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ABSTRACT

We have observed a sample of typieak 1 star forming galaxies, selected from the
HIiZELS survey, with the new KMOS near-infrared, multi-IFstrument on the VLT, in or-
der to obtain their dynamics and metallicity gradients. Tegority of our galaxies have a
metallicity gradient consistent with being flat or negafjize. higher metallicity cores than
outskirts). Intriguingly, we find a trend between metatiicgradient and specific star for-
mation rate (sSFR), such that galaxies with a high sSFR teite relatively metal-poor
centres, a result which is strengthened when combined ailséts from the literature. This
result appears to explain the discrepancies reported batdiferent high redshift studies
and varying claims for evolution. From a galaxy evolutiongpective, the trend we see would
mean that a galaxy’s sSSFR is governed by the amount of metalgas that can be funnelled
into its core, triggered either by merging or through effitiaccretion. In fact merging may
play a significant role as it is the starburst galaxies atgdlchs, which have the more positive
metallicity gradients. Our results may help to explain thigia of the fundamental metallicity
relation, in which galaxies at a fixed mass are observed te lmaver metallicities at higher
star formation rates, especially if the metallicity is ma&asl in an aperture encompassing
only the central regions of the galaxy. Finally, we note thi& study demonstrates the power
of KMOS as an efficient instrument for large scale resolvdebgasurveys.
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1 INTRODUCTION of mass, metallicity and star formation rate (SFR) in bothlttal

and high redshift Univers (Mannucci et :
2010; Stott et . 201Ba).

The gas phase metallicity of a galaxy reflects the past stanifg
activity and the history of both gas inflow and outflow of the-sy
tem. Observations of galaxy metallicity and its dependeoce

mass can therefore be used to trace this history by compkring

cal samples (e.q. Tremonti et al. 2004; Kewley & Ellison 20@8
those at higher redshifts (elg. Savaglio et al. 2005; Erh 2086;
l l . . Il_m .I I Zd . a

2009 Yabe et al. 2012; Zahid et l. 2b13; Stott ét al. 201Ba
results of such studies have generally found a strong éwalin
the gas phase metallicity, with galaxies being more metal-@t
increasing redshift. However, this is perhaps becauselibereed
high redshift galaxies tend to be more highly star formirggtheere
is now evidence that galaxies are found to sit on a similanela
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As well as studying the individual and average metallisitie
within galaxy populations, more detailed observationstitaae the
variation of metallicity within galaxies can also be empdyin or-
der to understand their evolution. Due to the spatiallylkesh high
signal-to-noise spectral observations required, thisteialy been
performed for relatively small galaxy samples in the locaivérse.
In the first comprehensive stu@a@gn) measuredithe
ferences in line ratios, and therefore the implied chemédain-
dance, between different HIl regions within the same galaxe
key result of Searld (19771) and subsequent studies is tiat-ga
ies in the local Universe tend to have negative radial nietall
ity gradients, such that the stars and gas in the outer regipn
pear less metal rich than those in the centre (e.g. Shieldé;19

- ds_1092; Zaritskylét a
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(1994] Garnett et dl. 1997; van Zee el al. 1998; Bresolin/ 20412; ~ 3000 robust Hh emitters atz =0.81+ 0.01 (se€_Sobral etlal.
ISanchez et al. 2012, 2014 and see the revielv by Henry & Wrthe [2013a and Sobral et al. in prep for details on the spectriscop
). At high redshift detailed observations become mabwd-c and photometric redshifts, and colour-colour selectidie use
lenging and the results more contradictory with some astfind- the wealth of ancillary data, including 7-band photometiaw-
ing abundance gradients that are consistent with beingflacg- erage (fromu to K-band, available in this field from the CFHT
ative [Swinbank et al. 20112; Jones étlal. 2013) and otheiisgsee  Legacy Survey [CFHTLS] and the UKIRT Infrared Deep Sky Sur-
evidence for positive gradients (Cresci etlal. 2010; Questrall vey [UKIDSS]) to compute stellar masses for all of the: ldmit-
2012). ters in the parent sample following Sobral €t al. (2011, 20The
From a theoretical perspective, disc galaxies that fol- two regions that we target with KMOS are at R.A. 2219 30.3,.Dec
low inside-out growth tend to have initially steep negative +003859 and R.A. 221941.5, De¢.00 2320 (J2000). Both of
abundance gradients which then flatten at later times (e.g.these observations were taken as part of the KMOS SV and so

Marcon-Uchida et al.[ 2010{_ Stinson et &l 2010; Gibsonlet al. we label the two fields KMOS-HiZELS-SV1 (see also Sobral bt al

[2013). Observational support for this has been claimed, asl2013b) and KMOS-HIiZELS-SV2 (this paper) respectively.

MI@S) find a small subset of theit 2 galaxies pos-
sess significantly steeper negative abundance gradieamslidbal
galaxies. Simulations also show that merging events wildigt
flatten existing metallicity gradients of galaxies by inohgcan in-
flow of metal-poor gas to their central regio 2tQLOR).
This effect has been witnessed in observations of low rédshi
teracting galaxie 0b). There is also tksipility

that so-called ‘cold flows’ of metal-poor gas at high redsbdifuld
lead to lower central metallicities (e there

is some uncertainty as to how and where any inflowing material
deposited|(Keres et al. 2005; Dekel ef al. 2009).

