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ABSTRACT

We have observed a sample of typicalz ∼ 1 star forming galaxies, selected from the
HiZELS survey, with the new KMOS near-infrared, multi-IFU instrument on the VLT, in or-
der to obtain their dynamics and metallicity gradients. Themajority of our galaxies have a
metallicity gradient consistent with being flat or negative(i.e. higher metallicity cores than
outskirts). Intriguingly, we find a trend between metallicity gradient and specific star for-
mation rate (sSFR), such that galaxies with a high sSFR tend to have relatively metal-poor
centres, a result which is strengthened when combined with datasets from the literature. This
result appears to explain the discrepancies reported between different high redshift studies
and varying claims for evolution. From a galaxy evolution perspective, the trend we see would
mean that a galaxy’s sSFR is governed by the amount of metal poor gas that can be funnelled
into its core, triggered either by merging or through efficient accretion. In fact merging may
play a significant role as it is the starburst galaxies at all epochs, which have the more positive
metallicity gradients. Our results may help to explain the origin of the fundamental metallicity
relation, in which galaxies at a fixed mass are observed to have lower metallicities at higher
star formation rates, especially if the metallicity is measured in an aperture encompassing
only the central regions of the galaxy. Finally, we note thatthis study demonstrates the power
of KMOS as an efficient instrument for large scale resolved galaxy surveys.
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1 INTRODUCTION

The gas phase metallicity of a galaxy reflects the past star-forming
activity and the history of both gas inflow and outflow of the sys-
tem. Observations of galaxy metallicity and its dependenceon
mass can therefore be used to trace this history by comparinglo-
cal samples (e.g. Tremonti et al. 2004; Kewley & Ellison 2008) to
those at higher redshifts (e.g. Savaglio et al. 2005; Erb et al. 2006;
Maiolino et al. 2008; Lamareille et al. 2009; Pérez-Montero et al.
2009; Yabe et al. 2012; Zahid et al. 2013; Stott et al. 2013a).The
results of such studies have generally found a strong evolution in
the gas phase metallicity, with galaxies being more metal-poor at
increasing redshift. However, this is perhaps because the observed
high redshift galaxies tend to be more highly star forming, as there
is now evidence that galaxies are found to sit on a similar plane
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of mass, metallicity and star formation rate (SFR) in both the local
and high redshift Universe (Mannucci et al. 2010; Lara-López et al.
2010; Stott et al. 2013a).

As well as studying the individual and average metallicities
within galaxy populations, more detailed observations that trace the
variation of metallicity within galaxies can also be employed in or-
der to understand their evolution. Due to the spatially resolved, high
signal-to-noise spectral observations required, this hasmainly been
performed for relatively small galaxy samples in the local Universe.
In the first comprehensive study, Searle (1971) measured thedif-
ferences in line ratios, and therefore the implied chemicalabun-
dance, between different HII regions within the same galaxy. The
key result of Searle (1971) and subsequent studies is that galax-
ies in the local Universe tend to have negative radial metallic-
ity gradients, such that the stars and gas in the outer regions ap-
pear less metal rich than those in the centre (e.g. Shields 1974;
McCall et al. 1985; Vila-Costas & Edmunds 1992; Zaritsky et al.
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1994; Garnett et al. 1997; van Zee et al. 1998; Bresolin et al.2012;
Sánchez et al. 2012, 2014 and see the review by Henry & Worthey
1999). At high redshift detailed observations become more chal-
lenging and the results more contradictory with some authors find-
ing abundance gradients that are consistent with being flat or neg-
ative (Swinbank et al. 2012; Jones et al. 2013) and others seeing
evidence for positive gradients (Cresci et al. 2010; Queyrel et al.
2012).

From a theoretical perspective, disc galaxies that fol-
low inside-out growth tend to have initially steep negative
abundance gradients which then flatten at later times (e.g.
Marcon-Uchida et al. 2010; Stinson et al. 2010; Gibson et al.
2013). Observational support for this has been claimed, as
Jones et al. (2013) find a small subset of theirz = 2 galaxies pos-
sess significantly steeper negative abundance gradients than local
galaxies. Simulations also show that merging events will rapidly
flatten existing metallicity gradients of galaxies by inducing an in-
flow of metal-poor gas to their central regions (Rupke et al. 2010a).
This effect has been witnessed in observations of low redshift in-
teracting galaxies (Rupke et al. 2010b). There is also the possibility
that so-called ‘cold flows’ of metal-poor gas at high redshift could
lead to lower central metallicities (e.g. Cresci et al. 2010) but there
is some uncertainty as to how and where any inflowing materialis
deposited (Kereš et al. 2005; Dekel et al. 2009).

In order to study abundance gradients atz ∼ 1, we have ob-
served a representative sample of star forming galaxies with the K-
band Multi-Object Spectrograph (KMOS), which is a near-infrared
multiple integral field spectrograph (Sharples et al. 2013). These
galaxies are drawn from our large (10-square degree) narrow-band
Hα survey in SA22 using WIRcam/CFHT (CF-HiZELS, Sobral et
al. in prep, Sobral et al. 2013b, Matthee et al. 2014). Due to the
depth achieved by our observations (∼0.2 L∗z=0.8), the majority of
our targets are ‘typical’ galaxies at this epoch which will likely
evolve into∼L⋆ (or SFR∗) galaxies byz= 0. This survey builds
on our previous Hα narrow-band imaging of degree-sized areas
in redshift slices atz = 0.40, 0.84, 1.47 and 2.23 from HiZELS
(Geach et al. 2008; Sobral et al. 2009, 2012, 2013a).

The KMOS observations were performed as part of the Sci-
ence Verification (SV1) and focus on two relatively over-dense re-
gions of Hα emitters within SA22 field of the CF-HiZELS survey.
These observations provide spatially resolved Hα and [NII] mea-
surements which allow us to obtain resolved dynamics and metal-
licities. The dynamical results for the first region are presented in
Sobral et al. (2013b). In this paper, we use the combined dataset
from both regions to investigate the chemical abundance gradients
and the dynamical properties of the galaxies.

