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High-velocity outflows in massive post-starburst galaxies at 7 > 1
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ABSTRACT

We investigate the prevalence of galactic-scale outflows in post-starburst (PSB) galaxies at
high redshift (1 < z < 1.4), using the deep optical spectra available in the UKIDSS Ultra
Deep Survey (UDS). We use a sample of ~ 40 spectroscopically confirmed PSBs, recently
identified in the UDS field, and perform a stacking analysis in order to analyse the structure
of strong interstellar absorption features such as Mg (12800 A). We find that for massive
(M, > 10'°M) PSBs at 7 > 1, there is clear evidence for a strong blue-shifted component to
the Mg 1 absorption feature, indicative of high-velocity outflows (voy ~ 1150 + 160 km s7h
in the interstellar medium. We conclude that such outflows are typical in massive PSBs at this
epoch, and potentially represent the residual signature of a feedback process that quenched
these galaxies. Using full spectral fitting, we also obtain a typical stellar velocity dispersion o,
for these PSBs of ~ 200kms~!, which confirms they are intrinsically massive in nature
(dynamical mass My ~ 10" M,). Given that these high-z PSBs are also exceptionally compact
(re ~ 1-2kpc) and spheroidal (Sérsic index n ~ 3), we propose that the outflowing winds may
have been launched during a recent compaction event (e.g. major merger or disc collapse) that
triggered either a centralised starburst or active galactic nuclei (AGN) activity. Finally, we find
no evidence for AGN signatures in the optical spectra of these PSBs, suggesting they were either
quenched by stellar feedback from the starburst itself, or that if AGN feedback is responsible,
the AGN episode that triggered quenching does not linger into the post-starburst phase.

Key words: galaxies: high-redshift — galaxies: ISM — galaxies: kinematics and dynamics

1 INTRODUCTION istics and morphology (e.g. Strateva et al. 2001; Schawinski et al.
2014). In general, massive galaxies tend to be red, passive and
of early-type morphology, while lower mass galaxies tend to be
blue, star forming and of late-type morphology. These two popula-
tions form the red-sequence and blue cloud, respectively. Significant
* E-mail: david.maltby @nottingham.ac.uk evolution in this bi-modality has been observed since z > 2, show-

In the local Universe, there exists a clear bi-modality in the galaxy
population with respect to optical colour, star-formation character-
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ing a rapid build-up of mass upon the red-sequence (e.g. Bell et al.
2004; Cirasuolo et al. 2007; Faber et al. 2007; Brammer et al. 2011;
Ilbert et al. 2013; Muzzin et al. 2013). However, the principal
drivers behind the required quenching of blue cloud galaxies at
high redshift remain uncertain and a topic of significant debate.

To account for the quenching of star formation at high redshift,
several mechanisms have been proposed. For example, gas strip-
ping processes (e.g. Gunn & Gott 1972), morphological quenching
(Martig et al. 2009), shock heating of infalling cold gas by the hot
halo (Dekel & Birnboim 2006), and an exhaustion of the gas sup-
ply (e.g. Larson et al. 1980). Other promising contenders include
feedback processes, where the outflowing superwinds generated by
either an AGN or starburst can expel the cold gas required for con-
tinuous star-formation (e.g. Silk & Rees 1998; Hopkins et al. 2005;
Diamond-Stanic et al. 2012). To prevent further gas accretion, and
therefore keep star formation suppressed, radio-mode AGN feed-
back may also be required (Best et al. 2005, 2006). In general, these
quenching mechanisms fall into two main categories: i) those that
lead to a rapid truncation of star formation (rapid quenching), and
ii) those that prevent the accretion of new gas resulting in a more
gradual decline (slow quenching). With respect to the dominant
quenching route, recent studies have indicated that slow quench-
ing dominates in the local Universe (e.g. Peng et al. 2015), while
rapid quenching (e.g. feedback processes) becomes increasingly
more important at z > 1 (e.g. Barro et al. 2013; Wild et al. 2016;
Carnall et al. 2018; Belli et al. 2018).

With respect to feedback processes, there is strong evidence
for the galactic-scale outflows required to quench high-z galax-
ies. At low- and high-redshift, outflows spanning a wide range
of velocities have been detected in both i) AGN of various types
(e.g. Hainline et al. 2011; Harrison et al. 2012; Cimatti et al. 2013;
Cicone et al. 2014; Talia et al. 2017); and ii) star-forming galaxies
with no signs of AGN activity, either in their UV/optical spectrum
(e.g. Talia et al. 2012; Bradshaw et al. 2013; Bordoloi et al. 2014;
Talia et al. 2017) or X-ray properties (Cimatti et al. 2013). These
studies have also revealed that such gaseous outflows are a multi-
phase phenomenon and exist in each of the high-/low-ionisation,
neutral and molecular gas phase of the interstellar medium (ISM;
e.g. Hainline et al. 2011; Cicone et al. 2014; Fluetsch et al. 2019;
Roberts-Borsani & Saintonge 2019).

In order for feedback processes to quench a galaxy, strong
outflows capable of expelling the gas reservoir are required. In the
local Universe, strong outflows are only detected in starburst galax-
ies (e.g. Heckman et al. 2000; Martin 2005; Heckman et al. 2015),
but at higher redshifts (z > 0.5) such outflows are more ubiqui-
tous among the general star-forming population (e.g. Weiner et al.
2009; Bradshaw et al. 2013; Rubin et al. 2014; Du et al. 2018). Par-
ticularly, strong outflows (vour ~ 1000 km s_l) have also been de-
tected in both star-forming AGN at z > 1 (e.g. Hainline et al. 2011;
Harrison et al. 2012; Talia et al. 2017), as well as at z ~ 0.6 in
massive compact star-forming/starburst galaxies with no signs of
AGN activity (Geach et al. 2014; Sell et al. 2014). Taken together,
these results indicate that both AGN and starburst-driven winds are
capable of driving the strong outflows required for rapid quench-
ing. For starburst galaxies at z < 1, recent studies have also re-
ported that the outflow strength (i.e. velocity) depends on stellar
mass, star-formation rate (SFR) and, in particular, SFR density
(e.g. Heckman et al. 2015; Heckman & Borthakur 2016), suggest-
ing feedback from star-formation can be a principal driver of strong
galactic-scale outflows. However, although AGN and starburst-
driven outflows clearly represent a promising mechanism to explain

the quenching of star-formation at high redshift, observationally a
direct causal link to quenching remains elusive.

To establish the role of outflows as a quenching process, it is
useful to consider galaxies that have been recently quenched. The
rare population of post-starburst (PSB) galaxies provide an ideal ex-
ample, as they represent systems that have experienced a major burst
of star formation that was rapidly quenched at some point during the
last Gyr. These galaxies are identified spectroscopically from the
characteristic strong Balmer absorption lines related to an enhanced
A-star population, combined with a general lack of strong emission
lines (Dressler & Gunn 1983; Wild et al. 2009). Atintermediate red-
shifts (z ~ 0.6), particularly strong outflows (vour > 1000 km s~h
have been detected in the most luminous PSBs (Mg ~ —-23.5;
Tremonti et al. 2007), potentially representing the residual outflow
from a quenching event. However, such galaxies are extremely rare,
and may not represent the typical evolutionary path of red-sequence
galaxies at this epoch. More modest outflows (vour ~ 200 km s_l)
have also been observed in less luminous PSBs at 0.2 < z < 0.8
(Mg ~ —=21;Coil et al. 2011), but it is unclear whether such outflows
are sufficient to actually quench star-formation. At higher redshifts
(z > 1), where we observe a rapid build-up of mass upon the red-
sequence, recent evidence suggests that rapid quenching becomes
increasingly more important (e.g. Barro et al. 2013; Carnall et al.
2018; Belli et al. 2018) and that a large fraction of massive galaxies
(M# > 10195 M) will experience a PSB phase (Wild et al. 2016;
Belli et al. 2018). However, the nature of outflows in massive PSBs
at this epoch has, until now, been largely unexplored.