In order to study abundance gradientzat 1, we have ob-
served a representative sample of star forming galaxiésttt K-
band Multi-Object Spectrograph (KMOS), which is a nearanéd
multiple integral field spectrograph_(Sharples et al. 20T3jese
galaxies are drawn from our large (10-square degree) néveowl
Ha survey in SA22 using WIRcam/CFHT (CF-HIZELS, Sobral et
al. in prep, Sobral et &l. 2013b, Matthee etlal. 2014). Duehéo t
depth achieved by our observatiorsQ(2 L;_ g), the majority of
our targets are ‘typical’ galaxies at this epoch which wiikely
evolve into~L* (or SFR) galaxies byz=0. This survey builds
on our previous Ik narrow-band imaging of degree-sized areas
in redshift slices at:=0.40, 0.84, 1.47 and 2.23 from HIiZELS
(Geach et &l. 2008: Sobral eilal. 2009, 2012, 2013a).

The KMOS observations were performed as part of the Sci-
ence Verification (SE) and focus on two relatively over-dense re-
gions of Hx emitters within SA22 field of the CF-HIZELS survey.
These observations provide spatially resolved &hd [NII] mea-
surements which allow us to obtain resolved dynamics an@lmet
licities. The dynamical results for the first region are preed in
ISobral et dl.[(2013b). In this paper, we use the combinedseiata
from both regions to investigate the chemical abundancdignts
and the dynamical properties of the galaxies.

We use a cosmology with2x =0.73, ©,,=0.27, and
Ho=72kms * Mpc™!. We note thatl”” corresponds to 7.6 kpc at
z = 0.81 (the median redshift of the galaxies presented in this pa-

The KMOS spectrograph consists of 24 integral field units
(IFUs) that patrol a 7.2arcminute field. Each IFU has an area
of 2.8’ x 2.8” with 0.2” x 0.2” spatial pixels. We identified
target Hv emitters with narrow-band & fluxes brighter than
1x 10 % ergs!cm™2, (star formation rates> 3.5Mqyr—*,
assuming 1 mag of extinctioh, Kenni¢litt 1998 and_a_Chabrier
IMF) which lie within 7 diameter regions centred on
KMOS-HIZELS-SV1 and KMOS-HIiZELS-SV2. For KMOS-
HiZELS-SV1 we selected the 21 of these galaxies which were
brighter thanKas ~21.5 (roughly corresponding to stellar mass
M, > 10”7 My). KMOS-HiZELS-SV2 has a lower number den-
sity of HiZELS sources and so we selectedH@ emitters and a
further 9 galaxies with spectroscopic redshifts in the esl§ <
z < 1.0 from the VIMOS/VLT Deep Survey (VVDS) survey
(Le Févre et di._2005). We therefore selected 42 galaxiestie
servations during science verification time with KMOS (aligh
only 39 were observed due to technical problems, see below).
The galaxies in this KMOS sample have a median stellar mass
of ~ 10 Mg yr=!, a median SFR of 7Myr—* and a median
SSFR (SFR/M) of 0.5Gyr ! (see Fig.[l). Our KMOS sources
are typical star-forming galaxies at their redshift (2—14 !,
while the characteristic SFR [SFRat z ~ 0.8 is ~ 8 Mg yr— 1,
cf. (.2014).

KMOS observations were taken in 2013 on June 29, July 1
(KMOS-HIiZELS-SV1) and September 25 (KMOS-HIiZELS-SV2).
During the observations the averageband seeing was approxi-
mately 0.7. We used thé’ J-band grating in order to cover the
Ha emission, which at ~0.81 (CF-HIiZELS narrow band) is
redshifted to~ 1.187um. In this configuration, the spectral reso-
lution is R=A/AX ~ 3400. We also deployed three IFUs (one
per KMOS spectrograph) to (blank) sky positions to imprdve t
sky-subtraction during the data reduction. Observatioasevear-
ried out using an ABA (object-sky-object) sequence, withst-
tegration per position, in which we chopped B{t6 sky, and each
observation was dithered by up to 0.Z he total on-source integra-
tion time was 1.25 hrs per galaxy. During the KMOS-HIiZELS4SV

per). All quoted magnitudes are on the AB system and we use a observations, three of the IFUs were disabled and so onlyalksg

r@S) IMF throughout.

2 SAMPLE AND DATA

ies were observed in this pointing making 39 in total.
To reduce the data, we used tEHSOREX/ SPARK pipeline
I@S), which extracts the slices from each, fidt-
fields and wavelength calibrates the data to form a datadivee.
reduced each AB pair separately, and improved the sky OH sub-

Our targets are selected from a survey using the narrow-bandtraction in each AB pair for each IFU using the data from thg sk

(NB) lowOH2 filter (A 1187 + 5nm) on WIRCam/CFHT
(Puget et aIl_2004), which covers a 108#egpntiguous area in
SA22 b; Sobral et al. in prep). The survelgdy

L http://ww.eso.org/sci/activities/vitsv/kmossv.html

IFU from the appropriate spectrograph (using the sky-sghitin
techniques described 07). We then combinedatze d
into the final datacube using a clipped average. We note titat b
the effects of instrumental resolution and the spatial P8Raken
into account throughout the analysis and included in ther exsti-
mation.

(© 2013 RAS, MNRASD00,[1-7?



For the KMOS-HIiZELS-SV2 observations, two of the 21
galaxies observed returned no evidence of an emission fide a
a further six did not have resolvdda emission (three of which
came from the VVDS selection rather than the CF-HIZELS naro
band). For the remainder of this paper we concentrate on3he 2
resolved galaxies from the two KMOS-HIZELS pointings.