We use a cosmology withΩΛ = 0.73, Ωm = 0.27, and
H0 = 72 km s−1 Mpc−1. We note that1′′ corresponds to 7.6 kpc at
z = 0.81 (the median redshift of the galaxies presented in this pa-
per). All quoted magnitudes are on the AB system and we use a
Chabrier (2003) IMF throughout.

2 SAMPLE AND DATA

Our targets are selected from a survey using the narrow-band
(NB) lowOH2 filter (λ = 1187 ± 5 nm) on WIRCam / CFHT
(Puget et al. 2004), which covers a 10 deg2 contiguous area in
SA22 (Sobral et al. 2013b; Sobral et al. in prep). The survey yields

1 http://www.eso.org/sci/activities/vltsv/kmossv.html

∼ 3000 robust Hα emitters atz = 0.81± 0.01 (see Sobral et al.
2013a and Sobral et al. in prep for details on the spectroscopic
and photometric redshifts, and colour-colour selection).We use
the wealth of ancillary data, including 7-band photometriccov-
erage (fromu to K-band, available in this field from the CFHT
Legacy Survey [CFHTLS] and the UKIRT Infrared Deep Sky Sur-
vey [UKIDSS]) to compute stellar masses for all of the Hα emit-
ters in the parent sample following Sobral et al. (2011, 2014). The
two regions that we target with KMOS are at R.A. 22 19 30.3, Dec.
+00 38 59 and R.A. 22 19 41.5, Dec.+00 23 20 (J2000). Both of
these observations were taken as part of the KMOS SV and so
we label the two fields KMOS-HiZELS-SV1 (see also Sobral et al.
2013b) and KMOS-HiZELS-SV2 (this paper) respectively.

The KMOS spectrograph consists of 24 integral field units
(IFUs) that patrol a 7.2 arcminute field. Each IFU has an area
of 2.8′′ × 2.8′′ with 0.2′′ × 0.2′′ spatial pixels. We identified
target Hα emitters with narrow-band Hα fluxes brighter than
1×10−16 erg s−1 cm−2, (star formation rates> 3.5M⊙ yr−1,
assuming 1 mag of extinction, Kennicutt 1998 and a Chabrier
2003 IMF) which lie within 7′ diameter regions centred on
KMOS-HiZELS-SV1 and KMOS-HiZELS-SV2. For KMOS-
HiZELS-SV1 we selected the 21 of these galaxies which were
brighter thanKAB ∼21.5 (roughly corresponding to stellar mass
M⋆ >109.75 M⊙). KMOS-HiZELS-SV2 has a lower number den-
sity of HiZELS sources and so we selected 12Hα emitters and a
further 9 galaxies with spectroscopic redshifts in the range 0.8 <
z < 1.0 from the VIMOS/VLT Deep Survey (VVDS) survey
(Le Fèvre et al. 2005). We therefore selected 42 galaxies for ob-
servations during science verification time with KMOS (although
only 39 were observed due to technical problems, see below).
The galaxies in this KMOS sample have a median stellar mass
of ∼ 1010.1 M⊙ yr−1, a median SFR of 7 M⊙ yr−1 and a median
sSFR (SFR/M⋆) of 0.5 Gyr−1 (see Fig. 1). Our KMOS sources
are typical star-forming galaxies at their redshift (2–14 M⊙ yr−1,
while the characteristic SFR [SFR∗] at z ∼ 0.8 is ∼ 8M⊙ yr−1,
c.f. Sobral et al. 2014).

KMOS observations were taken in 2013 on June 29, July 1
(KMOS-HiZELS-SV1) and September 25 (KMOS-HiZELS-SV2).
During the observations the averageJ-band seeing was approxi-
mately 0.7′′. We used theY J-band grating in order to cover the
Hα emission, which atz ∼ 0.81 (CF-HiZELS narrow band) is
redshifted to∼1.187µm. In this configuration, the spectral reso-
lution is R =λ /∆λ ∼ 3400. We also deployed three IFUs (one
per KMOS spectrograph) to (blank) sky positions to improve the
sky-subtraction during the data reduction. Observations were car-
ried out using an ABA (object-sky-object) sequence, with 450s in-
tegration per position, in which we chopped by 5′′ to sky, and each
observation was dithered by up to 0.2′′. The total on-source integra-
tion time was 1.25 hrs per galaxy. During the KMOS-HiZELS-SV1
observations, three of the IFUs were disabled and so only 18 galax-
ies were observed in this pointing making 39 in total.

To reduce the data, we used theESOREX/ SPARK pipeline
(Davies et al. 2013), which extracts the slices from each IFU, flat-
fields and wavelength calibrates the data to form a datacube.We
reduced each AB pair separately, and improved the sky OH sub-
traction in each AB pair for each IFU using the data from the sky
IFU from the appropriate spectrograph (using the sky-subtraction
techniques described in Davies 2007). We then combined the data
into the final datacube using a clipped average. We note that both
the effects of instrumental resolution and the spatial PSF are taken
into account throughout the analysis and included in the error esti-
mation.
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For the KMOS-HiZELS-SV2 observations, two of the 21
galaxies observed returned no evidence of an emission line and
a further six did not have resolvedHα emission (three of which
came from the VVDS selection rather than the CF-HiZELS narrow-
band). For the remainder of this paper we concentrate on the 29
resolved galaxies from the two KMOS-HiZELS pointings.

3 ANALYSIS & RESULTS

3.1 Dynamics

We begin by determining the dynamical properties of the KMOS-
HiZELS galaxies via disc model fitting and kinemetry before study-
ing their resolved metallicities (see also Sobral et al. 2013b).

We collapse each reduced datacube into a one dimensional
spectrum and measure the redshift by fitting a Gaussian profile to
the Hα and [NII] emission lines, for which we also recover their to-
tal flux. To measure the Hα dynamics of each galaxy, we fit the Hα
and [NII] emission lines spaxel-to-spaxel using aχ2 minimisation
procedure (accounting for the increased noise at the positions of the
sky lines). We initially try to identify the Hα line in a 0.4′′ ×0.4′′

region (∼3 kpc), and if the fit fails to detect the line with a signal-
to-noise>5, the region is increased to 0.6′′ ×0.6′′. When this cri-
terion is met the Hα and [NII] emission lines are fitted allowing the
centroid, intensity and width of the Gaussian profile to find their
optimum values (the FWHM of the Hα and [NII] lines are coupled
in the fit). Uncertainties are then calculated by perturbingeach pa-
rameter, one at a time, allowing the remaining parameters tofind
their optimum values, until∆χ2 = 1 is reached.

