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A B S T R A C T 

We derive the evolution of the ultraviolet upturn colour from a sample of field luminous red galaxies at 0.3 < z < 0.7 with −24 

< M r < −21.5. No individual objects are securely detected, so we stack several hundred galaxies within absolute magnitude and 

redshift intervals. We find that the colour of the ultraviolet upturn (in observed NUV − i which is approximately equi v alent to 

the classical FUV − V at the redshifts of our targets) does not change strongly with redshift to z = 0.7. This behaviour is similar 
to that observed in cluster ellipticals o v er this same mass range and at similar redshifts, and we speculate that the processes 
involved in the origin of the UV upturn are the same. The observations are most consistent with spectral synthesis models 
containing a fraction of a helium rich stellar population with abundances between 37 per cent and 42 per cent, although we 
cannot formally exclude a contribution due to residual star formation at the ∼ 0 . 5 per cent level (however, this appears unlikely 

for cluster galaxies that are believed to be more quenched). This suggests that the ultraviolet upturn is a primordial characteristic 
of early-type galaxies at all redshifts and that an unexpected nucleosynthesis channel may lead to nearly complete chemical 
evolution at early times. 

Key words: stars: horizontal branch – galaxies: evolution – galaxies: formation. 
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 I N T RO D U C T I O N  

he ultraviolet (UV) upturn is the observ ed e xcess flux at λ < 3000
in the spectral energy distributions of early-type galaxies (ETGs)

bo v e the predictions of conventional stellar population synthesis
odels. These models predict that such galaxies should instead be

ery dark at these wavelengths, given their high metallicities and
ld ages (e.g. see re vie ws by O’Connell 1999 ; Yi 2008 ). Typical
olours in FUV − V for these ETGs (where FUV is a ∼600 Å wide
and centred at 1500 Å) are 1.5–2 mag bluer than those expected
rom a stellar population formed at z = 4, with solar metallicity and
tar-formation e-folding time ( τ ) of 0.3 Gyr. This model accurately
eproduces the observed colours longwards of ∼3000 Å(ef fecti vely
ll optical-IR colours) of ETGs to within a few per cent, even at
oung ages (e.g. Bruzual & Charlot 2003 ; Conroy, Gunn & White
009 ; Conroy & Gunn 2010 ). The UV upturn therefore points to
ome incompleteness in our understanding of the stellar populations
f ETGs. 
There is now a broad consensus that the sources of the UV excess

ight in spheroidal systems are blue horizontal branch (HB) stars
e.g. Greggio & Renzini 1990 ; Dorman, Rood & O’Connell 1993 ;
orman, O’Connell & Rood 1995 ; Brown 2004 ). These objects

re directly observed in the bulge of M32 (Brown et al. 2000b )
nd provide (although unresolved) most of the UV flux in M31’s
ulge (Rosenfield et al. 2012 ). The FUV spectra of a few nearby
llipticals taken by the Hopkins Ultraviolet Telescope flown on
 E-mail: rodepr@utu.fi
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he Space Shuttle are consistent with a 25 000 K blackbody (the
nderlying old stellar population produces negligible flux in this
egime), as produced by an extended HB (Brown et al. 1997 ).
imilarly, the UV spectral energy distributions for ETGs in Coma
nd Abell 1689 derived by Ali et al. ( 2018a , b ) are also a best fit by
ingle blackbodies of relatively high temperatures, with the flux and
f fecti ve temperature depending on galaxy mass. The UV spectral
roperties of these galaxies are also broadly inconsistent with those
xpected from alternate sources such as young stars (Vazdekis et al.
016 ; Salvador-Rusi ̃ nol et al. 2020 ) or intermediate mass white
warfs (Ferguson & Davidsen 1993 ; Werle et al. 2020 ). 
Ho we ver, blue HB stars are not normally produced in old, metal-

ich stellar populations (e.g. Catelan 2009 ). For such stars to evolve to
he blue HB requires either an increased stellar mass loss (revealing
he hotter inner layers of the stellar envelopes) during the first ascent
f the red giant branch or an He-enriched chemical composition. An
ncrease in mass loss for metal rich stellar populations as proposed
y Yi, Demarque & Kim ( 1997 ) is not observed in our Galaxy across
ore than 3 dex in metallicity (Miglio et al. 2012 ; McDonald &
ijlstra 2015 ; Williams et al. 2018 ). Han, Podsiadlowski & Lynas-
ray ( 2007 ) and Hern ́andez-P ́erez & Bruzual ( 2014 ) instead propose

hat mass loss occurs within close binaries, as the stellar envelopes are
tripped by angular momentum transfer as one of the stars expands
eyond its Roche lobe. As already pointed out by Smith, Lucey &
arter ( 2012 ), this cannot easily account for the observed trend where
ore massive and more metal rich galaxies have bluer UV upturns

Burstein et al. 1988 ; Ali et al. 2018a ). Neither can this model explain
he strong radial gradients within galaxies in the UV upturn colour
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Figure 1. The magnitude and redshift distribution of the LRG sample used 
in this paper. 
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nd their dependence on Mg 2 strength (Carter et al. 2011 ; Jeong et al.
012 ). Petty et al. ( 2013 ) show that the observed colour gradients are
onsistent with an increase in the fraction of blue HB stars towards
he centres of galaxies by around 25 per cent. This would imply
hat binaries would have to be both more frequent and tighter (to
xplain the bluer colours) as a function of radius (and Mg 2 strength),
 process that appears to require considerable fine-tuning. 