3 ANALYSIS & RESULTS
3.1 Dynamics

We begin by determining the dynamical properties of the KMOS
HIiZELS galaxies via disc model fitting and kinemetry befdaredy-
ing their resolved metallicities (see a 1

KMOS-HIZELS metallicity gradients 3

UKIDSS K-band images of the galaxies using theLFIT (ver-
sion 3) software packagmmoozy This softwayaines
reasonable initial input parameters such as position,rappanag-
nitude and ellipticity, all of which are estimated by firshning the
SEXTRACTORpackage! (Bertin & Arnouts 1996) so that the itera-
tive fitting process converges to the correct solution insthertest
possible timeGALFIT deconvolves the atmospheric seeing for this
ground-based imaging.

As discussed i, it is likely that merging events and/or cold
flows may affect the metallicity gradient of galaxies by spart-
|ng gas of dlfferlng abundances throughout the
a) In order to study the presence uy‘a’rm
in our sample we perform further analysis, to distinguistwieen
a galaxy with dynamics dominated by ordered rotation or fsy di

We collapse each reduced datacube into a one dimensionalturbed kinematics via a method known as ‘kinemetry’. Kinéme

spectrum and measure the redshift by fitting a Gaussian eiofil
the Ho and [NI11] emission lines, for which we also recover their to-
tal flux. To measure the dddynamics of each galaxy, we fit thexH
and [NII] emission lines spaxel-to-spaxel usingaminimisation
procedure (accounting for the increased noise at the positf the
sky lines). We initially try to identify the i line in a 0.4’ x 0.4’
region ¢~ 3kpc), and if the fit fails to detect the line with a signal-
to-noise> 5, the region is increased to §.6 0.6”. When this cri-
terion is met the | and [NI1] emission lines are fitted allowing the
centroid, intensity and width of the Gaussian profile to fihdit
optimum values (the FWHM of theddand [NII] lines are coupled
in the fit). Uncertainties are then calculated by perturtdagh pa-
rameter, one at a time, allowing the remaining parametefsdo
their optimum values, untilx? = 1 is reached.

The measured velocity fields for the resolved KMOS-HIZELS
galaxies are displayed in F[g. 1 at the approximate positadtheir
stellar mass and SFR. Figl 1 is therefore a plot of the socalle
star forming ‘main sequence’ (Noeske eft al. 2007), with thiats
represented by the galaxy velocity fields. The position ef tar
forming main sequence at= 0.8 — 1 from |(2_Q1|1) is
included, demonstrating that these galaxies are typiaafetming
systems at this epoch. The majority of the galaxies dispigoy
ity gradients in their dynamics, with observed peak-tokpdifer-
ences ranging from\v ~ 40-300 kms*.

Many of these galaxies haveoHrelocity fields which resem-
ble rotating systems (characteristic ‘spider’ patternthavelocity
fields and line of sight velocity dispersion profiles whictak@ear
the central regions). Therefore, we attempt to model the divo
mensional velocity field to identify the dynamical centrel &mne-
matic major axis. We follow,_Swinbank etlal. (2012) to constru
two dimensional models with an input rotation curve follogiian
arctan function§(r) = 2 vasym arctan(r/r;)], Wherevasym is the
asymptotic rotational velocity and is the effective radius at which
the rotation curve turns over (Courtdau 1997). The suitevofdi-
mensional models which we fit to the data have six free parnet
([x,y] centre, position angle (PA);, vasym, and disc inclination)
and we use a genetic algorithlmvm_oﬂ@w%) to finckte b
model (se€ Swi al. 2012).

The best fit dynamical model produces a dynamical centre
and position angle of the disc allowing us to extract the oke d
mensional rotation curve and velocity dispersion profitestthe
major kinematic axis of each galaxy. Despite the relatisprt
integration time (1.25 hrs on source), the data yield cletation
curves which turn over (or flatten) for at least ten of thedexdes
(see als3b).

We also measure the effective radit.) of the KMOS-
HiZELS sample by fitting a 2-dimensional Sérsic profile to

(© 2013 RAS, MNRASD00,[1-??

measures the asymmetry of the velocity field and spatiatiglved
line-of-sight velocity dispersion for each galaxy. Thistha has
been well calibrated and tested at low redshift (.g._Knednet al.
M), and used at high redshift to determine the strengtlevi-
tions of the observed velocity and dispersion maps from eali-
tating disc(Shapiro et Al. 2008: Swinbank €t al. 2012; Sadrall
2013b; but see also Gongalves et al. 2010). Briefly, in thisim
elling, the velocity and velocity dispersion maps are désct by
a series of concentric ellipses of increasing semi-majix laxgth,
as defined by the system centre, position angle and inaimati
Along each ellipse, the moment map as a function of angle-is ex
tracted and decomposed into its Fourier series which hagi-co
cientsk,, at each radii (see Krajnovi¢ et/al. 2006 for more details).
We measure the velocity field and velocity dispersion asym-
metry (Kyv and K, respectively) for all of the galaxies in our sam-
ple. For an ideal disc, the values ofyKand K, will be zero.
In contrast, in a merging system, strong deviations fromidee
alised case causes large values af &nd K, (which can reach
Kyv ~K, ~10 for very disturbed systems). The total asymme-
try, Kot is K, =K% +K2. The majority of our sample have
Krot S 0.5 and are therefore consistent with being rotation dom-
inated discs, despite residing in a relatively over-deresgon,
which may in general lead to an increased merger rate. The num
ber of galaxies with ko, > 0.5 is four, which is consistent with
the 10% merger fraction found on the main sequence &t 0.8
by [Stott et al. [(2013b). The dynamical properties of the KMOS
HiZELS sample are given in Tadlé 1.