The measured velocity fields for the resolved KMOS-HiZELS
galaxies are displayed in Fig. 1 at the approximate positions of their
stellar mass and SFR. Fig. 1 is therefore a plot of the so called
star forming ‘main sequence’ (Noeske et al. 2007), with the points
represented by the galaxy velocity fields. The position of the star
forming main sequence atz = 0.8 − 1 from Karim et al. (2011) is
included, demonstrating that these galaxies are typical star forming
systems at this epoch. The majority of the galaxies display veloc-
ity gradients in their dynamics, with observed peak-to-peak differ-
ences ranging from∆v∼40–300 km s−1.

Many of these galaxies have Hα velocity fields which resem-
ble rotating systems (characteristic ‘spider’ patterns inthe velocity
fields and line of sight velocity dispersion profiles which peak near
the central regions). Therefore, we attempt to model the twodi-
mensional velocity field to identify the dynamical centre and kine-
matic major axis. We follow Swinbank et al. (2012) to construct
two dimensional models with an input rotation curve following an
arctan function [v(r)= 2

π
vasym arctan(r/rt)], wherevasym is the

asymptotic rotational velocity andrt is the effective radius at which
the rotation curve turns over (Courteau 1997). The suite of two di-
mensional models which we fit to the data have six free parameters
([x,y] centre, position angle (PA),rt, vasym, and disc inclination)
and we use a genetic algorithm (Charbonneau 1995) to find the best
model (see Swinbank et al. 2012).

The best fit dynamical model produces a dynamical centre
and position angle of the disc allowing us to extract the one di-
mensional rotation curve and velocity dispersion profiles from the
major kinematic axis of each galaxy. Despite the relativelyshort
integration time (1.25 hrs on source), the data yield clear rotation
curves which turn over (or flatten) for at least ten of these galaxies
(see also Sobral et al. 2013b).

We also measure the effective radii (re) of the KMOS-
HiZELS sample by fitting a 2-dimensional Sérsic profile to

UKIDSS K-band images of the galaxies using theGALFIT (ver-
sion 3) software package (Peng et al. 2002). This software requires
reasonable initial input parameters such as position, apparent mag-
nitude and ellipticity, all of which are estimated by first running the
SEXTRACTORpackage (Bertin & Arnouts 1996) so that the itera-
tive fitting process converges to the correct solution in theshortest
possible time.GALFIT deconvolves the atmospheric seeing for this
ground-based imaging.

As discussed in§1, it is likely that merging events and/or cold
flows may affect the metallicity gradient of galaxies by transport-
ing gas of differing abundances throughout the disc (Cresciet al.
2009; Rupke et al. 2010a). In order to study the presence of mergers
in our sample we perform further analysis, to distinguish between
a galaxy with dynamics dominated by ordered rotation or by dis-
turbed kinematics via a method known as ‘kinemetry’. Kinemetry
measures the asymmetry of the velocity field and spatially resolved
line-of-sight velocity dispersion for each galaxy. This method has
been well calibrated and tested at low redshift (e.g. Krajnović et al.
2006), and used at high redshift to determine the strength ofdevia-
tions of the observed velocity and dispersion maps from an ideal ro-
tating disc (Shapiro et al. 2008; Swinbank et al. 2012; Sobral et al.
2013b; but see also Gonçalves et al. 2010). Briefly, in this mod-
elling, the velocity and velocity dispersion maps are described by
a series of concentric ellipses of increasing semi-major axis length,
as defined by the system centre, position angle and inclination.
Along each ellipse, the moment map as a function of angle is ex-
tracted and decomposed into its Fourier series which have coeffi-
cientskn at each radii (see Krajnović et al. 2006 for more details).

We measure the velocity field and velocity dispersion asym-
metry (KV and Kσ respectively) for all of the galaxies in our sam-
ple. For an ideal disc, the values of KV and Kσ will be zero.
In contrast, in a merging system, strong deviations from theide-
alised case causes large values of KV and Kσ (which can reach
KV ∼Kσ ∼10 for very disturbed systems). The total asymme-
try, KTot is K2

Tot = K2
V + K2

σ. The majority of our sample have
KTot . 0.5 and are therefore consistent with being rotation dom-
inated discs, despite residing in a relatively over-dense region,
which may in general lead to an increased merger rate. The num-
ber of galaxies with KTot > 0.5 is four, which is consistent with
the 10% merger fraction found on the main sequence atz ∼ 0.8
by Stott et al. (2013b). The dynamical properties of the KMOS-
HiZELS sample are given in Table 1.

3.2 Metallicity Gradients

We derive the metal content of our galaxies using emission line
ratios. The gas phase abundance of Oxygen [12 + log(O/H)] for
the sample can be estimated from the ratio of the [NII] toHα lines
(Alloin et al. 1979; Denicoló et al. 2002; Kewley & Dopita 2002).
This is often referred to as the N2 method, where

N2 = log(f[NII]/fHα
) (1)

To convert from N2 to Oxygen abundance we use the conver-
sion of Pettini & Pagel (2004), which is appropriate for highred-
shift star-forming galaxies, where:

12 + log(O/H) = 8.9 + 0.57N2 (2)

We first derived metallicities within an aperture of diameter
1.2′′ for comparison with our Subaru FMOS study of HiZELS
galaxy metallicities (Stott et al. 2013a). The median metallicity of
the sample is12+log(O/H) = 8.63±0.11, consistent with the so-
lar value of8.66± 0.05 (Asplund et al. 2004). In Table 1 we show
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Figure 1. The SFR plotted against stellar mass for the 29 resolved galaxies in the KMOS-HiZELS sample with the data points represented by their velocity
fields (normalised to their maximum observed velocities to make the rotation visible for a range of rotation speeds). Forthe velocity fields, red denotes
a positive (recessional) velocity relative to the systemicredshift (green), while blue is negative. Note, positions are approximate to avoid galaxy velocity
fields from overlapping. The dashed line represents the location of the ‘main sequence’ of star forming galaxies atz = 0.8 − 1.0 from Karim et al. (2011),
demonstrating that our sample is typical for this epoch.