Tantalo et al. ( 1996 ) and Chung, Yoon & Lee ( 2011 , 2017 ) argue
or the presence of a minority population of He rich stars that can
volve to the blue HB even at high metallicities. This occurs because
he lifetimes of He rich stars are shorter, allowing for lower mass
tars to evolve at the same time (with a correspondingly thinner 
tellar atmosphere o v er the nearly constant mass core). Unlike 
ther proposed sources of the UV upturn, these stars have clear 
ounterparts in our Galaxy, namely the multiple populations of 
lobular clusters producing anomalously blue HBs (Gratton, Carretta 
 Bragaglia 2012 ; Bastian & Lardo 2018 ). The radial gradients

bserved by Carter et al. ( 2011 ), Jeong et al. ( 2012 ), and Petty et al.
 2013 ) could then be produced by a radial gradient in He abundance,
specially if this is produced by earlier stellar populations (as is
bserved in galactic globular clusters). Indeed, the UV upturn and 
he multiple populations in globular clusters could be manifestations 
f the same phenomenon albeit in different environments, or the He 
ich stars may be produced within metal-rich globular clusters as 
ell (Goudfrooij 2018 ; Chung et al. 2020 ) 
Each of these explanations imply different predictions as to the 

volution and environmental dependence of the UV upturn, and 
hese can be used to discriminate between them. Ali et al. ( 2019 ) and
hillipps et al. ( 2020 ) carried out the first comparison of UV upturn
roperties across a wide range of environments at low redshifts, 
anging from clusters to groups and the more isolated field, and 
hey found no evidence of any strong environmental dependence. 
his suggests that the UV upturn is an intrinsic property of ETGs
riginating at early times and argues against a component from 

esidual star formation as the UV upturn is independent of local 
alaxy density, which otherwise affects star formation properties 
lsewhere, including residual star formation in ETGs – Crossett et al. 
014 . 
Most studies of the evolution of the UV upturn were originally 

imited to bright cluster galaxies, out to relatively moderate redshifts 
Brown et al. 1998 , 2000a , 2003 ; Ree et al. 2007 ; Donahue et al.
010 ; Boissier et al. 2018 ), although Atlee, Assef & Kochanek ( 2009 )
tudied the evolution of field ETGs out to z = 0.6 by stacking objects.
hese found evidence for only moderate to no evolution out to z 
 0.6, which does not provide strong evidence for either model 

iscussed abo v e. Le Cras et al. ( 2016 ) used spectroscopic indices on
tacked spectra of bright LRGs from the BOSS surv e y and found that
he strength of the UV upturn declines at z > 0.6, nearly disappearing
t z = 1, while Ali et al. ( 2018b , c ) observed that the UV upturn
oes not evolve in clusters to z = 0.55 but then its colour becomes
ignificantly redder at z = 0.7. Ali et al. ( 2021 ) show that the NUV −
 colour of cluster ETGs is also consistent with the presence of an UV
pturn to z = 0.6 but this component largely disappears at z = 0.95.
his is an evidence of evolution in the UV upturn (although Lonoce
t al. 2020 claim a detection of the UV upturn in a z = 1.4 galaxy,
lbeit from a single spectral line at the 2 σ level) with redshift. Only
odels with a He-rich subpopulation are able to reproduce the whole 

volutionary trend in the colour of the UV upturn. From this, Ali et al.
 2018a , b , c ) and Ali et al. ( 2021 ) estimate that ETGs would have to
ontain a population (about ∼ 10 per cent by mass) of stars with Y
 0.42 formed at z > 3, to explain the behaviour and strength of the
V upturn as a function of redshift. This level of He enrichment is
imilar to that observed in the more extreme multiple populations in
lobular clusters in our Galaxy. 
Here, we extend this analysis to field ETGs at 0.3 < z < 0.7

o compare evolutionary trends across different environments and 
urther refine the modelling of the UV upturn population. In the
ext section, we describe the data and our analysis. The results
re presented and discussed in Section 3 . We adopt the latest
osmological parameters from Planck Collaboration ( 2020 ). All 
agnitudes quoted are in the AB system. 