Until recently, very few PSBs had been spectroscopically iden-
tified at high redshift (z > 1). However, significant progress was
made by Maltby et al. (2016), when photometric PSB candidates
identified using the Wild et al. (2014) ‘supercolour’ technique were
targeted for follow-up spectroscopy. This led to > 20 high-z PSBs
being identified within the field of the Ultra Deep Survey (UDS;
Almaini et al., in preparation). In this paper, we use the deep opti-
cal spectra of Maltby et al. (2016), plus additional spectra obtained
more recently within the UDS field (see Section 2), to determine the
prevalence of outflows in these galaxies. To achieve this, we perform
a stacking analysis and analyse the structure of strong interstellar
absorption features such as Mg 1t (12800 A). This is achievable for
the first time with our large sample of high-z PSB spectra.

The structure of this paper is as follows. In Section 2, we
provide a brief description of the UDS data and spectroscopy upon
which this work is based, including details of our PSB spectra and
stacking procedure. In Section 3.1, we perform full spectral fits on
our stacked spectra in order to measure their typical stellar velocity
dispersions o, while in Section 3.2 we describe the method used
for detecting outflows from the Mg 11 absorption feature and present
our findings for high-z PSBs. Finally, we draw our conclusions in
Section 4. Throughout this paper, we use AB magnitudes and adopt
a cosmology of Hy = 70 km s~ Mpc_l, QA =0.7 and @y, = 0.3.

2 DESCRIPTION OF THE DATA
2.1 The UDS: photometric and spectroscopic data

This study makes use of the deep photometric data from the UDS
(Almaini et al., in preparation).! This survey represents the deepest
component of the UKIRT (United Kingdom Infra-Red Telescope)
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007) and

! http://www.nottingham.ac.uk/astronomy/UDS/
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comprises extremely deep UKIRT JHK photometry, covering an
areaof 0.77 degz. For this study, we make use of the eighth UDS data
release (DR8) where the limiting depths are J = 24.9; H = 24.4
and K = 24.6 (AB; 50 in 2arcsec apertures). The UDS is also
complemented by extensive multiwavelength observations. These
include deep-optical BVRi’z’ photometry from the Subaru-XMM-
Newton Deep Survey (SXDS; Furusawa et al. 2008), mid-infrared
observations (3.6 and 4.5 ym) from the Spitzer UDS Legacy Pro-
gram (SpUDS; PI: Dunlop) and deep u’-band photometry from
MegaCam on the Canada—France—Hawaii Telescope (CFHT). The
extent of the UDS field with full multiwavelength coverage (optical—
mid-infrared) is ~ 0.62 degz. For a complete description of these
data, see Hartley et al. (2013) and Simpson et al. (2012). In this
work, where appropriate, we use the photometric redshifts and SED-
derived stellar masses described in Simpson et al. (2013). We also
use the galaxy K-band structural parameters (effective radius re;
Sérsic index n) described in Almaini et al. (2017).

Extensive deep optical spectroscopy is also available within
the UDS field. These data are provided by several spectroscopic
programmes. The largest sample was obtained by UDSz, the spec-
troscopic component of the UDS (ESO large programme 180.A-
0776), which used both the VIMOS and FORS2 instruments on
the ESO VLT to obtain low-/medium-resolution optical spectra
for > 3500 galaxies (Ryivos ~ 200 and Rporsy ~ 660; expo-
sures of 2.6—4.5h and 5.5 h, respectively; see Bradshaw et al. 2013;
McLure et al. 2013). This is complemented by the spectroscopic
follow-up of the Wild et al. (2014, 2016) sample of photometrically
selected PSBs (ESO programme 094.A-0410; hereafter Mg ), which
provides ~ 100 medium-resolution optical spectra from VIMOS
(R ~ 580; exposures of 4h; see Maltby et al. 2016). Finally, the
VANDELS spectroscopic survey (ESO programme 194.A-2003)
also targets the UDS field, providing an additional ~ 780 medium-
resolution VIMOS spectra (R ~ 580; exposures of 20h or 40 h),
mainly at z > 2, from the second data release (DR2; McLure et al.
2018; Pentericci et al. 2018). From these datasets, > 2300 secure
spectroscopic redshifts zgpec are available, all of which were deter-
mined via Bz (Garilli et al. 2010), which uses a cross-correlation
of spectral templates. Optimal solutions were also confirmed using
spectral line identification in scNAps (Paioro & Franzetti 2012). For
further details on these spectroscopic redshifts, see the relevant data
papers. In this work, we use these zgpec to shift the individual galaxy
spectra to their respective rest-frame (i.e. systemic frame).

In this spectroscopic study, we focus specifically on the red-
shift interval 1 < z < 1.4 (see Section 2.2). Within the UDS
(DR8) there are ~ 9000 K-band selected galaxies within this red-
shift range above the 95 per cent mass-completeness limit of the
survey (M, ~ 1095 Mg at z ~ 1; as determined using the method
of Pozzetti et al. 2010). Of these galaxies, ~ 6 per cent have avail-
able optical spectra provided by the datasets above. These spectra
evenly sample both the M, and redshift distribution of the parent
photometric sample.

2.2 Post-starburst galaxies in the UDS

In general, PSBs are spectroscopically identified from the presence
of strong Balmer absorption lines (e.g. H§ 14102 A), combined
with a general lack of strong emission lines (Dressler & Gunn 1983;
Wild et al. 2009). Therefore, to identify PSBs in the UDS, we use
all the available optical spectroscopy (see Section 2.1) and apply
the following criteria, where applicable: i) an equivalent width in
Hé6 > 5A (a general PSB diagnostic; e.g. Goto 2007); and ii) an
equivalent width in [Ou] > =5 A (a standard threshold to remove

MNRAS 000, 1-13 (0000)
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galaxies with significant on-going star formation; see e.g. Tran et al.
2003; Poggianti et al. 2009; Maltby et al. 2016). We note that, while
a cut on [O11] emission is necessary to avoid the contamination of
our samples by star-forming galaxies, this criterion will also remove
some genuine PSBs that host significant AGN activity (Yan et al.
2006). The equivalent width (W) of a spectral line is defined as

A2
Wi [ 1o FayR@a 1)
Ay

where F(A) is the spectral flux and Fi(2) is the continuum flux.
To determine the rest-frame equivalent width (W,), we use a non-
parametric approach based on that used by previous works (e.g.
Goto et al. 2003; Maltby et al. 2016). First, zspec is used to transform
the spectrum into the galaxy’s rest-frame. Then continuum flux
is estimated across the relevant feature (i.e. Ho, [O11]) using a
linear interpolation between the continuum measured in narrow
intervals on either side. These intervals are chosen to ensure a lack of
significant absorption/emission lines and the continuum is modelled
by a linear regression that includes both intervals, weighted by the
inverse square error in the flux. A 3¢ rejection to deviant points
above/below an initial continuum model is also used to minimise the
effect of noise. Finally, W is determined using the ratio F(1)/F.(1)
across an interval (1;—A1,) that encapsulates the feature of interest
(see Maltby et al. 2016, for more details). For each spectrum, the
uncertainty in W, (107) is determined from the W variance between
1000 simulated spectra generated by using the 1o flux errors to add
suitable Gaussian noise. Typical uncertainties in both Wys and
Wiomy are +1A (~ 15 per cent).

In this study, PSB classification depends on the assessment of
both H (14102 A) and [0 11] (13727.5 A). Using the available data
(see Section 2.1), this requirement restricts our PSB classification
to z < 1.4, where these features are within the reach of our spec-
troscopy. This limits our analysis to 502 spectra at z > 1, for which
a spectroscopic PSB assessment is possible (386 UDSz, 32 M4 and
84 VANDELS spectra). Applying our PSB criteria to these spectra
(i.e. Wig > 5A, Wiomn > -5 A), we obtain a final sample of 41
spectroscopically classified PSBs at 1 < z < 1.4 (see Table 1). For
comparison to these PSBs, we also identify older passive systems
(i.e. Whs < 5A, Wiomny > -5 A) and obtain 129 passive galaxy
spectra at 1 < z < 1.4. In both these cases, the galaxies selected are
typically of high stellar mass (M, > 101°Mg; > 97 per cent; see
Fig. 1). Various properties of our high-z PSB and passive spectra are
shown in Table. 1. Note that for our passive selection, the addition
of a Do condition to the criteria (i.e. to select older, more secure
passive galaxies; see Section 3.2), has no significant effect on the
sample’s median properties or the results of this work.