the uncertainty in the [NII] toHα ratio derived from the errors
of the line profile fitting, however we note that the Pettini & Pagel
(2004) metallicity calibration has a1σ scatter of 0.18 dex. The mass
metallicity relation for the KMOS-HiZELS galaxies is in agree-
ment with both the low redshift SDSS study of Tremonti et al.
(2004) and thez ∼ 0.8 − 1.5 relation displayed in Stott et al.
(2013a) and is therefore consistent with no chemical abundance
evolution sincez ∼ 1 (this is discussed in Stott et al. 2013a). In
terms of AGN contamination only one of the galaxies in the entire
sample hasN2 > 0.0 (CFHT-NBJ-C339) which may indicate that
it is an AGN (Kewley et al. 2001).

To derive the metallicity gradients of the galaxies in our sam-
ple we extract the average metallicity within elliptical annuli at in-
creasing galactocentric radii. The ellipticity of these annuli is de-
rived from the inclination angle of the best fitting dynamical disc
model, found in§3.1. The typical seeing for the observations is
0.7′′ which corresponds to∼ 5kpc. Given this, we choose to mea-
sure the metallicities in galactocentric annuli encompassing the
radii: < 3, 3− 6 and6− 9 kpc (a discussion of the effects of see-
ing and inclination angle is provided in§3.2.1). In order to do this
we first subtract the velocity field of the best fitting dynamical disc
model, found in§3.1, from the data cube so that theHα and [NII]

emission lines are not broadened or superimposed. We then sum
the IFU spectra in each of these annuli and fit theHα6563Å and
[NII] 6583Å emission lines in the resulting 1-D spectra with single
Gaussian profiles in order to extract their total flux. For a detec-
tion we enforce5σ and2σ detection thresholds over the continuum
level for Hα and [NII] respectively (following Stott et al. 2013a).
Examples of the spectra in each annulus for five galaxies fromour
sample are displayed in Fig. 2. To calculate the metallicitygradient
we use aχ2 minimisation to fit a straight line to the metallicity as
a function of galactocentric radius and present the gradient values
in Table 2. The metallicity gradient fits are also displayed in Fig.
2 with the radius normalised to the effective radius of the galaxy
for ease of comparison. In total we were able to extract metallicity
gradients for 20 of the KMOS-HiZELS galaxies as the remainder
had integrated [NII] lines which were either too low signal-to-noise
or affected by the sky emission spectra. The measured metallicity
gradient values are robust to the inclusion of the error arising from
the 0.18 dex scatter in the Pettini & Pagel (2004) metallicity cal-
ibration, although this would increase the typical gradient errors
quoted in Table 2 by a factor of& 2.

There is no evidence for the central annuli of any galaxy being
dominated by AGN contamination except for the potential AGN
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Table 1.The details of the KMOS-HiZELS sample. The CF-HiZELS galaxies are named CFHT-NBJ and the VVDS galaxies are numbered by our own internal
catalogue system. Thev80 parameter is the inclination corrected rotation speed atr80 (r80 = 2.2re). The KMOS-HiZELS-SV1 sample data are presented in
Sobral et al. (2013b), and should be cited as such, but are included here below the horizontal line for completeness.

Galaxy R.A. Dec. z KAB re [NII]/Hα log(M⋆) SFR v80 KTot

[J2000] (kpc) [M⊙] [M⊙ yr−1] [km s−1]

CFHT-NBJ-C339 22:19:46.96 +00:25:02.5 0.8135 20.12 3.01.28± 0.12 10.6± 0.1 11.0 146. 0.5± 0.5
CFHT-NBJ-C343 22:19:48.65 +00:21:28.4 0.8100 20.85 4.70.32± 0.13 10.5± 0.2 4.1 224. 0.3± 0.1
CFHT-NBJ-956 22:19:27.05 +00:23:42.4 0.8095 21.43 4.50.15± 0.28 10.1± 0.2 4.1 231. 0.2± 0.1
CFHT-NBJ-1209 22:19:40.16 +00:22:38.5 0.8085 21.76 10.40.13± 0.41 9.4± 0.1 5.4 219. 0.1± 0.7
CFHT-NBJ-1478 22:19:41.06 +00:22:34.2 0.8105 22.10 3.90.18± 0.27 9.9± 0.4 4.6 148. 5.1± 0.2
CFHT-NBJ-2044 22:19:34.37 +00:23:00.4 0.8099 19.67 8.30.59± 0.16 11.0± 0.1 12.5 260. 0.2± 0.1
CFHT-NBJ-2048 22:19:51.67 +00:21:00.9 0.8155 22.90 5.80.11± 0.36 8.8± 0.1 3.5 89. 0.3± 1.1
VVDS-432 22:19:46.70 +00:21:35.4 0.8095 21.24 4.80.17± 0.53 10.1± 0.2 1.2 144. ...
VVDS-503 22:19:51.16 +00:25:42.2 0.9925 21.82 4.20.19± 0.21 9.4± 0.1 7.6 62. ...
VVDS-588 22:19:32.41 +00:21:01.0 0.8770 20.90 2.20.54± 0.19 10.1± 0.1 2.2 207. 0.5± 0.7
VVDS-888 22:19:38.00 +00:20:07.4 0.8331 22.10 1.30.27± 0.15 9.7± 0.1 4.6 56. 0.4± 9.2
VVDS-942 22:19:39.44 +00:25:29.3 0.8095 23.41 4.0 ...9.2± 0.4 1.6 132. ...
VVDS-944 22:19:39.73 +00:24:02.4 0.8970 22.31 2.1 ...9.5± 0.2 2.3 258. 0.9± 0.3