 DATA  A N D  P H OTO M E T RY  

ur data set consists of luminous red galaxies (LRGs) with i <
9.8, colour selected from the SDSS DR1 (Abazajian et al. 2003 )
ccording to the prescriptions of Eisenstein et al. ( 2001 ) and for
hich new spectroscopy was obtained within the 2SLAQ surv e y

Cannon et al. 2006 ) using the 2 degree field spectrograph (Lewis
t al. 2002 ) on the 3.9m Anglo-Australian Telescope . The targeted
alaxies span the redshift range 0.3 < z < 0.8 and the sample is
pproximately 90 per cent complete. Within this sample of 15 000
alaxies, we have selected for our analysis only those objects where
he best-fitting spectroscopic template is the SDSS LRG template of 
isenstein et al. ( 2003 ), which are most likely to be fully quiescent
TGs showing (if they resemble their counterparts in clusters at these

edshift) the UV upturn. Inspection of the SDSS images confirms the
ature of these objects as typically E/S0 galaxies. One caveat is that
hese field LRGs are likely to dwell within environments significantly
ess rich than clusters and more typical of the general field, such as
mall and poor groups (Tal et al. 2012 , 2013 ). 

We have then selected those galaxies having observations in the 
ALEX archive (Martin et al. 2005 ; Morrissey et al. 2005 ; Morrissey

t al. 2007 ); we restricted our search to objects with exposure times in
he NUV band (corresponding approximately to the rest-frame FUV 

t the redshifts of our sample) > 1000 s and within 39.6 arcmin of the
entre of each of the GALEX circular tiles, to a v oid the noisier region
round the rim of each field. This leaves a total of 6094 galaxies in
ur sample. In Fig. 1 , we plot the absolute M r magnitude (calculated
sing the conventional cosmological parameters and with k + e 
orrections from a Conroy et al. 2009 ; Conroy & Gunn 2010 model
ith formation redshift of 4, solar metallicity and star-formation e- 

olding time of 0.3 Gyr, that provides a good match to the observed
olours of LRGs) versus redshift. The rest-frame r band is a good
atch to the observed i band for these objects (in which they were
MNRAS 512, 1400–1406 (2022) 
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1 As in previous work, we adopt the models by Conroy et al. ( 2009 ) as these 
make no attempt to semi-empirically fit the UV upturns as do Bruzual & 

Charlot ( 2003 ). 
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elected by the 2SLAQ surv e y). The FUV data are less abundant and
robe a much bluer wavelength regime than is conventionally used
o study the UV upturn and hence not used here. 

We isolated a 150 × 150 arcsec 2 postage stamp in the GALEX
mage around the optical position of each galaxy. Where more than
ne observation was available we averaged all images to produce
 single image for each galaxy. As e xpected, giv en the sensitivity
f GALEX , only a few objects are individually weakly detected in
UV , even in total exposures of several hundred ks. Consequently,
e stacked the data using the following scheme. We divided our

ample into several cells in absolute magnitude and redshift, each
ontaining typically a few hundred galaxies (except for a fe w lo w
uminosity bins at low redshift and the two highest luminosity bins at
igh redshift), and produced a median stack for all GALEX postage
tamps for each cell. By using the median of typically several hundred
alaxies, we can remo v e the influence of outliers (e.g. objects with
tar formation) from our photometry. These images are shown in
ig. 2 where the resulting objects are generally well detected. 
At the typical redshifts of these galaxies, and given the GALEX

ixel scale of 1.5 arcsec and point spread function of 4.5 arcsec, our
bjects are essentially unresolved in the NUV data, and we therefore
arry out photometry within a 10 arcsec radius aperture, which would
nclude > 97 per cent of the light for a star. 

We followed the procedure by Atlee et al. ( 2009 ) and calculated
he uncertainties on the mean magnitude by bootstrap re-sampling.
his includes both counting statistics and the effects of intrinsic
catter. The bootstrapping analysis folds all intrinsic variations in the
ample into the uncertainty on the mean magnitude. We drew 100
ootstrapping realizations in each magnitude/redshift bin and used
he RMS of the resulting magnitudes as the uncertainty on the mean

agnitude. 
We determined the mean fore ground e xtinction for our galaxies

sing the values by Schlafly & Finkbeiner ( 2011 ) and the Milky
ay extinction law of Cardelli, Clayton & Mathis ( 1989 ): these

re 0.29 mag for the NUV and 0.07 mag for the i band. Internal
xtinction is ignored as LRGs are typically devoid of dust and gas.
bservations of local SDSS LRGs by Barber, Meiksin & Murphy

 2007 ) returned a mean extinction of A z = 0, while even for cluster
TGs at z = 1.3, Rettura et al. ( 2006 ) measured internal extinctions
 ( B − V ) < 0.05. 
In Fig. 3 , we plot the observed g − i and r − i median colours for

alaxies in these stacks together with several models from Conroy
t al. ( 2009 ) and Conroy & Gunn ( 2010 ). The solar metallicity model
ith z f = 4 and τ = 0.3 Gyr provides a very good representation
f these data, with any scatter in the colours being explained by
 small spread in age/metallicity, confirming that the rest-frame
ptical colours of our galaxies show no evidence of current star
ormation. The stacked optical data strongly imply that only a subset
f the passively evolving models, namely those with solar metallicity
including Bruzual & Charlot 2003 and Conroy et al. 2009 ) and reject
ignificantly higher and lower metallicity models at all redshifts
robed here. 