3.2 Metallicity Gradients

We derive the metal content of our galaxies using emissioa li
ratios. The gas phase abundance of Oxygéemf log(O/H)] for
the sample can be estimated from the ratio of the [NIfte lines

(Alloin et all|1979; Denicol6 et al. 2002; Kewley & Dopita @%).
This is often referred to as the N2 method, where
N2 = log(finm/ fHa) (1)

To convert from N2 to Oxygen abundance we use the conver-

sion of| Pettini & Pagell(2004), which is appropriate for higu-

shift star-forming galaxies, where:
12 4 log(O/H) = 8.9 + 0.57 log(N2)

@)

We first derived metallicities within an aperture of dianmete
1.2"” for comparison with our Subaru FMOS study of HiZELS
galaxy metallicities3a). The median nlietgy of

the sample i§2+1log(O/H) = 8.63+0.11, consistent with the so-
lar value of8.66 + 0.05 [ 2004). In Tablg 1 we show
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Figure 1. The SFR plotted against stellar mass for the 29 resolvedigalin the KMOS-HIZELS sample with the data points représeiy their velocity
fields (normalised to their maximum observed velocities kenthe rotation visible for a range of rotation speeds). tRervelocity fields, red denotes
a positive (recessional) velocity relative to the systemaidshift (green), while blue is negative. Note, positions approximate to avoid galaxy velocity

fields from overlapping. The dashed line represents theitotaf the ‘main sequence’ of star forming galaxieszat 0.8 — 1.0 from

demonstrating that our sample is typical for this epoch.

the uncertainty in the [NII] toH« ratio derived from the errors
of the line profile fitting, however we note that ﬂml
M) metallicity calibration haslar scatter of 0.18 dex. The mass
metallicity relation for the KMOS-HIZELS galaxies is in ag-
ment with both the low redshift SDSS study t al.
(2004) and thez ~ 0.8 — 1.5 relation displayed in_Stott etlal.
(20134) and is therefore consistent with no chemical atrela
evolution sincez ~ 1 (this is discussed i MIBa). In
terms of AGN contamination only one of the galaxies in therent
sample ha®V2 > 0.0 (CFHT-NBJ-C339) which may indicate that

itis an AGN [Kewley et al. 2001).

To derive the metallicity gradients of the galaxies in ounsa
ple we extract the average metallicity within ellipticahafi at in-
creasing galactocentric radii. The ellipticity of thesenalnis de-
rived from the inclination angle of the best fitting dynantidesc
model, found ing3.dl. The typical seeing for the observations is
0.7" which corresponds te 5kpc. Given this, we choose to mea-
sure the metallicities in galactocentric annuli encomipasshe
radii: < 3,3 — 6 and6 — 9 kpc (a discussion of the effects of see-
ing and inclination angle is provided §8.2.3). In order to do this
we first subtract the velocity field of the best fitting dynaahidisc
model, found in§31], from the data cube so that tHey and [NII]

201,

emission lines are not broadened or superimposed. We thran su
the IFU spectra in each of these annuli and fitthe6563A and
[NH] 6583A emission lines in the resulting 1-D spectra with single
Gaussian profiles in order to extract their total flux. For tede
tion we enforcéso and2o detection thresholds over the continuum
level for Ha and [NI1] respectively (followin 3a).
Examples of the spectra in each annulus for five galaxies éom
sample are displayed in F[g. 2. To calculate the metalligigdient
we use ay> minimisation to fit a straight line to the metallicity as
a function of galactocentric radius and present the gradignes

in Table[2. The metallicity gradient fits are also displayedFig.

[2 with the radius normalised to the effective radius of thizxa
for ease of comparison. In total we were able to extract it
gradients for 20 of the KMOS-HIZELS galaxies as the remainde
had integrated [NII] lines which were either too low sighalnoise

or affected by the sky emission spectra. The measured ioésall
gradient values are robust to the inclusion of the erroiragifom
the 0.18 dex scatter in the Pettini & Pagel (2004) metaylicil-
ibration, although this would increase the typical gratiemors
quoted in TablER by a factor ¢f 2.

There is no evidence for the central annuli of any galaxydpein
dominated by AGN contamination except for the potential AGN

(© 2013 RAS, MNRASD0Q,[1-7?
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Table 1. The details of the KMOS-HIiZELS sample. The CF-HIZELS gats@are named CFHT-NBJ and the VVDS galaxies are numbered ioyaLinternal
catalogue system. Theo parameter is the inclination corrected rotation spee@d@(rsp = 2.2r.). The KMOS-HIZELS-SV1 sample data are presented in

[Sobral et al.[(2013b), and should be cited as such, but arelidt here below the horizontal line for completeness.

