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ABSTRACT

We present first results from the KMOS Redshift One Spectroscopic Survey (KROSS),
an ongoing large kinematical survey of a thousand, z ~ 1 star forming galaxies, with
VLT KMOS. Out of the targeted galaxies (~ 500 so far), we detect and spatially
resolve Ha emission in ~ 90% and 77% of the sample respectively. Based on the
integrated Ha flux measurements and the spatially resolved maps we derive a median
star formation rate (SFR) of ~ 7.0 Mg yr~! and a median physical size of (ri/2> =
5.1kpc. We combine the inferred SFRs and effective radii measurements to derive
the star formation surface densities (Xgrr) and present a “resolved” version of the
star formation main sequence (MS) that appears to hold at sub-galactic scales, with
similar slope and scatter as the one inferred from galaxy integrated properties. Our
data also yield a trend between Ygpr and A(sSFR) (distance from the MS) suggesting
that galaxies with higher sSFR are characterised by denser star formation activity.
Similarly, we find evidence for an anti-correlation between the gas phase metallicity
(Z) and the A(sSFR), suggesting a 0.2 dex variation in the metal content of galaxies
within the MS and significantly lower metallicities for galaxies above it. The origin of
the observed trends between Ygpr— A(sSFR) and Z — A(sSFR) could be driven by
an interplay between variations of the gas fraction or the star formation efficiency of
the galaxies along and off the MS. To address this, follow-up observations of the our
sample that will allow gas mass estimates are necessary
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1 INTRODUCTION specific star formation rate, sSFR = SFR/M,) with look
back time (e.g. Gonzalez et al. 2010; Elbaz et al. 2011) and a
rather small and constant scatter of 0.3 dex at all redshifts
and stellar masses (e.g. Schreiber et al. 2015). The tightness
of this correlation, that speaks against stochastic merger-
induced star-forming episodes as the main driver of star for-
mation activity, has been put forward as indirect evidence
for secular galaxy evolution (e.g. Noeske et al. 2007).

The contrasting nature of MS galaxies to that of galax-
ies that, due to their enhanced sSFRs, lie above the MS
(hereafter starburst galaxies), is manifested in terms of vari-
ous sets of observables. As galaxies depart from the MS, they
appear to have higher total-to-mid-IR luminosity ratio, IR8
* E-mail: magdis@dark-cosmology.dk = Lir/Ls (Elbaz et al. 2011; Nordon et al. 2012, where Lir

A recent major step forward in understanding the nature
of star formation in distant galaxies has been the discovery
that the majority of star-forming galaxies show a strong cor-
relation between their star formation rate (SFR) and their
stellar mass (M) from z = 0 to z = 7 (e.g. Brinchmann
et al. 2004; Noeske et al. 2007; Elbaz et al. 2007; Daddi et
al. 2007; Pannella et al. 2009; Magdis et al. 2010; Whitaker
et al. 2014). This correlation, the star-formation sequence or
the main sequence (MS) of star formation, is characterised
by an increasing normalisation factor (parametrised by the
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and Lg are the total infrared and the rest frame 8 pm lumi-
nosity, respectively), weaker far-IR atomic lines (e.g. Garcia-
Carpio et al. 2011; De Looze et al. 2014; Magdis et al. 2014),
higher star formation efficiencies (SFE = SFR/My,, Daddi
et al. 2010; Genzel et al. 2010; Magdis et al.2012b), and
higher dust temperatures (e.g. Magdis et al. 2012b; Magnelli
et al. 2014). Furthermore, morphological studies have shown
a trend of increasing incidence of interacting/merging sys-
tems as a function of distance from the MS (Stott et al. 2013,
Hung et al. 2013). In that respect, there is a trend towards a
new paradigm where the properties of the galaxies are not,
as traditionally thought, just linked to their IR luminosities
(or SFRs), but rather to their specific star formation rate
(sSFR = SFR/M..), or equally, to their position with respect
to the main sequence.

The observed deviations of starbursts from the SFR—
M., Lir — Ls, Lir — Lcu and Lig — Lo scaling laws,
that are followed by the majority of star forming galax-
ies at all redshifts and luminosities, have been interpreted
as evidence of more intense star formation, more com-
pact geometries and higher star formation surface densi-
ties, probably triggered by merger events (e.g., Elbaz et
al. 2011, Noeske et al. 2007, Diaz-Santos et al. 2013, Magdis
et al. 2014, Daddi et al. 2010, Genzel et al. 2010). In particu-
lar, Elbaz et al. (2011), using radio and mid-IR observations,
found a clear correlation between the projected star forma-
tion rate surface density (Xsrr) of local galaxies and their
distance from the MS. Similarly, using stacking techniques,
they showed that z ~ 0.8 — 1.5 starbursts are characterised
by high, on average, IR surface brightness (Zir > 3.0 x 10'°
Lo kpc72), suggestive of compact star formation activity
(Diaz-Santos et al. 2010).

However, how (and if) the Xsrr, as well as other physi-
cal properties such as the metal abundance of distant galax-
ies, varies within and outside the main sequence is still un-
clear. Here, we attempt to address this question, taking
advantage of spatially resolved Ha observations of a large
sample of z =~ 1.0 star-forming galaxies, as part of the on-
going KMOS Redshift One Spectroscopic Survey (KROSS).
Throughout the paper we adopt the WMAP-7 cosmology
(Qm = 0.273, QA +Qm = 1.0, % = 0 and Ho = 70.4 km s~ !
Mpc™! ; Larson et al. 2011) and a Chabrier (2003) IMF.