In this study, we mainly focus on spectroscopically classified
galaxy populations. However, in the UDS field robust galaxy clas-
sifications (i.e. passive, star-forming, PSB) are also available from
the photometric ‘supercolour’ technique of Wild et al. (2014, 2016),
which is based on a Principal Component Analysis (PCA) of galaxy
SEDs. The effectiveness of this photometric selection, and in par-
ticular its PSB classification, has recently been confirmed using the
spectroscopic follow-up of Maltby et al. (2016). In that paper, it was
reported that ~ 80 per cent of the photometrically selected PSBs
show the expected strong Balmer absorption (i.e. Wys > 5 A) and
that the confirmation rate remains high (~ 60 per cent), even when
stricter criteria are used to exclude cases with significant [O 11] emis-
sion. We confirm that these findings hold for the extended spectral
samples (z > 1) used throughout this paper. These PCA classifica-
tions use a much wider baseline in wavelength than covered by our
optical spectra (i.e. full SED information). Consequently, the super-
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Table 1. Various properties of our high redshift (I < z < 1.4) PSB and
passive galaxy spectra. Median properties are shown for samples defined
using either i) spectroscopic criteria (Spec), or ii) a combination of both
spectroscopic criteria and photometric PCA class (Spec+PCA).

Galaxy PSB Passive
Property Spec  Spec+PCA Spec  Spec+PCA
Nspeclra 41 14 129 99
— N(UDS;—FORS?) 25 6 63 47
— N(UDSz—VIMOS) 6 4 7 5
- N(mjg) 7 4 12 11
— N(VANDELS) 3 0 47 36
Median values
Whs (A) 7.24 7.51 1.44 1.44
Wiom A 0.09 -0.30 1.83 2.05
D000 1.24 1.11 1.34 1.37
Zspec 1.19 1.18 1.13 1.10
logio M./Mo 10.74 10.67 10.81 10.84
KaB 20.89 20.79 20.67 20.59
re (kpc; Kpand) 2.08 1.19 1.96 1.96
n (K pand) 3.24 3.88 2.63 2.84
S/N* 9.15 12.29 9.86 10.06

“This is the median S/N of the individual spectra, as determined per
resolution element and across the observed spectral range.

seasasns PSB (41) I
Passive (129) ]

0.4t 4

r K-S test I 1

cp = 0.168 N ]

0.3F P =
5 L |
5 | = z
c 0.2 B enan B
T z
0.1F 1
Foeeen 1

O’ TR TR R R R R P L (-1 ]

9.5 10 10.5 11 11.5 12

| og M/ M,

Figure 1. The distribution of stellar mass M, for our high redshift
(1 < z < 1.4) PSB and passive galaxy spectra. In both cases, these galaxies
are typically of high stellar mass (M. > 10'Mg) and a Kolmogorov—
Smirnov (K-S) test reveals no significant difference between their M, dis-
tributions (p = 0.168). Relevant sample sizes are shown in the legend.

colour technique is able to explicitly identify systems with a ‘hump’
in the SED around the Balmer region (1 ~ 3500-6500 A), which
is characteristic of a dominant A/F star component. In this study,
the addition of supercolour (PCA) class to our classification crite-
ria will likely result in a sub-population of PSBs that host a more
dominant A/F star population, and therefore experienced a more
significant starburst. We make use of this sub-sample (Spec+PCA;
14 PSBs) in a discussion of our results in Section 3.3, and various
relevant properties are shown in Table 1. The properties of a photo-
metrically selected sub-sample for passive galaxies are also shown
for completeness, but not used in this work.

2.3 Generating stacked spectra

In order to determine the presence of gaseous outflows, we use the
Mg 1t absorption doublet (112796, 2803 A), which is a sensitive
tracer of low-ionisation interstellar gas (" ~ 10* K). We note that
systemic-frame Mg 11 absorption can originate from either the ISM
or stellar photospheres, but the detection of a blue-shifted com-
ponent to this absorption feature is generally thought to indicate
galactic-scale outflows along the line-of-sight to the observer. In
this study, ~ 65 per cent of our spectroscopically-classified galaxies
(see Table 1) have full coverage of the Mg 11 region (26/41 PSB and
84/129 passive spectra). Unfortunately, the signal-to-noise (S/N)
of these VIMOS/FORS2 spectra is not sufficient to reliably de-
termine the structure of the Mg profile on an individual galaxy
basis [typically S/N(Arest ~ 2800 A) ~ 5].2 We therefore increase
the effective S/N via a stacking analysis, combining the individual
rest-frame spectra following an optimised flux normalisation. The
following procedure is used.

(i) The individual spectra are shifted to their respective rest-
frame and oversampled onto a common and finer dispersion axis
(A1 = 0.25 A). For this we use the spectroscopic redshifts (zspec)
computed with Ez, which are determined using a cross-correlation
of spectral templates (see Section 2.1). We note that using an alter-
native zspec, defined using a single stellar absor;ztion feature which is
present in all our spectra, i.e. Camr K (13933.7 A), has no significant
effect on the results of this work.

(ii) We combine the individual rest-frame spectra following an
optimised flux normalisation. In this study, in addition to our anal-
ysis of the Mg absorption feature (Arest ~ 2800 A), we also
wish to obtain stellar velocity dispersions o using features at
Arest > 3550 A (see Section 3.1). Therefore, to optimise our analysis
we generate two median-stacked spectra: (a) a red-optimised stack
(Arest > 3550 A), using the full spectroscopically classified sam-
ple (see Table 1) and a flux normalisation over the Balmer break
region (3800 < Arest < 4170 A); and (b) a blue-optimised stack
(Arest ~ 2800 A), using only spectra with Mg 11 coverage and a flux
normalisation over the Mg 11 continuum (2700 < Agest < 2900 A). In
both cases, the normalised spectra are averaged without any weight-
ing to avoid any bias towards the brightest galaxies with the highest
S/N. For the blue-optimised stack, we also apply a nominal S/N
cut to the individual spectra, as determined over the Mg 11 region
[S/N(Awest ~ 2800 A) > 1.5], in order to remove the influence of
poor quality spectra on our stacked Mg 11 profiles (< 10 per cent of
our high-z spectra).

The final red-optimised stacks for both our high-z PSB and passive
galaxies are shown in Fig. 2. These spectra are used to determine
the typical stellar velocity dispersions o of their respective galaxy
populations in Section 3.1. The blue-optimised stacks are used to
determine the presence of outflows in these galaxies and are pre-
sented in Section 3.2 (see Fig. 4). The effective spectral resolution
of these stacked spectra AAdpwpm is ~ 5.8 A (~ 180 + 12kms™1).
Uncertainties in these spectra are determined from the mean of the
standard errors from 100 simulated median-stacks generated via a
bootstrap technique.

In this study, we note that while the majority of our individual
spectra have a similar spectral resolution (R ~ 600), our sample
does include a small number of low-resolution spectra (R ~ 200)
from UDSz-vimos (see Table 1). These low-resolution spectra are

2 Note: throughout this study, S/N is defined per resolution element.
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Figure 2. Red-optimised stacks: stacked optical spectra for our high redshift (1 < z < 1.4) PSB and passive galaxies, as determined from spectroscopic
criteria (left-hand and right-hand panels, respectively). For these stacks, the individual rest-frame spectra were combined following a flux normalisation over
the Balmer break region (3800 < Apest < 4170 A). Relevant sample sizes are shown in the legend, along with various spectral measurements (e.g. Wys,
Wiomy> D4ooo, 0+). Uncertainties in these spectral measurements (107) are determined from the variance between measurements performed on 1000 simulated
spectra generated via a bootstrap method. The errors in the stacked spectra (grey-shaded region) are 1o~ confidence limits (see Section 2.3). In each case, a full
spectral fit obtained from ppxr is shown for both the stellar component (red line) and the gas emission lines (cyan line).

of high S/N and include some of the brightest and most significant
PSB spectra within our sample. Consequently, in order to maximise
the effective S/N, and prevent biasing our sample against these
galaxies, we include these low-resolution spectra in our stacking
analysis. However, we note that removing these spectra from our
samples has no major impact on our Mg 11 analysis or conclusions.
Furthermore, a consistent Mg profile and PSB outflow velocity
is obtained using just these low-resolution spectra. We also obtain
consistent results if all spectra are reduced in resolution to R ~ 200.