 DISCUSSION  

.1 Comparison with models 

ig. 4 compares our colours for LRGs in the 2SLAQ sample with
hose from Atlee et al. ( 2009 ), where we used a model from Conroy
t al. ( 2009 ) with solar metallicity, formation redshift of 4, and star
ormation e-folding time of 0.3 Gyr (values that typically reproduce
TG colours at all redshifts below 1.5) to convert from their NUV −
NRAS 512, 1400–1406 (2022) 
 to our NUV − i . 1 There is reasonably good agreement, given the
ifferences in selection, between our data and those of Atlee et al.
 2009 ) except for their highest redshift point that appears to be too
lue (this may be due to the small number of such galaxies in their
ample and selection effects noted by these authors). We also plot a
odel from Conroy et al. ( 2009 ) with formation redshift of 4, solar
etallicity and star formation e-folding time of 0.3 Gyr (same as
e used abo v e) to show how this does not reproduce the observed
UV − i colours of field LRGs: these are typically 1.5–2 mag bluer,

he typical excess flux of the UV upturn (recall that these colours
re nearly equi v alent to rest-frame FUV − r ). We also took a single
tellar population from Han et al. ( 2007 ) and converted their colours
o our observed NUV − i , using the k − corrections from Atlee et al.
 2009 ). While these colours are bluer than the model by Conroy et al.
 2009 ) and Conroy & Gunn ( 2010 ), which explicitly a v oid modelling
he UV upturn, they do not match the observed colours of 2SLAQ
RGs, being about 1 mag too red. Indeed, it has already been argued

hat the sdB stars in our Galaxy are redder (in UV colours) than the
V upturn in ETGs (Yi 2008 ). 
Ho we ver, field LRGs may be less quenched than cluster ETGs and

how residual star formation at low levels. Salvador-Rusi ̃ nol et al.
 2020 ) use UV spectroscopic indices to claim that their sample of
OSS LRGs at z = 0.4 shows residual star formation at about the
 per cent level, although the data may also be interpreted as being
roduced by blue HB stars. To test this, we have added a constant
ate of star formation to the original model of Conroy et al. ( 2009 )
nd Conroy & Gunn ( 2010 ), with a mass fraction formed during
 constant mode of star formation of 1 per cent, 0.5 per cent, and
.1 per cent of the total mass, added to the initial burst at high redshift.
he observed NUV − i colours may be qualitatively explained by
odels forming between 0.1 per cent and 0.5 per cent of the total
ass in a regime of constant star formation superposed over the

riginal burst at z = 4. We also show the effect of this constant
ate of star formation in Fig. 3 on the optical colours, showing that
hey are essentially unchanged from those of models with no extra
tar-forming component. Ho we ver, these models become about 1
ag bluer across the redshift range we explore, whereas we see no

vidence of such evolution in the observed colours over this redshift
ange. 

The star formation rates of local ellipticals can be estimated from
he rate of core collapse superno vae. F or z < 0.2 ETGs in the SDSS,
edgwick et al. ( 2021 ) estimate star formation rates of approximately
.1 M � yr −1 , although Irani et al. ( 2021 ) argues that these are likely
o be o v erestimated by up to an order of magnitude owing to the mis-
dentification of core collapse supernovae and contamination from
upernovae associated with nearby diffuse galaxies. This latter is of
ourse a possible source of contamination in our data as well. These
tar formation rates are equi v alent, if they are constant, to one of
he Conroy et al. ( 2009 ) and Conroy & Gunn ( 2010 ) models forming
.01 per cent of the total mass since z = 4. Star formation rates of this
agnitude cannot therefore be excluded, based on our data alone,

lthough they are lower than those inferred by Salvador-Rusi ̃ nol et al.
 2020 ). Ho we v er, resolv ed images of nearby galaxies do not show
ny of the expected populations of B stars or earlier type that would
e needed (O’Connell et al. 1992 ), while FUV images of nearby
llipticals from Astro HUT show none of the clumpiness otherwise
ssociated with star-forming regions else where. Ne vertheless, only
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Figure 2. NUV images of the median stacks for 2SLAQ LRGs in the magnitude/redshift cells identified in Table 1 . The letters abo v e each postage stamp are 
the identifier in the table. 
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M

Table 1. Photometry for galaxies in the sample. The sample is split into cells (labelled A-R) centred on absolute magnitude M r and redshift z 
with a given width in redshift δz resulting in N gal galaxies per bin. The photometry for the resulting median stack is given in NUV with its 1 σ
uncertainty (err) and in i (from SDSS photometry), with uncertainty on the median i magnitude is < 0.01. 