KMOS-HiZELS-SV1, from Sobral et al. (2013b)
CFHT-NBJ-1709 22:19:31.92 +00:36:11.6 0.8133 21.3 2.1 0.42± 0.06 10.7± 0.1 8.5 55. 0.5± 0.10
CFHT-NBJ-1713 22:19:21.34 +00:36:42.7 0.7639 21.1 3.9 ...10.0± 0.2 7.4 ... ...
CFHT-NBJ-1721 22:19:24.10 +00:37:11.2 0.8144 20.0 5.1 0.62± 0.06 10.8± 0.1 13.9 240. 0.6± 0.2
CFHT-NBJ-1724 22:19:27.27 +00:37:31.3 0.8117 21.4 4.7 0.36± 0.08 10.1± 0.1 4.3 ... ...
CFHT-NBJ-1733 22:19:43.57 +00:38:22.1 0.7731 22.2 3.8 0.19± 0.03 9.7± 0.3 7.6 90. 1.4± 0.5
CFHT-NBJ-1739 22:19:42.27 +00:38:31.6 0.8042 20.1 6.0 0.40± 0.05 10.6± 0.2 11.4 247. 0.5± 0.1
CFHT-NBJ-1740 22:19:18.60 +00:38:43.9 0.8128 21.2 5.0 0.32± 0.05 10.4± 0.1 8.9 217. 0.3± 0.1
CFHT-NBJ-1745 22:19:29.51 +00:38:52.1 0.8174 22.0 4.1 0.16± 0.02 9.8± 0.3 5.6 211. 0.2± 0.1
CFHT-NBJ-1759 22:19:41.42 +00:39:25.4 0.8035 20.3 4.1 0.39± 0.03 10.3± 0.2 12.9 275. 0.2± 0.1
CFHT-NBJ-1770 22:19:27.66 +00:40:14.3 0.7731 21.7 3.9 0.05± 0.01 9.9± 0.3 10.4 144. 0.4± 0.2
CFHT-NBJ-1774 22:19:30.59 +00:40:31.5 0.8127 21.7 3.8 0.19± 0.03 9.8± 0.2 4.2 50. 0.3± 0.1
CFHT-NBJ-1787 22:19:39.21 +00:41:20.8 0.8132 20.5 6.5 0.41± 0.04 10.6± 0.2 12.0 255. 0.3± 0.1
CFHT-NBJ-1789 22:19:23.19 +00:41:23.8 0.8130 20.6 9.5 0.32± 0.02 10.6± 0.1 11.8 253. 0.1± 0.1
CFHT-NBJ-1790 22:19:24.69 +00:41:26.1 0.8124 22.0 1.7 0.30± 0.05 9.9± 0.3 4.7 30. 0.4± 0.2
CFHT-NBJ-1793 22:19:30.60 +00:41:35.1 0.8161 21.3 9.3 0.30± 0.04 10.2± 0.2 7.8 ... ...
CFHT-NBJ-1795 22:19:32.44 +00:41:42.3 0.8095 21.5 3.0 0.32± 0.04 9.8± 0.2 6.5 53. 0.5± 0.1

CFHT-NBJ-C339 identified above. This galaxy has a high central
N2 value of 0.1, although we note it has a line ratio gradient con-
sistent with being flat so there is no central concentration.How-
ever, the presence of unaccounted-for AGN may act to boost the
central N2 values of our galaxies, with both Wright et al. (2010)
and Newman et al. (2014) finding that atz > 1 the region of the
BPT (Baldwin, Phillips & Terlevich) diagram (Baldwin et al.1981)
at the boundary between star-forming galaxies and AGN contains
some composite systems with spatially concentrated AGN imbed-
ded within a star-forming galaxy. We do not have theHβ and [OIII]
line diagnostics available to perform a BPT diagram. However, if
we assume that some fraction of our sample may be affected by
hidden AGN then this would act to raise their central metallicities,
steepening the negative metallicity gradients but flattening the pos-
itive ones. A further source of uncertainty is shock excitedgas due
to winds, which could increase the N2 values at large galactic radii,
acting on the measured metallicity gradients in the opposite sense
to AGN contamination (Rich et al. 2010).

The average value of the metallicity gradient for our sampleis
∆Z
∆r

= −0.002 ± 0.007 dex kpc−1. There are seven galaxies with
a> 2σ significance of having a non-zero metallicity gradient with
five of these having negative gradients and two positive.

We look for correlations between the metallicity gradient and
the global properties of the galaxies. In Fig. 3 we plot the metal-
licity gradient against stellar mass and also includez ∼ 1 − 2

data points from the literature (Swinbank et al. 2012; Queyrel et al.
2012; Jones et al. 2013), who all use the Pettini & Pagel (2004)
N2 method to determine their metallicities. The stellar masses
of the literature data are all estimated with a Chabrier (2003)
IMF (as are the KMOS-HiZELS masses) except for (Queyrel et al.
2012), which for consistency we correct from a Salpeter (1955)
IMF by dividing by a factor of 1.8. We note that the Jones et al.
(2013) data are for gravitationally lensed galaxies and therefore
the metallicity gradients may be subject to the uncertainties in
reconstructing the galaxy images, although they have the advan-
tage of being at high spatial resolution. We perform an outlier-
resistant linear regression to the combined high redshift sample
of KMOS-HiZELS, Queyrel et al. (2012); Jones et al. (2013) and
Swinbank et al. (2012), which has the form∆Z

∆r
= a log(M⋆) + b

wherea = −0.022 ± 0.009 andb = 0.22 ± 0.03 (i.e. the slope
is 2.4σ from being flat). No significant correlations are found be-
tween metallicity gradient and SFR or effective radius, although
we note that in the local Universe Sánchez et al. (2014) do find a
correlation with radius.

From a simple physical perspective we might also expect a
trend between metallicity gradient and the kinemetry parameter,
KTot, as this is a measure of how disturbed the system is, or sSFR,
as this is a measure of how intensely the galaxy is forming stars,
both of which will be associated with the motion of gas withinthe
galaxy. Interestingly, we find no trend with KTot for our sample
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but this is perhaps not surprising as the galaxies are selected to be
typical of z ∼ 1 star forming galaxies, for which the incidence
of mergers is only∼ 10% (Stott et al. 2013b), and probe only a
small range in KTot. If we combine our data with the KTot values
measured in Swinbank et al. (2012) there is still no trend, but again
these are typical galaxies mainly in the KTot < 0.5 regime. Unfor-
tunately, we do not have the KTot values for the rest of the literature
data.