3 RESULTS AND DISCUSSION
3.1 Stellar velocity dispersion o

To gain insight into our high-z PSB and passive galaxies,
we perform full spectral fitting on their stacked spectra (red-
optimised; Fig. 2) using the penalized pixel-fitting method (ppxF;
Cappellari & Emsellem 2004; Cappellari 2017) and the MILES
stellar templates (Vazdekis et al. 2010). These fits can be used to
determine the typical stellar velocity dispersion o of our galaxy
populations, provided a suitable estimate for any additional sources
of spectral broadening. For example, the effective instrumental re-
sponse (oipsr) and the broadening introduced by stacking (ogack)-
In this study, we assume all broadening functions are Gaussian, con-
sequently o can be recovered from the observed dispersion o
following Cappellari et al. (2009),

2 _ 2 _ .2
O—obs Tinstr O-stack' @

O =
However, to determine o, PPXF requires the stellar templates used
for spectral fitting to have a spectral resolution AA that matches
that of the stacked spectrum. The additional broadening required
for the best fit is then used to determine o. In this study, we use
the MILES stellar library, which is an empirical library of stellar
templates covering the optical regime (13525-7500 A). These tem-
plates have a well-defined spectral resolution of Adpwym = 2.51 A
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(Sanchez-Blazquez et al. 2006; Falcén-Barroso et al. 2011), which
is very different to that of our stacked spectra (Adlpwam ~ 5.8 A,
see Section 2.3). Consequently, prior to fitting, we broaden these
stellar templates to match that of the effective spectral resolution of
our stacked spectra Adeg (FWHM), where

Ader = 2355 X \Jo 2 + 02, . 3)

For each stacked spectrum, we estimate the effective ojpg us-
ing the median [0, /(1 +2)] of the input spectra, where o, _ s the
observed-frame instrument response as determined from the resolv-
ing power R of the respective spectrograph (see Section 2. 1)3. In this
study, we find oy is typically ~ 2.45+0.16 A (~ 180+£12kms™1).
The broadening related to stacking spectra, og,ck, Originates from
redshift errors Az and the error A2 introduced by shifting the indi-
vidual spectra to their rest-frame. In this study, we use an indicative
value for o, estimated using the variance in A4, obtained from
the redshift measurements of 1000 simulated spectra with the same
spectral resolution, wavelength sampling and S/N as our observa-
tions. From this we determine that oo < 0.53 A (< 40kms™1)
and is essentially negligible with respect to the instrumental and
intrinsic broadening. Finally, to determine the typical o from our
stacked spectra, we perform spectral fits with ppxF over the wave-
length range 35504550 A, and using a model consisting of the
stellar component plus the [O11] and HS emission lines. The fi-
nal o and its respective 1o~ uncertainty are determined using the
median and variance of fits performed on 1000 simulated spectra
generated via a bootstrap analysis.

3 Note: in our o analysis, we retain the small fraction of low-resolution
UDSz-vimos spectra (R ~ 200) that contribute to our final stacked spec-
tra (see Table 1). However, we note that removing these spectra from our
analysis has no significant impact on the o, measurements for our galaxy
populations, or our conclusions.
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Table 2. The typical stellar velocity dispersion o, structural parameters
(re, n) and kinematically derived dynamical masses My for our high-z PSB
and passive galaxy spectra (Spec). Results are also shown for the Spec+PCA
sub-samples (see Section 2.2).

Galaxy PSB Passive
Property Spec Spec+PCA Spec Spec+PCA
o, (kms™l) 197 £23 255 +33 140 £ 11 149 + 13
re (kpe; Kpand) 2.08 1.19 1.96 1.96

n (Kpand) 3.24 3.88 2.63 2.84
logio M4/Mg* 11.02 10.94 10.76 10.79

*Derived using Equation 4.

For our high-z PSB and passive galaxies, the resultant pPxF
fits to their stacked spectra are shown in Fig. 2. In all cases, our
stacked spectra are well-modelled by the resultant spectral fits, with
reduced chi-squared values of sze q ~ 1. These fits yield high o
values for both our galaxy populations [ ( PSB) ~ 200+23 km sl
o+(passive) ~ 140 £ 11kms™'], as expected for their high stellar
masses (median M, ~ 10107 Mg ; see Table 1 and Fig. 3).

From the Scalar Virial Theorem, it is well established that o
is related to dynamical mass Mg,

“

where G is the gravitational constant and kg is the virial coeffi-
cient. This coefficient (k4) takes into account projection effects and
the structure of the mass distribution. Under the assumption that
the mass follows a Sérsic distribution, the virial coefficient kq has
been computed by several authors (e.g. Prugniel & Simien 1997;
Bertin et al. 2002; Cappellari et al. 2006). For example, Bertin et al.
(2002) provide a simple analytical approximation,

73.32
10.465 + (n — 0.94)2

(see also Taylor et al. 2010 and Zahid & Geller 2017, for useful ex-
planations). Therefore, using the K-band structural parameters for
our galaxy populations (see Table 1), we can use our o measure-
ments to estimate their typical dynamical mass M. These estimates
confirm that both our PSB and passive galaxies are intrinsically mas-
sive in nature (Mg ~ 101! Mg see Table 2). We note that consistent
results are obtained using alternative derivations for the dynamical
mass (e.g. Cappellari et al. 2006, 2013, who find that M is approxi-
mately twice the total mass within r¢). Finally, we note that the virial
coefficient k4 assumed in this work (Bertin et al. 2002) is derived
assuming a central o measurement (aperture r < % re), while our
o measurements are likely to be averaged over a much larger aper-
ture. However, based on the aperture ¢ corrections from previous
studies (e.g. Cappellari et al. 2006), the difference between our o
measurements and the central o is expected to be < 20 per cent.
Therefore, this issue is not expected to have a significant impact on
the results of this work.

Finally, to expand on our o results, we also separate our galaxy
populations by stellar mass M, and obtain the typical o measure-
ments from the resultant stacked spectra (for the M., distribution
of our samples, see Fig. 1). We separate our sample into low mass
(logig M« /Mg < 10.7) and high mass (log;g Mx/Me > 10.7), and
compare the resultant o with the median M, in each sub-sample
(see Fig. 3 and Table 3). As expected, we find that o increases with
M, for both the PSB and passive galaxy populations. Furthermore,
we find that for high-z PSBs, there is a tentative indication that they
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Figure 3. Stellar velocity dispersion o as a function of stellar mass M, for
our high-z spectroscopically classified PSB and passive galaxies. Results
are shown for both our full sample (filled symbols), and that separated by
M., (open symbols). In the latter, we separate our sample into low mass
(logio M../Mp < 10.7) and high mass (logjg M«/Me > 10.7). The o
measurements are plotted at the median M, of the respective sample, with
1o uncertainties determined from the variance between measurements per-
formed on 1000 simulated spectra generated via a bootstrap method. Uncer-
tainties in M, (107) are the standard errors in the median for the respective
sample. As expected, o, increases with M., for both populations. For high-z
PSBs, there is a tentative indication that they present a higher o, than analo-
gous passive galaxies, particularly at the highest masses (M, > 10197 Mg).
In this figure, we compare these results to the dynamical mass My(o, re, 1)
relations, for various structural configurations (see Equation 4; dashed lines).

Table 3. The typical stellar velocity dispersion o, for our high-z spectro-
scopically classified PSB and passive galaxy spectra, in different stellar mass
M., ranges. We separate our sample into low M, (logjg M./Meo < 10.7)
and high M, (logjo M./Mg > 10.7 ). The stellar masses presented in this
table, are the median M. in each mass range. Typical structural parameters
(re, n) and dynamical mass My estimates are also presented.