ID M r z δz N gal NUV err i NUV − i 

A −21.75 0.35 1.0 55 24.89 0.88 19.36 5.53 
B −21.75 0.425 0.50 228 25.13 0.64 19.69 5.44 
C −21.75 0.475 0.50 378 25.61 0.66 19.91 5.70 
D −22.25 0.425 0.50 228 26.92 0.94 19.17 7.75 
E −22.25 0.4625 0.25 412 25.18 0.40 19.05 6.13 
F −22.25 0.4875 0.25 533 26.06 0.52 19.63 6.43 
G −22.25 0.5125 0.25 431 25.05 0.34 19.70 5.35 
H −22.25 0.5375 0.25 282 26.05 0.81 19.83 6.22 
I −22.75 0.45 1.0 640 25.26 0.33 19.09 6.17 
J −22.75 0.525 0.50 725 25.76 0.43 19.38 6.38 
K −22.75 0.575 0.50 434 25.82 0.79 19.61 6.21 
L −22.75 0.625 0.50 157 25.13 0.75 19.78 5.35 
M −23.25 0.45 1.0 198 24.23 0.24 18.62 5.61 
N −23.25 0.525 0.50 212 24.49 0.34 18.90 5.59 
O −23.25 0.575 0.50 199 24.63 0.32 19.15 5.48 
P −23.25 0.65 1.0 139 24.97 0.85 19.46 5.43 
Q −23.75 0.55 1.0 56 24.37 0.75 18.70 5.67 
R −23.75 0.65 1.0 44 24.36 0.62 19.04 5.32 

Figure 3. Comparison of observed g − i and r − i median colours for 2SLAQ galaxies in this sample (see Table 1 ) with models from Conroy et al. ( 2009 ) and 
Conroy & Gunn ( 2010 ) with formation redshift of 4, τ = 0.3 Gyr and various metallicities. This also includes a comparison with a model with residual star 
formation forming 0.5 per cent of the stellar mass at a constant rate after the initial burst. 
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bservations at higher ( z ∼ 1) can truly discriminate a UV upturn
omponent from other models. 

In this figure, we also compare our data with models from Chung
t al. ( 2011 , 2017 ). These include a population of stars with extra
elium enrichment and have been shown to account for the evolution
f the UV upturn colours in cluster ETGs (Ali et al. 2018a , b , c ).
hese models assume z f = 4, metallicity of 0.02 and 0.04, and Y ini 

 0.23 (cosmological value), 0.28, 0.33, and 0.38 for a chemical
nfall model (where Y = Y ini + 2 Z ). We do not plot the two
odels with lower He abundance as they lie very close to the

tandard FSPS model with no upturn, to a v oid confusion. The data
re not compatible with models of standard (i.e. cosmological He
bundance) composition, as shown in Fig. 4 abo v e as well, but
re well encompassed by models with 0.33 < Y ini < 0.38 (i.e.
 = 0.37 − 0.42 assuming solar metallicity – Fig. 3 ). There are
o detectable effects on optical colours. This is similar to what is
bserved in clusters of galaxies, although the required He abundance
s slightly lower than inferred in Ali et al. ( 2018c ). This may be partly
NRAS 512, 1400–1406 (2022) 
xplained by differences in the ages and star formation histories of
TGs in clusters and the field, with field galaxies expected to be
omewhat younger and to have had a more extended star formation
istory. 
Ho we ver, unlike the work in clusters by Ali et al. ( 2018c , 2021 ),

e do not here reach the redshift where the UV upturn colours start
o evolve strongly, which is at z > 0.7 in galaxy clusters, where we
ay more strongly discriminate between models. While we do not

ee (or expect to see) this strong evolution in colour given the redshift
ange probed, the strong similarity in the behaviour of this sample
nd that of ETGs in clusters, indicates that the same process is likely
o be responsible for the UV flux in both environments. Given that
he best explanation for the behaviour displayed by cluster ETGs is
he presence of an He-rich population, ‘switching on’ the blue HB
t z = 0.7, the simplest explanation of the result shown here is the
ame. Clearly a test of this will be attempting to explore the strength
f the UV upturn in field galaxies at higher redshift, the subject of a
uture paper. 
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Figure 4. NUV − i colours for 2SLAQ galaxies as a function of redshift and absolute r magnitude ( k + e corrected as described in the text): see legend in the 
figure. We also show data from Atlee et al. ( 2009 ) in the same redshift range. 
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.2 Variations with metallicity and age 

n this paper, we adopt a single fiducial model for age, metallicity, and
tar formation e-folding time o v er which an He-rich subpopulation, 
ith various degrees of He enrichment, or a binary population or

esidual constant star formation, are superposed. 
The colour of the UV upturn in the models of Conroy et al. ( 2009 ),

onroy & Gunn ( 2010 ) and Chung et al. ( 2011 , 2017 ) does not
hange strongly with age, as the HB stars do not evolv e be yond the
R Lyrae gap except for ages far in excess of the Hubble time. It is
nly He, or residual star formation, respectively, that can drive these 
odels’ UV colours to the blue. 
Low metallicity populations for these models can be excluded by 

he poor match to the optical colours that would result (see Fig. 4 )
nd by the previous observation that a significant contribution by 
ow metallicity stars would strongly weaken the CN and Mg lines
bserved in the spectra of LRGs. If residual star formation takes 
lace in more metal poor gas, this would of course also result in
uch bluer optical colours than we observe. 
Han et al. ( 2007 ) do not consider lower metallicity stellar pop-

lations for their binary model. We would expect such stars to be
luer purely by the effects of line blanketing; however, the same 
onsideration applies as to the effect of such a low metallicity 
opulation on the otherwise strong metal lines in the UV spectra 
f LRGs. 