Galaxy R.A. Dec. z Kap re [NII]/Ha log(M4«) SFR V80 Kot
[J2000] (kpc) Mol [Meyr™'] [kms™]

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  450.154+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 10.4.13 £ 0.41 9.4+0.1 54 219. 0.1+0.7
CFHT-NBJ-1478  22:19:41.06 +00:22:34.2 0.8105 22.10 3.90.184+027 9.9+04 46 148. 5.140.2
CFHT-NBJ-2044  22:19:34.37  +00:23:00.4 0.8099 19.67 8.30.59+0.16 11.0+£0.1 125 260. 02+0.1
CFHT-NBJ-2048  22:19:51.67 +00:21:00.9 0.8155 22.90 5.80.11+0.36 88+0.1 35 89. 03411
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  4.20.194+021 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 2210 1.30.27+0.15 9.7+0.1 46 56. 0.449.2
VVDS-942 22:19:39.44  +00:25:29.3 0.8095 23.41 4.0 ..924+04 16 132.
VVDS-944 22:19:39.73  +00:24:02.4 0.8970 2231 2.1 .95+02 23 258. 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 213 21 280.06 10.7+0.1 85 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 51 28&6.06 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 4.7 668.08 10.14+0.1 4.3
CFHT-NBJ-1733  22:19:4357 +00:38:22.1 0.7731 222 38 98003 9.7+03 7.6 90. 1.4+05
CFHT-NBJ-1739  22:19:42.27 +00:38:31.6 0.8042 201 60 O0@&8.05 106+02 114 247. 0.5:0.1
CFHT-NBJ-1740  22:19:18.60 +00:38:43.9 0.8128 212 50 2@&8.05 104+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 66.0.02 9.84+0.3 5.6 211. 0.2:0.1
CFHT-NBJ-1759  22:19:41.42 +00:39:25.4 0.8035 20.3 41 9&8.03 10.3+0.2 129 275. 0.2£0.1
CFHT-NBJ-1770 22:19:27.66 +00:40:14.3 0.7731 21.7 3.9 56.0.01 9.94+0.3 104 144. 0.4£0.2
CFHT-NBJ-1774  22:19:30.59 +00:40:31.5 0.8127 21.7 3.8 9&0.03 98+02 4.2 50. 0.3:0.1
CFHT-NBJ-1787  22:19:39.21 +00:41:20.8 0.8132 205 65 18004 106+0.2 12.0 255. 0.3t0.1
CFHT-NBJ-1789  22:19:23.19 +00:41:23.8 0.8130 206 95 2&8.02 10.6+0.1 118 253, 0.10.1
CFHT-NBJ-1790  22:19:24.69 +00:41:26.1 0.8124 22.0 1.7 0@&8.05 9.9+03 47 30. 0.4£0.2
CFHT-NBJ-1793  22:19:30.60 +00:41:35.1 0.8161 21.3 9.3 0&8.04 102+02 7.8
CFHT-NBJ-1795  22:19:32.44 +00:41:42.3 0.8095 215 3.0 288.04 98+02 65 53. 0.5:£0.1

CFHT-NBJ-C339 identified above. This galaxy has a high eéntr  data points from the literature (Swinbank el al. 2012; Qekst al.

N2 value of 0.1, although we note it has a line ratio gradiemt-c ~ [2012;/ Jones et hl. 2013), who all use the Pettini & Pagel (004
sistent with being flat so there is no central concentratidow- N2 method to determine their metallicities. The stellar seas
ever, the presence of unaccounted-for AGN may act to boest th of the literature data are all estimated witmoo
central N2 values of our galaxies, with bdth Wright €t aLI@P  IMF (as are the KMOS-HIZELS masses) except for (Queyrellet al
and Newman et al| (20114) finding that at> 1 the region of the [2012), which for consistency we correct from_a_Salpeter 195
BPT (Baldwin, Phillips & Terlevich) diagranh (Baldwin et/41981) IMF by dividing by a factor of 1.8. We note that the Jones ét al.
at the boundary between star-forming galaxies and AGN amta @) data are for gravitationally lensed galaxies andefioee
some composite systems with spatially concentrated AGNednb  the metallicity gradients may be subject to the uncerténin
ded within a star-forming galaxy. We do not have thé and [OlII] reconstructing the galaxy images, although they have tharad
line diagnostics available to perform a BPT diagram. Howeife tage of being at high spatial resolution. We perform an etli
we assume that some fraction of our sample may be affected byresistant linear regression to the combined high redshifte
hidden AGN then this would act to raise their central metiés, of KMOS-HiZELS, Queyrel et al[ (2012); Jones et al. (2013 an
steepening the negative metallicity gradients but flatigtie pos- Swinbank et dl[(2012), which has the foldf = a log(M.) + b
itive ones. A further source of uncertainty is shock exciged due wherea = —0.022 £+ 0.009 andb = 0.22 4+ 0.03 (i.e. the slope

to winds, which could increase the N2 values at large galaalii, is 2.40 from being flat). No significant correlations are found be-

acting on the measured metallicity gradients in the oppasnse tween metallicity gradient and SFR or effective radiushaligh

to AGN contamination (Rich et Al. 2010). we note that in the local Universe Sanchez etial. (2014) dbdin
The average value of the metallicity gradient for our sangple  correlation with radius.

ﬁ—% = —0.002 + 0.007 dex kpc™*. There are seven galaxies with From a simple physical perspective we might also expect a

a> 2o significance of having a non-zero metallicity gradient with  trend between metallicity gradient and the kinemetry patam

five of these having negative gradients and two positive. Krot, as this is a measure of how disturbed the system is, or sSSFR,

We look for correlations between the metallicity gradiemd a as this is a measure of how intensely the galaxy is formings sta
the global properties of the galaxies. In Higj. 3 we plot thetaie both of which will be associated with the motion of gas wittie
licity gradient against stellar mass and also include- 1 — 2 galaxy. Interestingly, we find no trend with; for our sample

(© 2013 RAS, MNRASD00,[1-??
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but this is perhaps not surprising as the galaxies are sel¢atbe
typical of z ~ 1 star forming galaxies, for which the incidence
of mergers is only~ 10% (Stott et all 2013b), and probe only a
small range in K. If we combine our data with the; values
measured ih Swinbank etlal. (2012) there is still no trentiagain
these are typical galaxies mainly in thed < 0.5 regime. Unfor-
tunately, we do not have thers; values for the rest of the literature
data.