Galaxy PSB Passive
Property Low M,  High M. Low M,  High M.
Nspectra 18 23 55 74
o, (kms™!) 151 +£50 251 +41 115+15 183 +23
re (kpc; K pand) 1.20 2.27 1.37 2.40
n (Kpand) 3.48 3.08 2.45 2.78
logio M. /Mg 10.47 10.89 10.50 10.96
logio Myg/Mo* 10.52 11.29 10.45 11.07

*Derived using Equation 4.

present higher o than analogous passive galaxies, particularly at
the highest masses (M, > 10107 Mg). We compare these results
to the dynamical mass My(ox, re, n) relations from Equation 4,
for various structural configurations (see Fig. 3). Although these
relations are only applicable for dynamical mass My, they suggest
that our o—M, results indicate that high-z PSBs are slightly more
compact (i.e. smaller re) than passive galaxies, at the same stellar
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mass. This is consistent with the findings of Almaini et al. (2017)
and Maltby et al. (2018) for this galaxy population, who used the
photometric PCA (i.e. supercolour) classifications and galaxy struc-
tural parameters (re, 7). Overall, we suggest that these results are
consistent with a recent compaction event for high-z PSBs, which
may have triggered the preceding starburst, potentially high-velocity
outflows (see Section 3.2) and subsequent quenching.

3.2 Measuring outflows from Mg 1 absorption

In this section, we determine the prevalence of galaxy-scale outflows
in our galaxy populations using their blue-optimised stacked spectra
(see Section 2.3 and Fig. 4). To achieve this, we analyse the structure
of the Mg 11 absorption profile, which is a sensitive tracer of the low-
ionisation interstellar medium (ISM). For our high-z PSBs, an initial
inspection of their stacked spectrum reveals significant asymmetry
in the Mg 11 profile (see Fig. 4). With respect to the central systemic
wavelength of the Mg 11 doublet (12799.5 A), there is a clear excess
of absorption towards bluer wavelengths. In contrast, for high-z
passive galaxies, no such asymmetry or excess blue absorption is
observed.

To determine the significance of this result, and detect the
presence of any outflowing component, we use the following pro-
cedure. First, we normalise for the continuum across Mg 11, using a
smoothing spline fit to the continuum flux on either side of the Mg 11
feature. We then model the Mg 11 absorption profile using either one
or two components, as follows.

(i) One component (systemic absorption): the Mg 11 absorption
is modelled using a single component, fixed at the rest-frame wave-
length for the systemic absorption (ISM + stellar). This component
consists of a doublet (112796, 2803 A), with an intensity ratio of
1.2:1, as observed for massive high-z galaxies in the high resolution
spectra of Weiner et al. (2009). In the fitting process, each line is
given an initial narrow width (o = 1A), and then convolved with
a Gaussian to model the spectral broadening, which is necessary
since the Mg doublet is essentially unresolved in our spectra.
In each case, the width of the Gaussian used for convolution is
fixed using an initial fit to only the red-side of the Mg profile
(i.e. Arest > 2803 A). This region of the absorption profile is largely
unaffected by the potential contamination from any outflowing com-
ponent, and therefore provides a suitable estimate for the intrinsic
width of the absorption line. For our high-z PSBs, this model re-
veals that ~ 25 + 5 per cent of the absorption on the blue-side of the
Mg 1 profile (Arest < 2799.5 A) is not accounted for by the systemic
component.

(ii) Two components (systemic absorption + outflow): the Mg 11
absorption is modelled using two components, one fixed at the rest-
frame wavelength for the systemic absorption (ISM + stellar), and
another with a free centroid to model the outflow. Each component
consists of a Gaussian-convolved doublet, as described above.* This
simple model yields an offset A1 of the outflowing component with
respect to the systemic-frame wavelength, which can be used to
determine its characteristic velocity offset Av from the systemic
redshift.> For our stacked spectra, Av represents an estimate of the

4 Note: with this two-component model, we find consistent results are also
obtained when using a free-width Gaussian for the convolution.

3 Note: here the systemic redshift is defined as the template-fitting Zspec
from ez. However, entirely consistent offsets Av are also obtained if a strong
stellar absorption line (e.g. Ca11 K) is used to define the systemic redshift.
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typical outflow velocity in the low-ionisation gas for our galaxy
populations. However, based on simulations, we note that Av will
likely be an over-estimate of the actual median outflow velocity vout
by ~ 350 km s7! (see Appendix A). The 1o uncertainties in these
velocity measurements are determined using the variance between
analogous fits performed on 1000 simulated spectra generated via
a bootstrap analysis.

To determine which of these models best describes the Mg 11 profile,
and therefore determine the presence of an outflowing component,
we use an F-test. Formally, the two-component model will always
provide the best fit to the data, but an F-test can be used to deter-
mine whether the additional outflowing component is statistically
required. This F-test yields a p-value for accepting the null hypoth-
esis (i.e. that an outflowing component is not required), and rejects
the two-component model if p > 0.05.

For our high-z PSB and passive galaxies, the relevant fits to
the Mgu profile are presented in Fig. 4. For high-z PSBs, the
Mg profile presents a significant excess of blue-shifted absorp-
tion (~ 25 per cent). In this case, our best-fitting two-component
model yields an outflow component with a large velocity offset
(Av ~ 1500 + 150kms™1), indicating these galaxies host high-
velocity outflows in their interstellar medium (ISM). Based on our
simulations, this Av corresponds to a typical outflow velocity of
Vout ~ 1150 = 160kms™! (see Appendix A). The significance of
this outflowing component is > 30, as determined by an F-test
(p < 0.003). In contrast, for high-z passive galaxies, we find that
no significant outflow component is required to account for their
Mg 11 profile, which is also confirmed by an F-test (p > 0.05). Fur-
thermore, the weaker Mg 1 absorption line, which is another tracer
of the low-ionisation ISM, also shows no signs of a significant
outflowing component.

For our high-z PSBs, the outflow velocities we measure depend
significantly on the correct modelling of the systemic component.
However, an alternative boxcar method can also be used to measure
outflow velocities, and this does not suffer from this dependency
(see e.g. Rubin et al. 2010; Bordoloi et al. 2014). In this method,
the mean outflow velocity (vou) is estimated from the global shift
of the observed absorption line as follows,

Wiotal

Wout

Here Wy, and Woye are the equivalent widths of the full Mg
absorption profile and its outflowing component, respectively, and
(Vtotal) is the mean absorption weighted velocity of the observed
absorption line. To determine Wqy, the difference in equivalent
width between the red and blue-side of the Mg 11 absorption profile
is used (see Rubin et al. 2010 and Bordoloi et al. 2014, for further
details). For our high-z PSBs, we use this method to confirm the
presence of high-velocity outflows, obtaining a mean outflow ve-
locity of 809 + 104 kms™! for this population. The 1o~ uncertainty
in this velocity is determined using the variance between measure-
ments performed on 1000 simulated spectra generated via a boot-
strap analysis. We note that this outflow velocity is slightly lower
than that obtained from our decomposition method, but nonetheless
confirms the presence of high-velocity outflows in our high-z PSBs.

With respect to the outflowing component, the absorption
strength (i.e. equivalent width) can also provide insight into the na-
ture of outflows in our high-z PSBs. Since Mg 11 absorbing gas is op-
tically thick at low column densities (Nygn > 103 atoms cm™2),
if present, the absorption is generally saturated in both the stellar
and ISM components (see e.g. Weiner et al. 2009). This is apparent
in our high-z passive galaxies, where the Mg 11 doublet is just re-

(vour) = (Viotal)- (6)
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Figure 4. Blue-optimised stacks: stacked optical spectra for our high redshift (1 < z < 1.4) PSB and passive galaxies, as determined from spectroscopic
criteria (left-hand and right-hand panels, respectively). For these stacks, the individual rest-frame spectra were combined following a flux normalisation over
the Mg 11 continuum (2700 < Aeq < 2900 A). Relevant sample sizes are shown in the legend, along with various spectral measurements (e.g. W, Wiom
Duoop). Uncertainties in these spectral measurements (107) are determined from the variance between measurements performed on 1000 simulated spectra
generated via a bootstrap method. The errors in the stacked spectra (grey-shaded region) are 1o~ confidence limits (see Section 2.3). For each spectrum, the
sub-panel shows the best fit to the Mg 11 absorption profile, using a model comprising two Gaussian-convolved doublets: one fixed at the systemic redshift
(red line), and another with a free centroid to model the outflow (green line). The outflow component is only included in the model if required (as determined
by an F-test). The rest-frame wavelengths of the Mg 11 doublet are also shown for reference (red-dashed lines). We find evidence for high-velocity outflows
(Av ~ 1500 + 150 km s~ 1) in our high-z PSBs, potentially representing the residual signature of a feedback process which quenched these galaxies. In contrast,
we find no significant evidence for outflows in our high-z passive galaxies (the population our high-z PSBs will most likely evolve into).