Also displayed in Fig. 3 is the metallicity gradient plotted
against sSFR for which we do see a trend, which is strengthened
when our data are combined with those of Queyrel et al. (2012);
Jones et al. (2013) and Swinbank et al. (2012). As above, we per-
form a fit to this combined high redshift sample, which has the
form ∆Z

∆r
= c log(sSFR) + d wherec = 0.020 ± 0.007 and

d = 0.18 ± 0.07 (i.e. the slope is2.9σ from being flat). We note
that the two Jones et al. (2013) galaxies not shown in Fig. 3 are sig-
nificant outliers with metallicity gradients of∼ −0.25 dex kpc−1

andsSFR ∼ 3× 10−8 and∼ 5× 10−9yr−1.
For comparison with local galaxies we include data points in-

ferred from Rupke et al. (2010b) who study a sample of normal
and merging star-forming galaxies in the local Universe. Wede-
rive SFRs for the Rupke et al. (2010b) sample by using their tab-
ulated far-infrared luminosities, assuming Kennicutt (1998) and
note that the majority of the mergers haveLIR & 1010.5L⊙, with
three galaxies being luminous infrared galaxies (LIRGs,LIR &

1011L⊙). The majority of the non-mergers have (LIR . 1010L⊙).
We derive stellar masses for their galaxies using their tabulated ab-
soluteK band magnitudes, assuming an underlying simple stellar
population model from Bruzual & Charlot (2003) that has a solar
metallicity and was formed atz = 1 (i.e. ∼ 8Gyr old). If we
include thez ∼ 0 Rupke et al. (2010b) sample in the sSFR, metal-
licity gradient fit then the significance of the trend increases with
the parameters becomingc = 0.023± 0.004 andd = 0.20± 0.05
(i.e. the slope is5.8σ from being flat). As stated above, the effect
of any unseen, low level AGN activity would act to steepen the
negative metallicity gradients but flattening the positiveones. This
would therefore not affect the general trend of our result. We dis-
cuss the theoretical implications of the relationship between sSFR
and metallicity gradient in§4. We also note that if we include the
Rupke et al. (2010b) sample in the metallicity gradient massfit then
the significance of that trend increases to only2.7σ from a flat re-
lation.

Finally, the average sSFR of the main sequence of typical
star forming galaxies increases with redshift (Elbaz et al.2011;
Sobral et al. 2014). Galaxies above this main sequence at a given
redshift are often classed as ‘starbursts’, i.e. those thatare most
vigorously forming stars at that epoch. This means that a galaxy
classed as a starburst at low redshift will have the same sSFRas
the typical main sequence galaxies at higher redshift. To account
for this evolution, in order to compare main sequence galaxies to
starbursts across all redshifts, we normalise the sSFR of the galax-
ies in Fig. 3 by the average sSFR of the main sequence at their
redshift (using Elbaz et al. 2011). In Fig. 4 we plot this epoch nor-
malised sSFR (sSFREN=sSFR/<sSFR(z)>, c.f. epoch normalised
SFR, Stott et al. 2013b) against metallicity gradient. A similar trend
to that in Fig. 3 is found, with the fit∆Z

∆r
= e log(sSFREN) + f

returning a slope ofe = 0.028 ± 0.007 (f = −0.02 ± 0.01).
The galaxies on the main sequence are found to have an average
metallicity gradient of−0.020± 0.004 while those in the starburst
region have an average of0.004 ± 0.006, a difference of3.1σ.
We note from Stott et al. (2013b), that galaxies on the main se-
quence at any redshift have a low major merger fraction (∼ 10%)

Table 2. The metallicity gradients for the 20 KMOS-HiZELS galaxies
where it was possible to measure them.

Galaxy ∆Z
∆r

log(sSFR)

(dex kpc−1) (yr−1)

CFHT-NBJ-C339 0.004± 0.012 -9.6
CFHT-NBJ-C343 −0.020± 0.011 -9.9
CFHT-NBJ-956 −0.059± 0.015 -9.4
CFHT-NBJ-1209 −0.022± 0.022 -8.7
CFHT-NBJ-1709 0.007± 0.012 -10.0
CFHT-NBJ-1739 −0.001± 0.011 -9.7
CFHT-NBJ-1740 0.016± 0.010 -9.5
CFHT-NBJ-1745 0.025± 0.017 -9.0
CFHT-NBJ-1759 −0.018± 0.006 -9.3
CFHT-NBJ-1774 0.013± 0.012 -9.1
CFHT-NBJ-1787 0.007± 0.008 -9.7
CFHT-NBJ-1789 0.000± 0.007 -9.7
CFHT-NBJ-1790 0.032± 0.012 -9.2
CFHT-NBJ-1793 0.012± 0.009 -9.3
CFHT-NBJ-1795 −0.063± 0.019 -8.9
CFHT-NBJ-2044 −0.020± 0.008 -9.9
CFHT-NBJ-2048 0.073± 0.020 -8.2
VVDS-503 −0.010± 0.015 -8.6
VVDS-588 −0.031± 0.013 -9.6
VVDS-888 0.020± 0.014 -9.0

whereas those in the starburst region may have a merger fraction
of ∼ 50%. Environmental classifications for isolated and poten-
tially interacting galaxies exist for the Queyrel et al. (2012) sam-
ple (see Epinat et al. 2012). From this we find that the interact-
ing galaxies do have a higher biweight average metallicity gradi-
ent of0.028 ± 0.010 dex kpc−1 than the isolated galaxies, which
have an average gradient of0.003 ± 0.008 dex kpc−1, but this is
only a∼ 2σ difference. We note that this difference is reduced to
∼ 1σ if we include the KTot > 0.5 defined mergers from KMOS-
HiZELS and Swinbank et al. (2012). We discuss the implications
of the sSFREN and merging for the metallicity gradients in§4.