Also displayed in Fig[13 is the metallicity gradient plotted
against sSFR for which we do see a trend, which is strengthene
when our data are combined with those of Queyrel et al. (2012)
lJones et all (2013) and Swinbank €t al. (2012). As above, we pe
form a fit to this combined high redshift sample, which has the
form 22 = clog(sSFR) + d wherec = 0.020 + 0.007 and
d = 0.18 £ 0.07 (i.e. the slope i2.90 from being flat). We note
that the twi 13) galaxies not shown irfrige 3igr
nificant outliers with metallicity gradients ef —0.25 dexkpc™!
andsSFR ~ 3 x 1078 and~ 5 x 10" %yr .

For comparison with local galaxies we include data poirts in

ferred from| Rupke et all (2010b) who study a sample of normal
and merging star-forming galaxies in the local Universe. dide

rive SFRs for thé Rupke etlal. (2010b) sample by using their ta
ulated far-infrared luminosities, assuming_Kennlcltt 989 and
note that the majority of the mergers havg; > 10'%°Lg,, with
three galaxies being luminous infrared galaxies (LIRGs: =
10" Lg). The majority of the non-mergers haverg < 10'°Lg).

We derive stellar masses for their galaxies using theirl&bd ab-
solute K band magnitudes, assuming an underlying simple stellar
population model from Bruzual & Charldt (2003) that has &sol
metallicity and was formed at = 1 (i.e. ~ 8Gyr old). If we
include thez ~ 0[Rupke et dl.[(2010b) sample in the sSFR, metal-
licity gradient fit then the significance of the trend incresasvith
the parameters becomirg= 0.023 + 0.004 andd = 0.20 & 0.05

(i.e. the slope i$.80 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 positivees. This
would therefore not affect the general trend of our resuk. dig-
cuss the theoretical implications of the relationship festwsSFR
and metallicity gradient ifd]. We also note that if we include the
[Rupke et dl[(2010b) sample in the metallicity gradient nfiagisen

the significance of that trend increases to dafyo from a flat re-
lation.

Finally, the average sSFR of the main sequence of typlcal
star formlng galaxies increases with reds ;
[Sobral et dll 2014). Galaxies above this main sequence aea gi
redshift are often classed as ‘starbursts’, i.e. those at@tmost
vigorously forming stars at that epoch. This means that axgal
classed as a starburst at low redshift will have the same s8FR
the typical main sequence galaxies at higher redshift. Towat
for this evolution, in order to compare main sequence gatato
starbursts across all redshifts, we normalise the sSFReajdlax-

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

Galaxy 2z log(sSFR)
(dexkpc1) (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 4+ 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 4+ 0.008 -9.7
CFHT-NBJ-1789 0.000 £+ 0.007 -9.7
CFHT-NBJ-1790  0.032 4 0.012 -9.2
CFHT-NBJ-1793 0.012 4+ 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 4+ 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 mergeiofract
of ~ 50%. Environmental classifications for isolated and poten-
tially interacting galaxies exist for the Queyrel et al. 120 sam-
ple (se 12). From this we find that the interac
ing galaxies do have a higher biweight average metalliciadg
ent 0f0.028 + 0.010 dex kpc ™" than the isolated galaxies, which
have an average gradient @)03 = 0.008 dexkpc™, but this is
only a~ 20 difference. We note that this difference is reduced to
~ 1o if we include the Ky, > 0.5 defined mergers from KMOS-
HiZELS and Swinbank et al. (2012). We discuss the implicatio
of the sSFRy and merging for the metallicity gradients §dl.

3.2.1 The effect of atmospheric seeing and inclination

The metallicity gradient will be affected by the seeing. Weam
sure the metallicity in elliptical annuli and expect gatsivith the
largest ellipticities, due to their large angles of inctina, to be af-
fected more than those that are face on. This is because il an
are closer together in the minor axis direction and are sépaby
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 metatii
gradients in the range-0.2 < i—f < 0.2 and random inclina-
tion angles ofd < ¢ < 90°. These discs are then smoothed with

ies in Fig.[3 by the average sSFR of the main sequence at theira Gaussian kernel, with a FWHM the same as the observed atmo-

redshift (usin 11). In Fid. 4 we plot this eépoor-
malised sSFR (sSRR=sSFRksSFR¢)>, c.f. epoch normalised
SFR|Stott et dl. 2018b) against metallicity gradient. Aiintrend
to that in Fig[B is found, with the fif2 = e log(sSFRen) + f
returning a slope oé = 0.028 £ 0.007 (f = —0.02 + 0.01).

spheric seeing((7”). The results of this test are that for a face
on disc, the metallicity gradient we observelii’”’ seeing will be
~ 80% of its true value. When we consider the inclination angle
as well, the observed metallicity gradient at the mediatiiriae
tion of the KMOS-HIiZELS sample50°) will only be 70% of its

The galaxies on the main sequence are found to have an averagéntrinsic value. The most extreme correction to our samplaes

metallicity gradient of-0.020 4 0.004 while those in the starburst
region have an average 6f004 + 0.006, a difference of3.1c.