solved in their stacked profile (see Fig. 4). For non-saturated Mg 1t
absorption the line ratio is 2:1, but in this case it is close to 1:1,
indicating near saturated absorption. For our high-z PSBs, we note
that despite the expected saturation in both the systemic and out-
flowing components, the Mg 11 profile is dominated by the systemic
absorption (see Fig. 4). In a stacked spectrum, this could be due to
a combination of i) high-velocity outflows being present in only a
fraction D of the sample; and ii) the typical covering fraction (C¢)
of the outflowing wind, which is the fraction of the stellar distri-
bution it obscures along the line-of-sight (e.g. due to a collimated
and/or clumpy outflow). Consequently, for the outflowing compo-
nent, the Mg 11 absorption depth can be defined as Ag = D(Cy) and
is Aq ~ 0.2 for our high-z PSBs (see Fig. 4). In comparison to the
stacked spectra of previous works, we find this absorption depth
to be significantly lower than that of massive star-forming/starburst
galaxies at z ~ 1.4 (where Ag ~ 0.55; Weiner et al. 2009). This dif-
ference could be explained by a lower covering fraction (Cy), but we
suggest the more likely explanation is due to a lower detection frac-
tion D in our PSBs, potentially due to the high-velocity outflows
only persisting for the early PSB phase (see Section 3.3). Based
on the typical covering fraction of local starbursts (Cy = 0.4-0.5;
Rupke et al. 2005), we estimate that D ~ 0.5 for our high-z PSB
outflows.

With respect to the systemic component, since stellar Mg 11
absorption is known to increase in strength for older stellar pop-
ulations (see e.g. Martin & Bouché 2009), for our PSB and pas-
sive spectra the dominant contribution to the systemic Mg 11 is ex-
pected to be stellar in origin. In this work, we have modelled the
systemic absorption (ISM + stellar) as a single component com-
prising a Gaussian-convolved doublet. An alternative approach is
to use synthetic (i.e. theoretical) stellar libraries (e.g. UVBLUE,
Rodriguez-Merino et al. 2005; Coelho 2014), to estimate and re-

move the stellar Mg 11 component using full spectral fitting. How-
ever, we note that while these theoretical stellar libraries cover the
UV region (1 ~ 2800 A) they are not as robust as the empirical li-
braries available in the optical regime (e.g. MILES; Vazdekis et al.
2010). For example, it is known that i) various regions of the UV
spectrum are poorly reproduced; and ii) the prominent metallic lines
in F/G stars (including Mg 11), are always stronger in the synthetic
spectra than in observed stars (see Rodriguez-Merino et al. 2005,
for further details). This is also true to a lesser extent for A-stars (see
fig. 10 from Rodriguez-Merino et al. 2005). Due to these uncertain-
ties, and since A/F stars will be a significant component in our PSB
spectra, we have chosen not to adopt this approach for our primary
analysis of the Mg 11 profile. However, we have explored this issue
in detail (see Appendix B), and confirm that consistent outflow ve-
locities are obtained using this alternative approach. Although, for
our high-z PSBs, we also note that while the significance of the
outflowing component remains > 3o, the strength (i.e. absorption
depth Aq) is reduced. This is consistent with either a smaller cover-
ing fraction C¢ or lower detection fraction D for these winds than
indicated by our two-component Gaussian model (see Appendix B).

3.3 The origin of high-velocity outflows in PSBs

To expand on our results, we use the D4gog index, which is a proxy
for both the mean age and metallicity of a galaxy’s stellar population
(Bruzual 1983). This index measures the strength of the 4000 A
break, and is consequently small for young stellar populations, and
larger for both older, and more metal-rich galaxies. In this study,

_ (F, (14000-4100 A))
~ (F, (13850-3950 A))’

Dyo00 (7
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following the revised definition outlined by Balogh et al. (1999).
From the individual spectra, the median value of Dy is ~ 1.24 for
our PSBs, and ~ 1.34 for our passive galaxies (see Table 1). Using
the Dy index to divide our spectral samples, we find a tentative
hint that high-velocity outflows are more significant (as determined
by an F-test; see Section 3.2) in the stacked spectra of younger PSB
galaxies (i.e. D4gop < 1.24). This potential relationship between
high-velocity outflows and star-formation history (SFH) will be
explored in more detail in future work. For our passive galaxies,
where no outflows are detected, we find that the addition of a D4
condition to their selection criteria, e.g. to select either younger
(Dy4ppo < 1.4),orolder, more secure passive galaxies (D4go0 > 1.4),
has no significant effect on the nature of their stacked Mg 11 profile
or the lack of an outflowing component. If confirmed, these results
might suggest that for our PSBs, the high-velocity outflows were
launched during, or shortly after, the preceding starburst, and may
have ceased by the time the galaxy becomes truly passive. This
would suggest an inherent relationship between the high-velocity
wind and the quenching of star formation.

In comparison to previous works, we find that for high-z
PSBs the high-velocity outflows we detect (vour ~ 1150 km s_l)
are much faster than those observed in typical star-forming galax-
ies at this epoch (e.g. Taliaetal. 2012; Bradshaw et al. 2013;
Bordoloi et al. 2014). Such high-velocity outflows are only con-
sistent with those of either star-forming AGN (e.g. Hainline et al.
2011; Harrison et al. 2012; Talia et al. 2017) or the massive (M, >
10103 M) starburst/post-starburst galaxies observed at z ~ 0.6
(e.g. Tremonti et al. 2007; Geach et al. 2014; Sell et al. 2014). For
our massive high-z PSBs (median M. ~ 10197 Mg; see Ta-
ble 1), this would be consistent with the high-velocity winds being
launched during the preceding starburst, rather than during a phase
of more general star-forming activity. In particular, it is interesting
that these high-z outflows are consistent with those of the luminous,
massive, young, but also much rarer PSBs at lower redshift (z ~ 0.6;
Tremonti et al. 2007). This is suggestive of a common quenching
mechanism for massive PSBs that is simply more frequent at z > 1.
This is consistent with a scenario in which rapid quenching, which
is required to trigger the PSB phase, becomes more prevalent at
z > 1 (see e.g. Barro et al. 2013; Carnall et al. 2018; Belli et al.
2018).

To establish the potential role of these high-velocity outflows in
quenching star formation, it is useful to consider the escape velocity
ve of the host galaxy

Ve = [% (®)
r

For our high-z PSBs, we use their dynamical mass M, estimates
(see Section 3.1), and find that ve is typically ~ 950 kms™! (deter-
mined at a galactocentric radius » = 1kpc). Since the high-velocity
outflows detected in our high-z PSBs (vour ~ 1150 km s~ will
likely correspond to scales (i.e. radii) greater than 1kpc, we find
that vout > ve for these galaxies. This suggests the outflowing gas
will ultimately escape from the galaxy’s gravitational well, or sweep
into the surrounding circum-galactic medium (CGM) creating an
expanding shell (or bubble) that prevents future gas accretion (see
e.g. Lochhaas et al. 2018). For our high-z PSBs, estimates of the
time elapsed since starburst Aty are typically up to ~ 1Gyr
(Wild et al. in preparation). Consequently, if the outflowing winds
were launched during the starburst event, they should have reached
scales of several hundred kpc by the time of our observations. On
these scales, one might expect the outflowing wind to have encoun-
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tered significant gas in the CGM and slowed down. We make two
main comments on this issue below.

(i) For our high-z PSBs, the stacked Mg profile has an out-
flowing component with an absorption depth A4 that could indicate
the high-velocity outflows are only present in ~ 50 per cent of our
sample (see Fig. 4 and Section 3.2). If this outflow signal is driven
by the youngest PSBs (as tentively indicated by our Dyggp analy-
sis above), then the detected outflows might not have necessarily
reached the scales implied by the typical Aty of the full sample.

(ii) Recent observations have indicated that both local and
intermediate-redshift (z ~ 0.7) PSBs retain a significant molec-
ular gas reservoir following the quenching of star formation
(French et al. 2015; Rowlands et al. 2015; Suess et al. 2017). Con-
sequently, if an AGN was triggered during the starburst event, it
could linger into the post-starburst phase and continue to drive the
high-velocity outflows from the residual ISM, even after the quench-
ing of star formation. It is also possible that the high-velocity wind
is maintained during the post-starburst phase by flickering AGN
activity, or residual AGN activity that is optically obscured (so not
detectable from line emission in our spectra).