3.2.1 The effect of atmospheric seeing and inclination

The metallicity gradient will be affected by the seeing. We mea-
sure the metallicity in elliptical annuli and expect galaxies with the
largest ellipticities, due to their large angles of inclination, to be af-
fected more than those that are face on. This is because the annuli
are closer together in the minor axis direction and are separated by
less than the HWHM of the seeing disc.

We test the combined effect of seeing and inclination by per-
forming a simulation of 1000 discs with random input metallicity
gradients in the range−0.2 < ∆Z

∆r
< 0.2 and random inclina-

tion angles of0 < i < 90◦. These discs are then smoothed with
a Gaussian kernel, with a FWHM the same as the observed atmo-
spheric seeing (0.7′′). The results of this test are that for a face
on disc, the metallicity gradient we observe in0.7′′ seeing will be
∼ 80% of its true value. When we consider the inclination angle
as well, the observed metallicity gradient at the median inclina-
tion of the KMOS-HiZELS sample (50◦) will only be 70% of its
intrinsic value. The most extreme correction to our sample comes
for the galaxy with the largest positive gradient (CFHT-NBJ-2048,
∆Z
∆r

= 0.07, i = 80◦) for which we may only be observing 30% of
its true value. For all other galaxies in KMOS-HiZELS we observe
at least 50% of their intrinsic metallicity gradient.
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Figure 2. The metallicity gradients for five galaxies from the KMOS-HiZELS sample.Left: These are the individual 1-dimensional spectra from three
concentric annuli at increasing galactocentric radius (r < 3, 3 < r < 6, 6 < r < 9 kpc). The red lines are fits to theHα and [NII] emission lines. The dotted
blue lines represent the location and relative flux of the skyemission.Right: The metallicity derived from the ratio of[NII]/Hα plotted against galactocentric
radius. The red line is a fit to the data points. The horizontaldashed line represents global metallicity value for the galaxy measured in a1.2′′ diameter aperture.

We note that the flattening effect we see is less dramatic than
that seen by Yuan et al. (2013) (see also Mast et al. 2014), whofind
that the measured value of the metallicity gradient is only∼ 10 −

20% of its true value for a simulation of a degraded face on disc,
in similar seeing conditions to those seen here. The reason for this
is that our annuli are evenly spaced such that the outer radius is

not contaminated by higher metallicity material close to the galaxy
core. Yuan et al. (2013) use the annular radii:. 1.5, ∼ 1.5 − 3.5
and∼ 3.5 − 9 kpc (c.f. our annuli< 3, 3 − 6 and6 − 9 kpc).
Also, the effect of the seeing on their galaxy is more significant as
it is at z = 1.49, where the FWHM of0.7′′ corresponds to6 kpc,
whereas atz = 0.8 this is5 kpc.
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Figure 3. Left: The metallicity gradient plotted against stellar mass for the KMOS-HiZELS sample. We include the high redshift samplesof Swinbank et al.
(2012) and Queyrel et al. (2012) and the local samples of normal and merging systems from Rupke et al. (2010b). We also plottwo galaxies from the lensing
sample of Jones et al. (2013).Right: The metallicity gradient plotted against sSFR the same samples. The solid line is a fit to the combined data of KMOS-
HiZELS, Swinbank et al. (2012); Queyrel et al. (2012) and Rupke et al. (2010b), which demonstrates that galaxies with higher sSFR tend to have more positive
metallicity gradients. The dashed line is a fit to the high redshift galaxies only i.e. without the Rupke et al. (2010b) samples.

Figure 4. The metallicity gradient plotted against epoch normalisedsSFR
(sSFREN=sSFR/<sSFR(z)>) for the samples shown in Fig. 3. The grey
region represents the main sequence (sSFREN = 1) with a factor of two
in sSFREN either side. The starburst galaxies populate the region with
sSFREN > 2. The solid line is a fit to the combined data of KMOS-
HiZELS, Swinbank et al. (2012); Queyrel et al. (2012) and Rupke et al.
(2010b), which demonstrates that the starbursts tend to have more positive
metallicity gradients.

The local samples of Rupke et al. (2010b), and the high-
resolution, adaptive optics observed samples of Swinbank et al.
(2012) and Jones et al. (2013) will be significantly less affected
by seeing. However, the Queyrel et al. (2012) sample will be af-
fected in a similar way to our own. We therefore perform a seeing
correction to our data using the individual inclination angle val-
ues and one to the Queyrel et al. (2012) sample, assuming the av-
erage inclination of our sample for all of their galaxies. Werefit
the trend between sSFR and metallicity gradient using the seeing-
corrected KMOS-HiZELS and Queyrel et al. (2012) data and find
that the parameters from§3.2 becomec = 0.026 ± 0.006 and

d = 0.23± 0.06. These parameters represent an increased slope as
expected but agree with the previous values within1σ. We there-
fore conclude that removing the effect of the atmospheric seeing
only acts to strengthen our result.

4 DISCUSSION

Simulations of the evolution of disc galaxies that predict inside-out
growth tend to have initially steep negative abundance gradients
which then flatten at later times (e.g. Marcon-Uchida et al. 2010;
Stinson et al. 2010; Gibson et al. 2013). Alternatively, flattened and
positive gradients have been interpreted as suggesting an inflow
of metal-poor gas to their central regions. This may be triggered
by either mergers (Rupke et al. 2010a) or cold flows (Kereš etal.
2005; Dekel et al. 2009; Cresci et al. 2010). The significant corre-
lation we find between metallicity gradient and sSFR is consistent
with this picture, as galaxies with an increased sSFR are thought
to be fuelled by gas flowing towards their centres, caused by either
merging or efficient accretion.

