of unseen problems with the data. For
example, object 193971 has a lower SNR spectrum than typical for
the sample, as well as a close neighbour that may affect the accuracy
of the photometry.

3.4 Parametric versus non-parametric star formation histories

There are known problems with parametric SFHs, in particular
systematic underestimation of mass-weighted age, and tight prior
distribution on sSFR (Carnall et al. 2019b). A second common
approach to reveal the star formation histories of galaxies is through
‘non-parametric’ fitting where simple stellar populations (SSPs)
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Figure 12. The ISM dust content (Ay) versus the fraction of mass formed
in the last 1.5 Gyr. Symbols are as in Fig 10, with the addition of blue filled
circles that indicate the galaxies selected as post-starburst, but with SFHs
that indicate they are in fact star forming. A colour version is available
online.

are added in linear combination. This is typically used where data
quality is higher, but a comparison between the two approaches
is valuable. One popular example of a non-parametric code is
STARLIGHT (Cid Fernandes et al. 2005), which has recently been
adapted to simultaneously fit photometry and spectroscopy (Lopez
Fernandez et al. 2016; Werle et al. 2019). However, as STARLIGHT
has predominantly been used by the low-redshift community on
high-quality SDSS spectra, there are no allowances for relative
spectrophotometric calibration errors or systematic noise compo-
nents as in BAGPIPES.

In Appendix B we present a comparison between STARLIGHT fits
and BAGPIPES fits to two of our post-starburst galaxies. Despite the

MNRAS 494, 529-548 (2020)

G20z Atenugqad /g uo Jesn eubojog 4SVI- 4VNI Ad 82/708G5/62S/|/¥6/oI01e/SeIuW/WOD"dNno"olWwapede//:SdRy Wolj papeojumoq



544 V. Wild et al.

large difference between the codes, we see a reasonable agreement
in terms of fraction of mass formed in the last 1 and 1.5 Gyr. Overall,
we find that BAGPIPES produces a slightly smaller range of burst
mass fractions compared to STARLIGHT. However, without allowing
for the additional calibration errors and systematic noise that are
known to exist in these spectra, a robust quantitative comparison is
unfortunately not possible.

4 DISCUSSION

In this section we discuss our results in relation to the importance
of rapid quenching for building the red sequence, possible pro-
genitors and implication of the quenching time-scales for feedback
mechanisms. Finally, we address the question of the value added
by ‘expensive’ spectroscopy in this era of massive high-quality
multiwavelength data sets.

4.1 ‘Post-starburst’ or ‘rapidly quenched’

Whether or not a significant starburst precedes the rapid quenching
of star formation has important implications for the cause of the
quenching event. The gas inflows caused by a gas rich merger are
expected to lead to a significant burst of star formation, that may
subsequently quench by internal processes, such as gas exhaustion
or expulsion by SNe driven winds or AGNs. On the other hand, a
galaxy falling into a cluster environment may be rapidly stripped of
its gas by external ram pressure without a (or with a lesser) preceding
starburst. Other processes are less clear cut, with harassment by
neighbouring galaxies potentially also leading to gas inflows and a
starburst, although this may be weaker than in the case of nuclear
coalescence.

The penultimate column of Table 3 gives the 0.15th and 16th
percentiles® of the ratio of SFR during the burst, compared to
before the burst. Where this is >1 there is evidence of a detectable
rise in star formation prior to quenching. We find 24 (31) have a
detectable rise in their SFR (i.e. SFR44, > 1) that is significant at
230 (lo). Additionally, 26 have SFR rises of >10 at >1o. This
certainly implies that a significant fraction of our galaxies are truly
‘post-starburst’ rather than simply ‘rapidly quenched’, particularly
those identified photometrically. On the other hand, three galaxies
(191179, 173705, 165790) do show some signs of a truncated
SFH, with two of these not identified photometrically. We caution
that the stronger the burst, the stronger the spectral features and
our results do not exclude the existence of ‘rapidly quenched’
galaxies that we are either unable to select or unable to identify the
quenching in their SFH with the current data available at z ~ 1.

The measured burst mass fractions of many of these post-starburst
galaxies are arguably more consistent with being the dominant
‘formation’ episode of the galaxy, rather than a dramatic event
occurring during their otherwise normal evolution. The burst mass
fractions are far larger than the ‘rejuvenation’ events detected in the
spectroscopic Lega-C survey (Chauke et al. 2019), but consistent
with the ‘Late bloomers’ identified in the prism observations of
the Carnegie-Spitzer-IMACS study (Dressler, Kelson & Abramson
2018). Whether such dramatic formation events at z ~ 1 are consis-
tent with the current generation of hydrodynamic galaxy evolution
simulations is clearly a matter that demands urgent investigation.