With respect to the quenching mechanism, using the K-band
structural parameters available within the UDS field (Almaini et al.
2017), we find that the high-z PSBs in our spectroscopic sample
are typically compact and spheroidally-dominated (effective radius
re ~ 2.1 kpc and Sérsic index n ~ 3.25; see Table 1), with structures
similar to that of our high-z passive galaxies. This result is consistent
with previous studies that use only photometrically selected PSB
samples (e.g. Whitaker et al. 2012; Yano et al. 2016; Almaini et al.
2017; Maltby et al. 2018). We note that the K-band structural pa-
rameters in the UDS are from ground-based imaging, but consistent
results are also obtained using the limited fraction (~ 20 per cent)
of our spectroscopic sample that has structural parameters avail-
able from the Hubble Space Telescope (HST) H-band imaging of
the CANDELS survey (Grogin et al. 2011; Koekemoer et al. 2011;
van der Wel et al. 2012). Using the K-band structural parameters,
we also find a tentative hint that high-velocity outflows are more sig-
nificant (as determined by an F-test; see Section 3.2) in the stacked
spectra of the most compact PSB galaxies (re < 2kpc). Larger
samples are needed to confirm these findings. Taken together, these
results suggest a scenario involving a recent compaction event for
high-z PSBs, which may have triggered the preceding starburst,
high-velocity outflows and subsequent quenching. Such an event
could be, for example, a gas-rich major merger (e.g. Hopkins et al.
2009; Wellons et al. 2015) or a dissipative ‘protogalactic disc col-
lapse’ (e.g. Dekel et al. 2009; Zolotov et al. 2015).

To build on this discussion, we also consider a sub-sample
of spectroscopic PSBs (Spec+PCA) where photometric PCA class
(i.e. supercolour) has been used to identify systems that are likely to
have experienced a more significant starburst (see Section 2.2). With
respect to their structural parameters, interestingly, we find that these
Spec+PCA PSBs are significantly more compact (re ~ 1.2 kpc) than
those defined from spectroscopy alone, and consistent with previous
studies that use only photometric PCA (supercolour) classifications
(Almaini et al. 2017; Maltby et al. 2018). This suggests that the ad-
dition of photometric-selection criteria isolates PSBs that have un-
dergone a more significant gas-rich dissipative event, which would
also result in a more significant starburst, prior to quenching. Inter-
estingly, we also find a tentative hint that high-velocity outflows are
more significant in these Spec+PCA PSBs. If confirmed, this would
suggest an intrinsic link between the compaction event, subsequent
starburst and the launch of high-velocity outflows.
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Overall, our results suggest that for massive high-z PSBs, high-
velocity winds were launched during the preceding starburst, and
potentially represent the residual signature of a feedback process that
quenched their star formation. These winds could either be caused
by the starburst itself, or an AGN that was triggered during the
compaction event. Within the optical regime probed by our spectra,
several AGN signatures are covered (e.g. [Ne v] 443427,3581 A;
[Nemrr] 43869 A). However, we do not find any evidence for such
features in our stacked PSB spectra (see Figs. 2 and 4), or on an
individual basis. Although, we note that due to the [O11] condi-
tion used in our PSB criteria (Wom; > =5 A; see Section 2.2),
we would likely remove any PSBs with AGN that cause significant
optical line emission (Yan et al. 2006). Taken together, this suggests
that for our high-z PSBs either i) these galaxies were quenched via
stellar feedback from the starburst itself; or ii) if AGN feedback
is responsible, the AGN episode that triggered quenching does not
linger into the post-starburst phase, as required by some models
(e.g. Hopkins 2012). We note, however, that using X-ray data the
presence of hidden AGN has been detected in galaxies where no
optical AGN signatures are apparent (e.g. Cimatti et al. 2013). Con-
sequently, this issue will be explored in more detail in a forthcoming
paper, using the X-ray data available in the UDS field (Almaini et
al., in preparation).

4 CONCLUSIONS

In this study, we have examined the prevalence of galaxy-scale out-
flows in post-starburst galaxies at high redshift (1 < z < 1.4), using
the deep optical spectra available in the UDS field. Using a stack-
ing analysis, we find that for massive (M, > 10'9Mg) PSBs at
z > 1, there is clear evidence for a strong blue-shifted component
to the Mg 11 absorption feature, indicative of high-velocity outflows
(Vout ~ 1150km s~ 1) in their interstellar medium. These outflowing
winds are likely to have been launched during the preceding star-
burst, and therefore may represent the residual signature of a feed-
back event which quenched their star-formation. Using full spectral
fitting, we also obtain a typical stellar velocity dispersion o for
these PSBs of ~ 200 km s~!, which confirms they are intrinsically
massive in nature (dynamical mass My ~ 10" Mg). Given that
these high-z PSBs are also exceptionally compact (re ~ 1-2kpc)
and spheroidal (Sérsic index n ~ 3), we propose that the outflowing
winds may have been launched during a recent compaction event
(e.g. major merger or disc collapse) that triggered either a cen-
tralised starburst or AGN activity. Furthermore, we find no optical
signatures of AGN activity in these galaxies, suggesting they were
either rapidly quenched by stellar feedback from the starburst it-
self, or that if AGN feedback is responsible, the AGN episode that
triggered quenching does not linger into the post-starburst phase.
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APPENDIX A: OUTFLOW VELOCITY MEASUREMENTS

In this Appendix, we provide a simple calibration of the velocity
offsets Av returned by our two-component Mg 11 absorption model
(i.e. systemic absorption + outflow; see Section 3.2), so we can
estimate the typical (i.e. median) outflow velocity Voy for our galaxy
populations. To achieve this, we run our fitting procedure on a large
number of simulated Mg profile stacks, generated with a wide
range of typical outflow velocities Voye. To generate our simulated
Mg 11 profiles, we use the following procedure.

(i) We generate 2000 Mg 11 profiles, each of which is modelled
as a Gaussian-convolved doublet, with a fixed intensity ratio of
1.2:1, as observed for massive high-z galaxies (Weiner et al. 2009).
Each line has an intrinsic width matched to that of our observations
(Oohs = 8 A). Random noise is then added to these profiles at the
required level [S/N(Arest ~ 2800 A) ~ 5; see Section 2.3].

(ii) We make an assumption on the contribution from both the
systemic absorption and the outflowing component to the overall
stacked Mg 11 profile. In this study, all our stacked spectra have an
Mg 11 absorption profile that exhibits a dominant systemic compo-
nent (see Fig. 4), This is the case, even if an outflowing component is
detected (e.g. high-z PSBs). There are several potential explanations
for this observation, e.g. outflows that are not in the line-of-sight
and/or stellar Mg 11 absorption (see Section 3.2, for further details).
Consequently, we require a large fraction of our simulated Mg 11 pro-
files to be centred at the systemic absorption (i.e. non-outflowing)
in order to match our observations. We assume that in any stacked
Mg 11 profile, ~ 50 per cent of the input spectra will have an out-
flowing Mg 11. For these cases, the relevant A1 is determined from
an outflow velocity vout, which is randomly sampled from a uniform
distribution (range 0—vmax)-

(iii) We then create a median stack of all 2000 Mg profiles
(i.e. both those with systemic and outflowing Mg 11). This simulated
stacked Mg 11 profile will have an outflowing component with a
typical outflow velocity Vout, which is the median(voy) of the input
profiles with outflowing Mg 11.

(iv) We repeat the above procedure for various values of vmax
(0-4000 km s, in order to generate simulated Mg 11 profiles with
a wide range of typical outflow velocities (Vour)-

For each simulated Mg profile, we use our two-component
model (see Section 3.2) in order to estimate the velocity offset Av of
the outflowing component. In Fig. A1, we present a comparison of
the median velocity of our simulated Mg 11 profiles Vo with the ve-
locity offset Av returned by our two-component model. This reveals
that our two-component model yields outflowing components with
a velocity offset Av that systematically over-estimates the typical
(i.e. median) outflow velocity Voyt by ~ 350 km s~1. For our high-z
PSBs, our two-component model yields an outflowing component
with a velocity offset Av ~ 1500 + 150kms~! (see Section 3.2).
Therefore, these simulations indicate that, in this case, the true out-
flow velocity is actually typically Vour ~ 1150 + 160kms~!. The
uncertainty in this Voy estimate has been determined by combining
the errors in Av and those of these simulations, in quadrature.