Our results may explain why there are competing claims
on how the gas phase metallicity gradient evolves with redshift
(see Fig. 5) with some claiming positive gradients at high-z
(Cresci et al. 2010; Queyrel et al. 2012) and others negative(e.g.
Swinbank et al. 2012) as it appears that this may just be driven by
the different sSFR of the observed samples. For example, theme-
dianlog (sSFRyr−1) = −8.5 for Queyrel et al. (2012) who find a
median metallicity gradient of+0.005 dex kpc−1 and the median
log (sSFRyr−1) = −9.5 for Swinbank et al. (2012) who find an
median metallicity gradient of−0.024 dex kpc−1. It also explains
the difference in slope between the ‘normal’ star forming galaxies
and merging LIRG-like systems, as seen by Rupke et al. (2010b) in
the local Universe. From a galaxy evolution perspective ourfind-
ings mean that a galaxy’s sSFR is governed by the amount of (typ-
ically metal poor) gas that can be funnelled into its core, triggered
either by merging or efficient accretion.

This picture is also in agreement with the observed
fundamental metallicity relation (FMR, Mannucci et al. 2010;
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Lara-López et al. 2010; Stott et al. 2013a) in which galaxies at a
fixed stellar mass are found to be more metal poor with increas-
ing SFR. In fact, as measurements of the FMR tend to use spec-
troscopy of the bright inner regions of the galaxy due to the limited
size of spectroscopic slits and fibres (e.g. SDSS, Mannucci et al.
2010; FMOS, Stott et al. 2013a), then the relation between sSFR
and metallicity gradient presented in this paper may help toexplain
the FMR. To quantify this we consider two galaxies, both of mass
1 × 1010M⊙, with SFR = 1 and50M⊙yr

−1 respectively. If we
assume both galaxies have a solar metallicity (8.66 dex) at agalac-
tocentric radius of5 kpc then we can use the relationship between
sSFR and metallicity gradient to calculate their central metallici-
ties. These are predicted to be 8.8 dex and 8.6 dex respectively, i.e.
a difference of 0.2 dex. Using the FMR equation of Mannucci etal.
(2010) the predicted difference in metallicity due to the difference
in SFR at fixed mass is 0.25 dex, which is in good agreement.

We now discuss whether we can determine if mergers or ac-
cretion are responsible for the trend between metallicity gradient
and sSFR. The average sSFR of the main sequence of typical star
forming galaxies increases with redshift (Elbaz et al. 2011). In the
redshift rangez 6 2.2 the major merger fraction on the main se-
quence is found to be constant at∼ 10% (Stott et al. 2013b), which
suggests that the reason for the increase in sSFR is either secular
processes, such as cold flows, or minor merging. However, thema-
jor merger fraction is found to increase with sSFR at a given red-
shift (i.e. relative to the star forming main sequence of that epoch),
such that∼ 50% of starbursts at any epoch are major mergers
(Stott et al. 2013b). When these two observations are taken in con-
cert it means that although a low redshift starburst galaxy is likely
to be driven by a merger, it will have the same sSFR as the non-
merging main sequence population at high redshift. Both thesecu-
lar sSFR evolution of the main sequence and the increase in sSFR at
a given epoch due to merging could provide a mechanism for forc-
ing metal poor gas towards the centres of star forming galaxies. It
is therefore difficult to separate out the effects of mergingand sec-
ular processes as the cause for the trend in metallicity gradient with
sSFR shown in Fig. 3. To account for this we normalise the sSFRto
the average of the main sequence at the galaxies’ redshift and plot
this against metallicity gradient in Fig. 4. From this analysis we find
that the average metallicity gradient of the main sequence galaxies
is significantly more negative than the starbursts. This suggests that
merging may play a significant role in driving the metallicity gradi-
ent to more positive values. In Fig. 5 we include a predictionfor the
metallicity gradient of the samples with redshift based on the trend
with the epoch normalised sSFR (sSFREN) from §3.2 and Fig. 4.
However, we note that the evidence for more positive metallicity
gradients in galaxies with dynamical or visual indicators of merg-
ing is of low statistical significance (∼ 1− 2σ). Therefore, secular
processes, which increase in efficiency with redshift, may still be
important.

5 SUMMARY

We have observed a sample of 39 typical star-forming galaxies at
z ∼ 1 with KMOS to investigate their dynamics and metallicity
gradients. From these data we conclude:

• The majority of the KMOS-HiZELS sample ofz ∼ 1 star
forming galaxies show disc-like rotation.
• The metallicity gradients of the galaxies are generally con-

sistent with being either flat or negative (higher metallicity in the
galaxy core relative to outer regions).

Figure 5. The average metallicity gradient plotted against average redshift
for the samples used in Fig. 3. Our KMOS-HiZELS and the Queyrel et al.
(2012) results indicates that the metallicity gradient becomes more positive
with redshift whereas the Swinbank et al. (2012) data suggests no evolu-
tion. Finally the Jones et al. (2013) average, represented by the large open
diamond, would suggest that the slope becomes more negative. We note
that there are only four independent Jones et al. (2013) galaxies and there-
fore the two galaxies with metallicity gradients of−0.25 dex kpc−1 and
sSFR ∼ 3 × 10−8 and∼ 5 ×−9 yr−1 (which were outliers to the fit in
Fig. 3) lower the average significantly. However, the two smaller diamonds
represent the other two galaxies in the Jones et al. (2013) sample that do
follow our trend. The solid and dashed lines are the prediction due to the
trends between sSFR and sSFREN with metallicity gradient, respectively,
as shown in Fig. 3 and 4. They both successfully explain the competing
claims for how the metallicity gradient appears to evolve with redshift.

• There is a trend between sSFR and metallicity gradient, in that
galaxies with a higher sSFR tend to have a relatively metal-poor
centre.
• When we account for the average sSFR of the star forming

main sequence it seems that the starbursts have significantly more
positive metallicity gradients than typical galaxies.

The trend between sSFR and metallicity gradient suggests that
the funnelling of metal-poor gas into the centres of galaxies, trig-
gered via either merging or efficient accretion, is the driver of high
sSFRs. In fact merging may play a significant role as it is the star-
burst galaxies at all epochs, which have the more positive metal-
licity gradients. The trend with sSFR helps to explain the conflict-
ing observational claims for how the metallicity gradient of galax-
ies evolves with redshift. Our results may also explain the FMR in
which there is observed to be a negative correlation betweenmetal-
licity and SFR at fixed galaxy mass.
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