We note fro@lmb) that galaxies on the main se

guence at any redshift have a low major merger fractionl (%)

for the galaxy with the largest positive gradient (CFHT-NEA8,
—r = 0.07, « = 80°) for which we may only be observing 30% of
its true value. For all other galaxies in KMOS-HIZELS we abvge
at least 50% of their intrinsic metallicity gradient.

(© 2013 RAS, MNRASD00Q [1-7?
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Figure 2. The metallicity gradients for five galaxies from the KMOSZHILS sampleLeft: These are the individual 1-dimensional spectra from three
concentric annuli at increasing galactocentric radius (3,3 < r < 6,6 < r < 9kpc). The red lines are fits to thi&x and [NII] emission lines. The dotted
blue lines represent the location and relative flux of theeskyssion Right: The metallicity derived from the ratio gNII] /Ha plotted against galactocentric
radius. The red line is a fit to the data points. The horizatéahed line represents global metallicity value for thecgameasured in &.2”” diameter aperture.

We note that the flattening effect we see is less dramatic than not contaminated by higher metallicity material close ® dgalaxy
that seen b 13) (see also Mastlét al) 2014)fintio core. 1.(2013) use the annular ragji1.5, ~ 1.5 — 3.5
that the measured value of the metallicity gradient is enly0 — and~ 3.5 — 9kpc (c.f. our annuli< 3, 3 — 6 and6 — 9kpc).
20% of its true value for a simulation of a degraded face on disc, Also, the effect of the seeing on their galaxy is more sigaiftcas
in similar seeing conditions to those seen here. The reasdhis itis atz = 1.49, where the FWHM ob.7” corresponds t6 kpc,
is that our annuli are evenly spaced such that the outergadiu ~ whereas at = 0.8 this is5 kpc.

(© 2013 RAS, MNRASD00,[1-2?
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Figure 3. Left: The metallicity gradient plotted against stellar mass lier KMOS-HiZELS sample. We include the high redshift sampléSwinbank et l.

M) anm@la and the local samples of abamd merging systems ertMlOb) We alsopgalaxies from the lensing

sample of Jones etlal. (201%ight: The metallicity gradient plotted against SSFR the same kmmphe solid line is a fit to the combined data of KMOS-

HiZELS,[Swinbank et Al (2012): Queyrel ef &l. (20

) Mb) which demonstrates that galaxies withdigSFR tend to have more positive

metallicity gradients. The dashed line is a fit to the hlghshitﬂ gaIaX|es only i.e. without tHe Rupke et al. (2010b) pkes.
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Figure 4. The metallicity gradient plotted against epoch normalis8&R
(SSFRyn=SSFRKSSFRE¢)>) for the samples shown in Fif] 3. The grey
region represents the main sequence (sgFR= 1) with a factor of two

in sSFRyN either side. The starburst galaxies populate the regioh wit
sSFR:N > 2. The solid line is a fit to the combined data of KMOS-
HiZELS, [Swinbank et al.[(2012]: Queyrel ef al. (2012) and lRug
dZQ_:LQb) WhICh demonstrates that the starbursts tend mrhmwe posmve
metallicity gradients.

The local samples of Rupke etal. (2010b), and the high-
$_of Swinbrak e

resolution, adaptive optics observed sample
(2012) and Jones etlal. (2013) will be significantly less ciéfe
by seeing. However, the Queyrel et al. (2012) sample will be a

fected in a similar way to our own. We therefore perform arsgei
correction to our data using the individual inclination Engal-

ues and one to the Queyrel et al. (2012) sample, assuming/the a

erage inclination of our sample for all of their galaxies. Yeét
the trend between sSFR and metallicity gradient using thinge

corrected KMOS-HIZELS and Queyrel et al. (2012) data and find

that the parameters frofB.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 within We there-
fore conclude that removing the effect of the atmospheré&nge
only acts to strengthen our result.

4 DISCUSSION

Simulations of the evolution of disc galaxies that prediside-out
growth tend to have initially steep negative abundanceignasl
which then flatten at later times (elg. Marcon-Uchida £t aL.(®
[Stinson et al. 2010; Gibson etlal. 2013). Alternativelytéaed and
positive gradients have been interpreted as suggestingflanvi
of metal-poor gas to their central regions. This may be &igd
by either merger hl. 2010a) or cold flows (Kere#l et
12005; Dekel et &l. 2009; Cresci et al. 2010). The significantes
lation we find between metallicity gradient and sSFR is cxipsit
with this picture, as galaxies with an increased sSFR aregtiio
to be fuelled by gas flowing towards their centres, causedthgre
merging or efficient accretion.

Our results may explain why there are competing claims
on how the gas phase metallicity gradient evolves with rédsh
(see Flg [b) with some claiming positive gradients at high-

Il 2010; Queyrel etal. 2012) and others negétive
|Swinbank et &l. 2012) as it appears that this may just be mitiye
the different sSSFR of the observed samples. For examplané&ie
dianlog (sSFRyr ') = —8.5 forlQueyrel et al[(2012) who find a
median metallicity gradient of0.005 dex kpc ™! and the median
log (sSFRyr™!) = —9.5 for|Swinbank et &l.[(2012) who find an
median metallicity gradient of0.024 dexkpc™!. It also explains
the difference in slope between the ‘normal’ star formintagies
and merging LIRG-like systems, as see moﬂmb
the local Universe. From a galaxy evolution perspective fingd-
ings mean that a galaxy’s sSFR is governed by the amountf (ty
ically metal poor) gas that can be funnelled into its coriggered
either by merging or efficient accretion.