APPENDIX B: STELLAR MG II ABSORPTION

For PSB and passive galaxies, the dominant contribution to their
systemic Mg 11 absorption is expected to be stellar in origin. In this
work, we have modelled the systemic absorption (ISM + stellar)
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Figure Al. The calibration of our measured outflow velocities. A compar-
ison of the typical (i.e. median) outflow velocity of our simulated Mg
profiles vy, with the velocity offset Av returned by our two-component
model. The data have been binned by the median outflow velocity Vo, and
the error-bars represent the 1o scatter in each bin. The dashed line shows
the 1:1 relation. We find that for our two-component model, the outflowing
component has a velocity offset Av which systematically over-estimates the
median outflow velocity Vou by ~ 350kms~!. For our high-z PSBs, our
two-component model yields an outflowing component with a velocity oft-
set Av ~ 1500 + 150 km s~ (red line). Therefore, these simulations suggest
that the true outflow velocity is actually vou ~ 1150 + 160 km s7L

as a single component comprising a Gaussian-convolved doublet
(see Section 3.2). An alternative approach is to use synthetic stellar
libraries, to estimate and remove the stellar Mg 11 component using
full spectral fitting. In this Appendix, we explore this alternative
approach and its impact on our results.

To obtain spectral fits covering the Mg 11 region (4 ~ 2800 A),
it is necessary to use synthetic (i.e. theoretical) stellar libraries. We
note that these libraries are not as robust as the empirical libraries
available in the optical regime (e.g. MILES; Vazdekis et al. 2010),
but are nonetheless useful to estimate the UV stellar continuum.
One well-established library is UVBLUE (Rodriguez-Merino et al.
2005), a high-resolution (R = 50 000) theoretical stellar library of
1770 stars, which covers all spectral types and spans a wide range in
temperature, metallicity and surface gravity. For our stacked spectra
(blue-optimised; Fig. 4), we use the UVBLUE library to perform full
spectral fitting via ppxr (Cappellari & Emsellem 2004; Cappellari
2017). These fits are performed over a wide wavelength range
(2550-4350 A) and assume solar metallicity, as expected for the stel-
lar metallicity of massive galaxies at z > 1 (e.g. Sommariva et al.
2012). In the fitting, we also include an additive polynomial correc-
tion to amend the continuum shape for e.g. dust effects, mismatches
between the model and data, and spectrophotometric inaccruacies.
This is necessary in order to obtain an adequate fit to the continuum
on either side of the Mg 11 feature. For the fits presented below, this
correction is a Legendre polynomial P,(x) of degree n = 20. We
note, however, that consistent conclusions are also obtained using a
correction with degree n = 1 (i.e. a linear correction).

For our high-z PSBs, we use a full spectral fit to normalise the
stacked spectrum with respect to the stellar component, and hence
determine the Mg profile of the ISM absorption (see Fig. B1).
Depending on the nature of the spectral fit used, we then model
the ISM component with one or two components, as required (see
details below). In the following, we compare two resultant models
for the Mg 11 profile with that of our original two-component model
(see Section 3.2). We define the three different models as follows:

(i) Model A: the two-component model (systemic absorption +
outflow) presented in Section 3.2 (see Fig. 4). This consists of
two Gaussian-convolved doublets: one fixed at the rest-frame wave-
length for the systemic absorption (stellar + ISM), and another with
a free centroid to model the outflow.

(i) Model B: atwo-component model (stellar + outflowing ISM),
with a full spectral fit used to determine the stellar component. To
avoid the influence of the outflowing ISM absorption on the fit, the
blue-side of the Mg 11 profile is masked (1 < 2800 A). The red-side
of the Mgt profile (1 > 2800 A) is unmasked, which essentially
forces the fit to account for all the systemic absorption with the
stellar component. In this case, only a single outflowing component
(i.e. Gaussian-convolved doublet) is required to account for the ISM
absorption.

(ili) Model C: a three-component model (stellar + systemic ISM
+ outflowing ISM). In this case, a full spectral fit is used to determine
the stellar component, but in the fitting the entire Mg profile
is masked (2760 < 4 < 2830 A). Since our PSBs are expected
to retain a significant residual ISM component (see Section 3.3),
we do expect some ISM contribution to the systemic absorption.
Therefore, masking the entire Mg 11 profile avoids forcing the fit to
account for all the systemic absorption with the stellar component.
In this case, we require two components to account for the ISM
absorption (systemic + outflowing), each of which consists of a
Gaussian-convolved doublet.

In Fig. B1, we present and compare the results of each model
for the stacked Mg profile of our high-z PSB galaxies. In the
full spectral fits to the stellar component (Models B and C), we
note that the stellar continuum has revealed a potential weak fea-
ture blue-ward of Mg, that could potentially account for some
of the asymmetric nature. We have thoroughly explored this is-
sue in the UVBLUE stellar models and found that this feature is
only important in the atmospheres of F-stars, potentially due to a
weak molecular absorption line that becomes significant at those
effective temperatures (5000 < T < 7500 K). Similar results are
also found using an alternative synthetic stellar library provided by
Coelho (2014). Nonetheless, despite this issue, we find that for both
models explored (Models B and C) the Mg 11 profile still presents
a significant excess of blue-shifted absorption with respect to the
stellar component. Furthermore, in comparison to our original two-
component model (Model A), we find that i) although weakened,
the significance of an outflowing ISM component remains > 30 (as
determined by an F-test); and ii) consistent velocity offsets for the
outflow are obtained (Av ~ 1500 kms ™).

With respect to our stellar continuum fits, we note that the
synthetic stellar libraries used are based on theoretical models
that are known to suffer from various issues. For example, it is
known that i) various regions of the UV spectrum are poorly re-
produced; and ii) the prominent metallic lines in F/G stars (in-
cluding Mg 1), are always stronger in the synthetic spectra than in
observed stars (see Rodriguez-Merino et al. 2005, for further de-
tails). This is also true to a lesser extent for A-stars (see fig. 10 from
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Figure B1. A comparison of various models for the stacked Mg absorption profile of our high-z PSBs (see Fig. 4). Left-hand panels: the two-component
model (systemic absorption + outflow) presented in Section 3.2, which consists of two Gaussian-convolved doublets (Model A). Centre panels: an alternative
two-component model (stellar + outflow), where the blue-side of the Mg 11 profile was masked in the fit to the stellar continuum (Model B). Right-hand panels:
a three component model (stellar + systemic ISM + outflow), where the full Mg 11 profile was masked in the fit to the stellar continuum (Model C). In each case,
we show the decomposition of the stacked Mg 11 profile (top panels), and the residual outflowing ISM profile, i.e. after the removal of the systemic component
(bottom panels). We note that in the fits to the stellar continuum, a weak unknown absorption feature is revealed blue-ward of Mg 11, potentially accounting for
some of the profile’s asymmetric nature. Nonetheless, the presence of an outflowing component is still required in all models (significance > 30). Furthermore,
consistent velocity offsets are also obtained with each model (Av ~ 1500 kms~"). The 1o~ uncertainties in the velocity measurements are determined using the
variance between analogous fits performed on 1000 simulated spectra generated via a bootstrap analysis.

Rodriguez-Merino et al. 2005). We also note that in our models,
the strength of the stellar Mg 1 absorption differs depending on the
nature of the Mg 11 mask used in the fit. This implies that the Mgt
feature is essentially unconstrained in our fits from other features
in the blue-optical spectrum (2550-4350 A). Due to these issues, it
is likely that the unknown weak feature on the blue-side of Mg 1 is
also unconstrained and therefore uncertain in nature. These issues
require further exploration in order to ascertain the true importance
of this feature in the stellar models. Nonetheless, even in the case
where the entire systemic absorption is accounted for by the stel-
lar component (Model B), an outflowing ISM component is still
required to account for the stacked Mg 11 profile. Therefore, we con-
clude that our detection of high-velocity outflows in high-z PSBs is
robust to the nature of the stellar Mg 11 component.
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