.3 Interpretation 

hese observations indicate that the UV upturn is a fundamental 
roperty of the stellar populations of ETGs across all environments 
Ali et al. 2019 ; Phillipps et al. 2020 ) from field to cluster, irrespective
f environment at least below z = 0.7. Since field LRGs are likely
o be less quenched than cluster ETGs, it is appropriate to consider
he level of residual star formation within them. Given that we see
he same level of UV emission in both field and cluster ellipticals
nd we know that the UV emission in cluster galaxies does not arise
rom star formation, these observations argue against a significant 
ole for star formation in the production of the UV flux observed
n these galaxies. One caveat is that these field LRGs are likely
o dwell within relatively massive haloes, and therefore sample a 
omparatively denser environment (Tal et al. 2012 , 2013 ). 

These data on their own do not suffice to establish the cause of
he UV upturn in the field population, as they do not yet reach the
utative redshifts at which strong evolution in this colour is expected 
o occur due to the blue HB being populated several Gyr after the
ero-age main sequence (Chung et al. 2011 , 2017 ). Nevertheless, the
imilarity between field and cluster galaxies, and the similar lack 
f e volution belo w z = 0.6 in the LRG sample of Le Cras et al.
 2016 ) tends to suggest that a similar phenomenon is being observed
cross a wide range of environmental densities. It appears likely 
hat the UV upturn represents the occurrence of a no v el enrichment
hannel taking place within 2 Gyrs of the big bang across a wide
ariety of environments and o v er sev eral orders of magnitude in
tellar mass to produce a sub-population with excess He. Ho we ver,
hese current observations do not give an indication as to the nature
f this channel. This is likely to require spectroscopic observations at
ignificantly higher redshift. Despite this, we know that such He rich
tars exist within globular clusters and other systems. Identifying the 
nrichment pattern responsible will likely solve both problems. 

C K N OW L E D G E M E N T S  

he 2SLAQ surv e ys were conducted by a substantial team of people
n the UK and Australia. Funding for the creation and distribution
MNRAS 512, 1400–1406 (2022) 

art/stac609_f4.eps


1406 R. De Propris et al. 

M

o  

F  

D  

P
 

o  

I  

R
 

F

D

D  

m

R

A
A  

A  

A  

A  

A  

A
B
B
B  

B
B  

B  

B  

B  

B  

B
B  

C
C
C  

C
C
C
C  

 

 

C
C
C  

D
D
D
E
E
F
G
G
G
H
H
I
J
L
L
L  

M
M
M
M
M
O
O
P
P
P
R
R
R
S  

S
S  

S
T  

T  

T
V  

W
W  

Y  

 

Y

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/1400/6544642 by Turun Yliopiston Kirjasto user on 24 N
ovem

ber 2022
f the SDSS archive have been provided by the Alfred P. Sloan
 oundation, the P articipating Institutions, NASA, NSF, the U.S.
epartment of Energy, the Japanese Monbukagakusho, and the Max
lanck Society. The SDSS website is http://www.sdss.org . 
This research is based on observations made with GALEX,

btained from the MAST data archive at the Space Telescope Science
nstitute, which is operated by the Association of Universities for
esearch in Astronomy, Inc., under NASA contract NAS 5-26555. 
CC acknowledges the support provided by the National Research

oundation of Korea (2022R1A2C3002992). 

ATA  AVA ILA BILITY  

ata can be retrieved from the rele v ant archi ves (SDSS, 2SLAQ) as
entioned in the text. 

E FEREN C ES  

bazajian K. et al., 2003, AJ , 126, 2081 
li S. S., Bremer M. N., Phillipps S., De Propris R., 2018a, MNRAS , 476,

1010 
li S. S., Bremer M. N., Phillipps S., De Propris R., 2018b, MNRAS , 478,

541 
li S. S., Bremer M. N., Phillipps S., De Propris R., 2018c, MNRAS , 480,

2236 
li S. S., Bremer M. N., Phillipps S., De Propris R., 2019, MNRAS , 487,

3021 
li S. S., De Propris R., Chung C., Phillipps S., Bremer M., 2021, ApJ , 923,

A12 
tlee D. W., Assef R. J., Kochanek C. S., 2009, ApJ , 694, 1539 
arber T., Meiksin A., Murphy T., 2007, MNRAS , 377, 787 
astian N., Lardo C., 2018, ARA&A , 56, 83 
oissier S., Cucciati O., Boselli A., Mei S., Ferrarese L., 2018, A&A , 611,