SCorresponding to 3¢ and lo lower limits in the case of a Gaussian
distribution.
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4.2 Time spent in the post-starburst phase, and role of
post-starbursts in red-sequence growth

In Wild et al. (2009, 2016) we summed the total amount of mass in
galaxies caught during the post-starburst phase, and compared this
to the amount of mass growth of the red sequence at a similar or
slightly later epoch. The results suggested that a significant fraction
of new galaxies entering the red sequence might have recently
undergone a period of fast growth and rapid quenching. If these
starburst events are caused by gas rich major mergers, this is at odds
with similar estimates from close pair and major merger fractions
(e.g. Lopez-Sanjuan et al. 2010; Weigel et al. 2017). The primary
uncertainty in this calculation is the unknown ‘visibility’ time for
the post-starbursts i.e. how long a galaxy would be observed as
a post-starburst for. Comparison of the amplitudes and shapes of
mass functions of quiescent and post-starburst galaxies suggested
that up to 100 percent of the red sequence galaxies at z ~ 0.5—
1.5 could have passed through a post-starburst phase, which would
imply that a rapid shut down in star formation is the prevalent form
of quenching at these redshifts. However, for this to hold, very
short visibility times of ~250 Myr were required. Belli et al. (2019)
revisited this calculation with spectroscopic information allowing
star formation histories of 24 quiescent galaxies to be constrained,
a few of which lie in the post-starburst region of the UVJ diagram.
They used the median ages of the stellar populations to conclude
that fast quenching accounts for only about a fifth of the growth of
the red sequence at z ~ 1.4.

Taking our sample of supercolour selected post-starburst galaxies
with spectra, we use 500 draws from the posterior star formation
histories to calculate 500 evolutionary tracks through supercolour
space. From these we calculate the time between them entering
and leaving the post-starburst region of the diagram. Table 3 gives
the posterior median visibility times for galaxies identified as
post-starburst photometrically [i.e. those relevant to the calculation
of Wild et al. (2016)]. We see that the majority of the star formation
histories indicate visibility times of 500 Myr to 1 Gyr, with no
difference depending on whether they are selected photometrically
or not. This is similar to the value of ~600Myr estimated
from isolated galaxy merger simulations by Wild et al. (2009).
Combining with the results of Wild et al. (2016) we conclude that
25 per cent-50 per cent of the growth of the red sequence at z ~ 1
is caused by rapid quenching with galaxies passing through a post-
starburst phase. This remains a little higher than Belli et al. (2019),
but probably consistent given the errors inherent in the extraction of
star formation histories, and small number statistics in their sample.
From our combined spectroscopic and photometric sample we can
additionally revisit the incompleteness of the supercolour selected
sample, finding ~15 percent (4-5/31) of true post-starburst
galaxies are missed by this selection method. This would increase
the fraction of red sequence growth through a post-starburst phase
by a small amount. We emphasize that these results only strictly
apply to red-sequence growth at redshifts slightly below one. It is
plausible that the visibility times vary systematically with redshift
if the physical processes leading to the starburst and quenching
change. High-quality spectroscopic data of large samples of objects
at z > 1 are required to reveal whether this is the case. Naturally,
these red sequence growth rate fractions all hinge upon the fact
that the post-starburst galaxies will not be rejuvenated in the near
future, which is obviously impossible to assess with this data alone.
Rejuvenation events are much more difficult to detect directly than
quenching events, due to the brightness of the highest mass stars
obscuring the older stellar populations (Chauke et al. 2019), and
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comparison with models may be the most promising avenue for
progress in this direction (Pandya et al. 2017; Behroozi et al. 2019).

We briefly note that the fitted star formation histories of many
of the galaxies lead to some evolutionary colour tracks that have
significantly higher maximum SC2 values (larger Balmer breaks)
than observed in our full photometric samples (Wild et al. 2016).
These have the longest visibility times, and therefore we may be
slightly underestimating the contribution of post-stabursts to the
growth of the quiescent population. A combined analysis of the
entire sample of galaxies may be able to improve on this result in
the future.

4.3 Possible progenitors

In the local Universe, post-starburst galaxies are often presented
as the natural descendants of local ULIRGs, which are typically
caused by major gas-rich mergers. Two possible progenitors of high
redshift post-starburst galaxies are galaxies detected in the sub-mm
or compact star-forming galaxies (cSFGs).