This picture is also in agreement with the observed

fundamental metallicity relation (FMR,_Mannucciet al. 201

(© 2013 RAS, MNRASD00,[1-7?




lLara-Lopez et al. 2010: Stott etlal. 2013a) in which galsxde a

fixed stellar mass are found to be more metal poor with inereas
ing SFR. In fact, as measurements of the FMR tend to use spec-

troscopy of the bright inner regions of the galaxy due to tmétéd
size of spectroscopic slits and fibres (e.qg. SOSS. Mannueti e
[2010; FMOS| Stott et al. 2013a), then the relation betwediRsS
and metallicity gradient presented in this paper may hegxpiain
the FMR. To quantify this we consider two galaxies, both osma
1 x 10'°Mg, with SFR = 1 and50 Mo yr~! respectively. If we
assume both galaxies have a solar metallicity (8.66 dexpatag-
tocentric radius of kpc then we can use the relationship between
sSFR and metallicity gradient to calculate their centratatfiei-
ties. These are predicted to be 8.8 dex and 8.6 dex resggctige

a difference of 0.2 dex. Using the FMR equatiot
(2010) the predicted difference in metallicity due to thiedence
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 metalliciadignt
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and sSFR. The average sSFR of the main sequence of typical staFigure 5. The average metallicity gradient plotted against averagshift

forming galaxies increases with reds @omme
redshift rangex < 2.2 the major merger fraction on the main se-
guence is found to be constant-atl 0% (Stott et all 2013b), which
suggests that the reason for the increase in SSFR is eithalase
processes, such as cold flows, or minor merging. Howevemtie
jor merger fraction is found to increase with sSFR at a givah r
shift (i.e. relative to the star forming main sequence of épech),
such that~ 50% of starbursts at any epoch are major mergers
(Stott et all 2013b). When these two observations are takeari-
cert it means that although a low redshift starburst galaxikely

to be driven by a merger, it will have the same sSFR as the non-

merging main sequence population at high redshift. Bottséoe-
lar sSFR evolution of the main sequence and the increasé-iR at
a given epoch due to merging could provide a mechanism for for
ing metal poor gas towards the centres of star forming gadaxt

is therefore difficult to separate out the effects of mergind sec-
ular processes as the cause for the trend in metallicityignadith
sSFR shown in Fig13. To account for this we normalise the S8FR
the average of the main sequence at the galaxies’ redshifplan
this against metallicity gradient in F{d. 4. From this arsidywe find
that the average metallicity gradient of the main sequeataxges
is significantly more negative than the starbursts. Thigieats that
merging may play a significant role in driving the metalljaitradi-
ent to more positive values. In F[d. 5 we include a predictarthe
metallicity gradient of the samples with redshift basedtmnttend
with the epoch normalised sSFR (sSRR from 3.2 and Fig[h.
However, we note that the evidence for more positive metblli
gradients in galaxies with dynamical or visual indicatorsnerg-
ing is of low statistical significance 1 — 20). Therefore, secular
processes, which increase in efficiency with redshift, ntélyte
important.

5 SUMMARY

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

e The majority of the KMOS-HIZELS sample of ~ 1 star
forming galaxies show disc-like rotation.

e The metallicity gradients of the galaxies are generally-con
sistent with being either flat or negative (higher metaljiéh the
galaxy core relative to outer regions).

(© 2013 RAS, MNRASD00,[1-??

for the samples used in Figl 3. Our KMOS-HIiZELS and

(2012) results indicates that the metallicity gradientdoees more positive
with redshift whereas tl MOlz) data sugges evolu-

tion. Finally the Jones etlal. (2013) average, representetieblarge open
diamond, would suggest that the slope becomes more negéiwenote

that there are only four independént Jones ef al. {2013xigaland there-
fore the two galaxies with metallicity gradients 10.25 dex kpc—! and

sSFR ~ 3 x 10~8 and~ 5 x ~2 yr—! (which were outliers to the fit in
Fig.[3) lower the average significantly. However, the two kenaliamonds

represent the other two galaxies in the Joneslet al. (2018plsathat do

follow our trend. The solid and dashed lines are the pregfictiue to the
trends between sSFR and sSRwith metallicity gradient, respectively,
as shown in Fig[13 and 4. They both successfully explain thepeing

claims for how the metallicity gradient appears to evolveéhwedshift.

e Thereis atrend between sSFR and metallicity gradientah th
galaxies with a higher sSFR tend to have a relatively metal-p
centre.

e When we account for the average sSFR of the star forming
main sequence it seems that the starbursts have signijicante
positive metallicity gradients than typical galaxies.

The trend between sSFR and metallicity gradient suggests th
the funnelling of metal-poor gas into the centres of galsxieg-
gered via either merging or efficient accretion, is the darafehigh
sSFRs. In fact merging may play a significant role as it is the- s
burst galaxies at all epochs, which have the more positivialme
licity gradients. The trend with sSFR helps to explain theflct-
ing observational claims for how the metallicity gradiehyalax-
ies evolves with redshift. Our results may also explain thEFn
which there is observed to be a negative correlation betwestal-
licity and SFR at fixed galaxy mass.
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