A42 
rown T. M., 2004, Ap&SS , 291, 215 
rown T. M., Ferguson H. C., Davidsen A. F., Dorman B., 1997, ApJ , 482,

685 
rown T. M., Ferguson H. C., Deharveng J.-M., Jedrzejewski R. I., 1998,

ApJ , 508, L139 
ro wn T. M., Bo wers C. W., Kimble R. A., Ferguson H. C., 2000a, ApJ , 529,

L89 
ro wn T. M., Bo wers C. W., Kimble R. A., Sweigart A. V., Ferguson H. C.,

2000b, ApJ , 532, 308 
rown T. M., Ferguson H. C., Smith E., Bowers C. W., Kimble R. A., Renzini

A., Rich R. M., 2003, ApJ , 584, L69 
ruzual G., Charlot S., 2003, MNRAS , 344, 1000 
urstein D., Bertola F., Buson L. M., Faber S. M., Lauer T. R., 1988, ApJ ,

328, 440 
annon R. et al., 2006, MNRAS , 372, 425 
ardelli J. A., Clayton G. C., Mathis J. S., 1989, ApJ , 345, 245 
arter D., Pass S., Kennedy J., Karick A. M., Smith R. J., 2011, MNRAS ,

414, 3410 
atelan M., 2009, Ap&SS , 320, 261 
hung C., Yoon S.-J., Lee Y.-W., 2011, ApJ , 740, L45 
hung C., Yoon S.-J., Lee Y.-W., 2017, ApJ , 842, 91 
hung C., Lee Y.-W., Lim D., Hong S., Kim J. J., Kang Y., Yoon S.-J., 2020,

in Bragaglia A., Davies M., Sills A., Vesperini E., eds, IAU Symp. Vol.
NRAS 512, 1400–1406 (2022) 
351, Star Clusters: From the Milky Way to the Early Universe. Kluwer,
Dordrecht, p. 277 

onroy C., Gunn J. E., 2010, ApJ , 712, 833 
onroy C., Gunn J. E., White M., 2009, ApJ , 699, 486 
rossett J. P., Pimbblet K. A., Stott J. P., Jones D. H., 2014, MNRAS , 437,

2521 
onahue M. et al., 2010, ApJ , 715, 881 
orman B., Rood R. T., O’Connell R. W., 1993, ApJ , 419, 596 
orman B., O’Connell R. W., Rood R. T., 1995, ApJ , 442, 105 
isenstein D. J. et al., 2001, AJ , 122, 2267 
isenstein D. J. et al., 2003, ApJ , 585, 694 
erguson H. C., Davidsen A. F., 1993, ApJ , 408, 92 
oudfrooij P., 2018, ApJ , 857, 16 
ratton R. G., Carretta E., Bragaglia A., 2012, A&A Rev. , 20, 50 
reggio L., Renzini A., 1990, ApJ , 364, 35 
an Z., Podsiadlowski P., Lynas-Gray A. E., 2007, MNRAS , 380, 1098 
ern ́andez-P ́erez F., Bruzual G., 2014, MNRAS , 444, 2571 

rani I. et al., 2021, ApJ , 927, A10 
eong H. et al., 2012, MNRAS , 423, 1921 
e Cras C., Maraston C., Thomas D., York D. G., 2016, MNRAS , 461, 766 
ewis I. J. et al., 2002, MNRAS , 333, 279 
onoce I., Maraston C., Thomas D., Longhetti M., Parikh T., Guarnieri P.,

Comparat J., 2020, MNRAS , 492, 326 
artin D. C. et al., 2005, ApJ , 619, L1 
cDonald I., Zijlstra A. A., 2015, MNRAS , 448, 502 
iglio A. et al., 2012, MNRAS , 419, 2077 
orrissey P. et al., 2005, ApJ , 619, L7 
orrissey P. et al., 2007, ApJS , 173, 682 
’Connell R. W., 1999, ARA&A , 37, 603 
’Connell R. W. et al., 1992, ApJ , 395, L45 
etty S. M. et al., 2013, AJ , 146, 77 
hillipps S. et al., 2020, MNRAS , 492, 2128 
lanck Collaboration (VI), 2020, A&A , 641, A6 
ee C. H. et al., 2007, ApJS , 173, 607 
ettura A. et al., 2006, A&A , 458, 717 
osenfield P. et al., 2012, ApJ , 755, 131 
alvador-Rusi ̃ nol N., Vazdekis A., La Barbera F., Beasley M. A., Ferreras I.,

Negri A., Dalla Vecchia C., 2020, Nature Astron. , 4, 252 
chlafly E. F., Finkbeiner D. P., 2011, ApJ , 737, 103 
edgwick T. M., Baldry I. K., James P. A., Kaviraj S., Martin G., 2021,

preprint ( arXiv:2106.13812 ) 
mith R. J., Lucey J. R., Carter D., 2012, MNRAS , 421, 2982 
 al T., W ake D. A., van Dokkum P. G., van den Bosch F. C., Schneider D. P.,