In Wild et al. (2016) we noted that the post-starburst galaxies have
a similar characteristic stellar mass, and a space density 6-7 times
higher than sub-mm galaxies (Simpson et al. 2014; Swinbank et al.
2014), which would lead to a direct correspondence if the visibility
time was 6—7 times shorter for sub-mm galaxies. For visibility times
of 0.5-1 Gyr measured from the fitted star formation histories, this
would imply visibility times of 80—150 Myr for galaxies in a sub-
mm phase which are consistent with those inferred by Hainline
et al. (2011) and Hickox et al. (2012). In Table 3 we present
the maximum historical SFR of the fitted star formation histories
for each post-starburst galaxy in the last 2 Gyr, finding that all
the galaxies with burst-like SFHs have median values of several
hundred Mg, yr~!, while a small tail extends out to several thousand
Mg yr~!. Assuming a standard conversion from 870 um flux and
total far-infrared luminosity, Swinbank et al. (2014) find a range of
SFRs of 20-1030 Mg, yr~! with a median of 310 Mg, yr~! for sub-
mm galaxies. An upper cut-off in star formation rate is expected at
~1000 Mg, yr~!, once duplicity of sources is accounted for (Karim
et al. 2013; Simpson et al. 2015). This very close correspondence
between the inferred starburst strengths of the post-starburst and
sub-mm galaxies is perhaps surprising, given the errors inherent
in both analyses, however once again affirms the likely close
connection between these two populations.

Compact star-forming galaxies have also been suggested as
possible progenitors of post-starbursts. These galaxies are detected
in optical and NIR surveys with high stellar surface mass densities
and significant amounts of obscured star formation (Barro et al.
2013, 2014; van Dokkum et al. 2015). Barro et al. (2013) find SFRs
of 100-200 M, yr~—' and number densities of ~8 x 107> at 1.5 < z
< 3 for cSFGs with M* > 10'° M. For post-starbursts with 1 < z <
2 and M* > 10'° M, Wild et al. (2016) measure number densities
of ~5—6 x 107> Mpc~3. Therefore, for all cSFGs to become post-
starbursts would require the starbursts to have similar visibility
times to the post-starburst phase, i.e. 500 Myr to 1 Gyr, which is
inconsistent with our fitted star formation histories and also with
their inferred gas depletion times of ~100 Myr (Barro et al. 2016).
It ¢SFGs are shorter lived, but with a similar number density, then
only a fraction of them can be progenitors of post-starbursts. We
note that z > 1 post-starbursts are also significantly more compact
than quiescent galaxies at the same redshift (Almaini et al. 2017),
compared to cSFGs which have similar or slightly larger sizes to
quiescent galaxies of the same stellar mass. Thus it is possible that
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post-starbursts are descendants of only the most extreme processes
that lead to cSFGs.

4.4 Quenching time-scales and AGN feedback

The time-scale over which a galaxy quenches is thought to provide
strong constraints on the physical process that causes the quenching,
with feedback from AGNs in particular expected to lead to the
most rapid quenching events. Post-starburst galaxies are particularly
relevant for identifying possible occurrances of AGN feedback, due
to the fast quenching times needed to cause the strong Balmer
absorption and Balmer break features.

We find that the time from the peak of the starburst to the point
where the sSFR falls below 0.2/ty, where 5 is the age of the
Universe at the time of the quenching, is typically 100-200 Myr
(Table 3). In order to compare directly to simulations, we also
calculated the time taken for the galaxy’s sSFR to fall from 1/ty4
to 0.2/, following Rodriguez Montero et al. (2019) for the SIMBA
cosmological hydrodynamic simulations (Davé et al. 2019). They
noted strongly bimodal quenching times, split at 7,/ty = 0.03, with
the fast quenching events (74/ty ~ 0.01) likely caused by SIMBA’s
jet-mode black hole feedback. We find that the majority of the
post-starbursts have quenching times of 30-50 Myr (7, in Table 3),
which corresponds to 7/t ~ 0.01 at cosmic times of 4-5 Gyr where
most of our quenching events take place, exactly as found for the fast
quenching mode in SIMBA. Interestingly, Rodriguez Montero et al.
(2019) note that neither fast nor slow quenching events are directly
linked to galaxy major mergers, where mergers are identified by
a sudden increase in the stellar mass of the galaxy by more than
20 per cent (mass ratio >1: 4). Interestingly, this is in contrast to
Pawlik et al. (2019) and Davis et al. (2019) who found that local (z ~
0) post-starburst galaxies in the EAGLE cosmological hydrodynamic
simulation were predominantly caused by major mergers or multiple
minor mergers. A careful side-by-side comparison of post-starburst
galaxies in observations and simulations, selected using the same
observational techniques, is clearly warranted to uncover their pos-
sible causes at different redshifts, environments, and stellar masses.