Brinkmann J., Weaver B. A., 2012, ApJ , 746, 138 
al T., van Dokkum P. G., Franx M., Leja J., Wake D. A., Whitaker K. E.,

2013, ApJ , 769, 31 
antalo R., Chiosi C., Bressan A., Fagotto F., 1996, A&A, 311, 361 
azdekis A., Kole v a M., Ricciardelli E., R ̈ock B., Falc ́on-Barroso J., 2016,

MNRAS , 463, 3409 
erle A. et al., 2020, MNRAS , 497, 3251 
illiams K. A., Canton P. A., Bellini A., Bolte M., Rubin K. H. R., Gianninas

A., Kilic M., 2018, ApJ , 867, 62 
i S. K., 2008, in Heber U., Jeffery C. S., Napiwotzki R., eds, ASP Conf. Ser.,

Vol. 392, Hot Subdwarf Stars and Related Objects. Astron. Soc. Pac., San
Francisco, p. 3 

i S., Demarque P., Kim Y.-C., 1997, ApJ , 482, 677 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

http://www.sdss.org
http://dx.doi.org/10.1086/378165
http://dx.doi.org/10.1093/mnras/sty227
http://dx.doi.org/10.1093/mnras/sty1160
http://dx.doi.org/10.1093/mnras/sty1988
http://dx.doi.org/10.1093/mnras/stz1502
http://dx.doi.org/10.3847/1538-4357/ac2aa0
http://dx.doi.org/10.1088/0004-637X/694/2/1539
http://dx.doi.org/10.1111/j.1365-2966.2007.11650.x
http://dx.doi.org/10.1146/annurev-astro-081817-051839
http://dx.doi.org/10.1051/0004-6361/201731795
http://dx.doi.org/10.1023/B:ASTR.0000044324.60467.d2
http://dx.doi.org/10.1086/304187
http://dx.doi.org/10.1086/311743
http://dx.doi.org/10.1086/312466
http://dx.doi.org/10.1086/308566
http://dx.doi.org/10.1086/374035
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1086/166304
http://dx.doi.org/10.1111/j.1365-2966.2006.10875.x
http://dx.doi.org/10.1086/167900
http://dx.doi.org/10.1111/j.1365-2966.2011.18643.x
http://dx.doi.org/10.1007/s10509-009-9987-8
http://dx.doi.org/10.1088/2041-8205/740/2/L45
http://dx.doi.org/10.3847/1538-4357/aa6f19
http://dx.doi.org/10.1088/0004-637X/712/2/833
http://dx.doi.org/10.1088/0004-637X/699/1/486
http://dx.doi.org/10.1093/mnras/stt2065
http://dx.doi.org/10.1088/0004-637X/715/2/881
http://dx.doi.org/10.1086/173511
http://dx.doi.org/10.1086/175428
http://dx.doi.org/10.1086/323717
http://dx.doi.org/10.1086/346233
http://dx.doi.org/10.1086/172572
http://dx.doi.org/10.3847/1538-4357/aab553
http://dx.doi.org/10.1007/s00159-012-0050-3
http://dx.doi.org/10.1086/169384
http://dx.doi.org/10.1111/j.1365-2966.2007.12151.x
http://dx.doi.org/10.1093/mnras/stu1627
http://dx.doi.org/10.3847/1538-4357/ac4709
http://dx.doi.org/10.1111/j.1365-2966.2012.21016.x
http://dx.doi.org/10.1093/mnras/stw1024
http://dx.doi.org/10.1046/j.1365-8711.2002.05333.x
http://dx.doi.org/10.1093/mnras/stz3404
http://dx.doi.org/10.1086/426387
http://dx.doi.org/10.1093/mnras/stv007
http://dx.doi.org/10.1111/j.1365-2966.2011.19859.x
http://dx.doi.org/10.1086/424734
http://dx.doi.org/10.1086/520512
http://dx.doi.org/10.1146/annurev.astro.37.1.603
http://dx.doi.org/10.1086/186485
http://dx.doi.org/10.1088/0004-6256/146/4/77
http://dx.doi.org/10.1093/mnras/stz3552
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1086/518125
http://dx.doi.org/10.1051/0004-6361:20065273
http://dx.doi.org/10.1088/0004-637X/755/2/131
http://dx.doi.org/10.1038/s41550-019-0955-0
http://dx.doi.org/10.1088/0004-637X/737/2/103
http://arxiv.org/abs/2106.13812
http://dx.doi.org/10.1111/j.1365-2966.2012.20524.x
http://dx.doi.org/10.1088/0004-637X/746/2/138
http://dx.doi.org/10.1088/0004-637X/769/1/31
http://dx.doi.org/10.1093/mnras/stw2231
http://dx.doi.org/10.1093/mnras/staa2217
http://dx.doi.org/10.3847/1538-4357/aad90b
http://dx.doi.org/10.1086/304192

	1 INTRODUCTION
	2 DATA AND PHOTOMETRY
	3 DISCUSSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