We caution that while AGN feedback is currently the only
possible mechanism for creating such rapid galaxy-wide shut-offs
in star formation in simulations, the resolution of the simulations
is not yet sufficient to resolve the star formation and interstellar
medium, and at intermediate masses at least this may be sufficient
to reduce or remove the need for efficient expulsion of gas by an
AGN (Naab & Ostriker 2017). In this small spectroscopic sample
only one galaxy has an X-ray detection indicating the presence
of an AGN; larger spectroscopic samples would allow us to test
for trends in quenching times with AGN signatures. NIR spectra
would also allow us to identify obscured AGN through their rest-
frame optical emission-line ratios. The AGN content of supercolour
selected post-starburst galaxies will be explored further in Almaini
et al. (in preparation).

4.5 Physical parameters with and without spectroscopy

It is worthwhile questioning the need for follow-up spectroscopy
in this era of very high quality, extensive, multiwavelength photo-
metric data sets. We run the same model fit again for all our post-
starburst galaxies, but this time without including spectroscopy.
In Fig. 13 we compare the posterior distribution of the burst
mass fraction and ages obtained for four post-starburst galaxies
with a range of fitted burst ages, with and without spectroscopy
included in the fit. First, we notice how the parameters are less
well constrained overall if spectroscopy is not available. Secondly,
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Figure 13. Comparison of the joint posterior distributions for the burst mass fraction and burst age, with and without the addition of spectroscopy, for four
selected post-starbursts with a range of burst ages. We see that with only photometric information, the burst mass fraction is biased towards the median of the
prior, and the burst ages are correspondingly biased due to the burst age-mass degeneracy.

the burst mass fractions are biased towards the median of the prior
(which is flat, with values between 0 and 1). Old, strong bursts
have similar SEDs to young, weaker bursts, therefore the burst
age is correspondingly biased. This highlights the importance of
high-SNR continuum spectroscopy for constraining the physical
properties of galaxies, even where multiwavelength photometry
provides an efficient identification method.

5 SUMMARY

We identified 39 galaxies with 0.5 < z < 1.3, Mx > 10" Mg
and strong Balmer break and/or Balmer absorption lines, using
either broad-band photometric ‘supercolour’ selection or traditional
spectroscopic W[O11]-H 8, selection. By fitting both high-quality
spectroscopy and photometry using the BAGPIPES spectral fitting
code, we derived star formation histories for the galaxies, comparing
to a control sample of quiescent galaxies. A summary of our results
is as follows:

(i) High-quality photometric data can identify a wide range of
post-starburst galaxies, without the need for spectroscopic data.
We gain only 4 or 5/31 new post-starburst galaxies when we
consider spectroscopic information, giving a photometric sample
incompleteness of ~15 percent. These are misidentified by the
photometry either due to low-burst mass fractions (1/5), ongoing
star formation (2/5), or high dust contents (4/5).

(i1) We show that high-quality spectroscopic continuum data are
required to accurately constrain the burst masses and ages of the
post-starburst galaxies. Fitting of photometry alone leads to biased
results that are strongly dependent on the assumed priors, largely
due to the burst mass—age degeneracy.

(iii) We find that the photometric identification is better at
identifying galaxies with older bursts than selection by H§, and
W[O1]. This is not expected to be true at lower redshift where
errors on spectral measurements are smaller, and He is typically
available, making it significantly easier to detect older or weaker
bursts, truncation, and rejuvenation events.
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(iv) Using Hé, and W[OT] alone to identify post-starburst
galaxies at these redshifts leads to a significant contamination rate,
with BAGPIPES finding no evidence for a starburst in 7/25 objects.
Four of these possible interlopers have a high dust content, which
presumably causes a small W[O 11]. Two have some evidence that a
high fraction of dust obscures the young stars, which would lead to
stronger observed Balmer absorption lines, although better data is
needed to confirm this. Contamination of the photometric sample
with objects showing no evidence for a recent starburst is small
(1727).

(v) The post-starburst galaxies have burst mass fractions of 40—
90 per cent, and ages <1.3 Gyr. When plotting the fraction of mass
formed in the last 1 and 1.5 Gyr, the distribution of observed post-
starburst galaxies is well matched by the expected evolution of a
galaxy that has undergone a recent burst of star formation.

(vi) We find that the visibility times for the supercolour mea-
sured post-starburst features are 0.5—1 Gyr, leading to post-starburst
galaxies potentially accounting for 25-50 per cent of red sequence
growth at these redshifts.

(vii) The maximum historical star formation rate estimated from
the fitted star formation histories is consistent with post-starbursts
being descendants of sub-mm galaxies. Their number densities and
visibility times imply that the sub-mm phase is visible for 80—
150 Myr. On the other hand, the number density and visibility time
of the post-starbursts rules out a 1:1 connection with compact SFGs
detected in the optical and NIR, with post-starbursts being too rare
to account for all cSFG galaxies.

(viii) The measured quenching time-scales are identical to the
‘fast” quenching mode identified in the SIMBA cosmological hydro-
dynamic simulation, which is expected to be caused by the jet-mode
AGN feedback.

There is a clear need for high-quality continuum spectroscopy
of many more z > 1 galaxies in order to elucidate the range of
mechanisms responsible for the quenching of galaxies at different
redshifts and in different environments. Upcoming high-multiplex
instruments such as the Multi-Object Optical and Near-infrared
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Spectrograph (Cirasuolo et al. 2014) on the VLT and Prime Focus
Spectrograph (PFS, Takada et al. 2014) on the Subaru telescope
should provide the large numbers of sufficiently high-quality spectra
to continue and improve upon studies such as this one.
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Figure Al. Fitted star formation histories assuming our fiducial
exponential + starburst model (top) and initial double power-law
model (bottom) for three example galaxies.

Figure B1. Comparison between spectral fit and resulting SFH
using the bagpipes and starlight codes for galaxy 108365.

Figure B2. Comparison between spectral fit and resulting SFH
using the bagpipes and starlight codes for galaxy 157397. See Fig.
B1 for a description.
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APPENDIX A: COMPARISON BETWEEN
DOUBLE POWER LAW AND
TWO-COMPONENT BURST FITS

In Fig. Al (available online) we show some examples of star
formation histories obtained from a double power law and two-
component burst model. For a galaxy which has undergone a strong
recent burst (122200) the double power law is unable to include
an old population as the majority of the light is in the short-lived
intermediate-age burst. For a galaxy that appears to undergo a break
in star formation (191179) this cannot be modelled by the double
power law. For a galaxy with a significant old stellar population as
well as a burst (125588) the double power law has to smooth out the
burst in order to include a significant enough old stellar population.
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APPENDIX B: COMPARISON BETWEEN
STARLIGHT AND BAGPIPES

In Figs B1 and B2 (available online) we show comparisons between
STARLIGHT non-parametric fits and BAGPIPES parametric SFH fits
to two example objects. There are several important differences
between the two codes, beyond just the SFH philosophy. While
BAGPIPES is fully Bayesian, STARLIGHT provides a least-squares
best-fitting model. STARLIGHT does not include allowance for
calibration errors in the spectrophotometry, but does perform a o -
clipping of extreme outlying pixels in the spectra. We found that this
o-clipping became extreme when the optical broad-band data were
provided to fit alongside the spectra. We therefore exclude these
bands from the STARLIGHT fit, however, they are required in the
BAGPIPES fit in order to constrain the spectrophotometric polynomial
correction. We additionally did not fit the 3.6 pm IRAC band in the
STARLIGHT analysis, as there were concerns at the time about the
relative quality of the data compared to the other bands. However,
we note that this point is largely superfluous for constraining the
shape of the SED at these redshifts where the 2.2 um K band is
available.

The top panel of Figs B1 and B2 compare the spectral fits and
their residuals. In both cases we plot the best-fitting model, for
more direct comparison. We see the large-scale bumps and wiggles
removed by the Gaussian process noise in the BAGPIPES spectral
residuals, however, overall the fits are relatively good for both
codes. The middle panels show the photometric data and fitted
models. In the case of BAGPIPES we show both the best fit and the
posterior distribution. Here we typically see smaller residuals in the
STARLIGHT fit, as expected from the many more degrees of freedom
in the star formation and metallicity history. The final row shows
the SFH, for BAGPIPES we show the usual median andpercentiles
of the posterior distribution, for STARLIGHT we show the weights
given to each SSP, weighted both by r-band light (top) and mass
(bottom). The bars are colour coded by metallicity, while the single
metallicity fit by BAGPIPES is written in the left-hand panel. In
both cases the codes identify a significant recent starburst, although
the light-weighted SSPs of STARLIGHT highlight the difficulty of
extracting the amplitude of the old component. While BAGPIPES
spreads the old component out over a large time period due to
the shape of the assumed prior on the SFH, STARLIGHT achieves a
good fit with just one old component for 157397. For both these
galaxies a significant burst is identified, with the STARLIGHT best-
fitting fraction of mass formed in the last Gyr within the 1o error
bounds of the BAGPIPES fits.
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