2 SAMPLE, OBSERVATIONS AND DATA
REDUCTION

KROSS is an ongoing study of ~ 1000 mass-selected star-
forming galaxies. The majority of the galaxies in the sample
are selected to be brighter than a magnitude limit of Kap
~ 22.5 (that roughly corresponds to a limiting stellar mass
of log(M./Mg) > 9.3 £ 0.5), excluding sources identified
as AGNs (either spectroscopically or from their X-ray emis-
sion). Other than that, no other colour, or size cut, criterion
was applied to the sample. While the redshift range of the
sample spans from z = 0.7 to z &~ 1.5, 96% of the galaxies
lie within 0.8 < z < 1.0, with a median of 0.86. The KROSS
galaxies are selected from spectroscopic surveys in some of
the most well studied fields in thy sky. In particular, targets
were drawn from the UDS (Ultra Deep Survey; Lawrence
et al. 2007), ECDFS (Extended Chandra Deep Field South,
Lehmer et al. 2005), COSMOS (Cosmological Evolution Sur-

vey, Scoville et al. 2007) and SA22 (Steidel et al. 1998). The
number of sources from each field, as well as a reference to
the corresponding spectroscopic survey, are listed in Table
1. We note that the selected galaxies consist a representative
sample of typical star forming galaxies at z ~ 1, exhibiting
a similar distribution in colour (r-z), stellar mass (M,) and
SFR to that of the parent sample (see Stott et al. 2015).

The KROSS survey commenced in November 2013, ex-
ploiting the recently commissioned K-band Multi-Object
Spectrograph (KMOS, Sharples et al. 2013), a near-infrared
integral field spectrograph on the VLT. The main aim of the
survey is to target, primarily, the redshifted Ha and [NII]
emission lines of z &~ 1 star-forming galaxies. A detailed de-
scription of the sample selection, the survey design and the
data reduction is presented in Stott et al. (2015) and Tiley
et al. (2015, submitted),

In this work, we employ data from the first 21 fields ob-
served by KMOS as part of the KROSS survey, from Novem-
ber 2013 to November 2014. During this period KMOS ob-
served a total of 487 galaxies, employing 24 integral field
units (IFUs) per field, each with a square field of view of
2.8” x 2.8”. The light from each set of 8 IFUs, that are
mounted in configurable arms with a patrol field of 7°.2 in
diameter, is dispersed in three cryogenic grating spectrom-
eters. Our observations were carried out using the YJ filter
with a spectral coverage of 1.01 — 1.35um at a spectral
resolution of A\/AX = 3300. We adopted a ABA (object-
sky-object) observing sequence, with 600s integration per
pointing. The total on-source integration time was typically
2.5 hr per galaxy.

For data reduction we employed the ESOREX/SPARK
(Davies et al. 2013). The software extracts the slices for each
IFU and preforms flat—fielding, illumination correction and
wavelength calibration of the data. Sky OH subtraction was
optimised using a two-step approach. First we subtracted
from each object IFU (A), its adjacent sky frame (B). Then,
in order to improve the sky subtraction, for each pair of ob-
ject minus sky (A-B) frames, we further subtracted the aver-
age residual between two sky positions. This technique was
found to minimise the sky residuals from the final science
products. For a detailed description of this method as well
as alternative techniques to optimise the sky subtraction for
KMOS data we refer the reader to Stott et al. (2015). The
final (continuum subtracted) Ha map for each galaxy was
subsequently created by centroiding wavelength-collapsed
images around the redshifted Ha emission and combining
each exposure (i.e. each data cube) using a clipped average.
Both the effects of instrumental resolution and the spatial
point speed function (PSF) were taken into account through-
out the analysis and are included in the error estimation.
Examples of spatially-resolved Ha maps and the correspond-
ing rest-frame integrated spectra, centred at redshifted Ho
emission line, are shown in Figure [

The data of the acquisition and telluric standard stars
were reduced following the same procedure as for the science
data. During each observation, typically one IFU was placed
on a star to monitor the shape and variation of the PSF
during the exposure. For each target, the spatial PSF was
measured on the two-dimensional images of the acquisition
and science stars, obtained by averaging (with o-clipping)
all the wavelength channels of the stars’ reduced data cubes,
by fitting Gaussian profiles. The effective angular resolution
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Table 1. A list of the extragalactic fields observed by KROSS and the parent spectroscopic redshift catalogues from which we source

our KMOS targets.

Field: UDS ECDFS

COSMOS SA22

Coordinates (J2000):  02:17:48 -05:05:45  03:32:28 -27:48:30  10:00:28 +02:12:21  22:17:00 00:20:00

Redshift surveys

UDS ! MUSYC? zCOSMOS3 VVDS*
VIPERS® VVDS*4 HiZELSS VIPERS®
HiZELSS CF-HiZELS”
Nmaster 7168 318 1743 8283
Nobs 149 120 102 116

1 Smail et al. (2008), Akiyama et al. (in prep) and Simpson et al. (in prep)

2 Cardamone et al. (2010) and references therein

3 Lilly et al. (2007)

4 Le Fevre et al. (2005, 2013) and Garilli et al. (2008)
5 Garilli et al. (2014) and Guzzo et al. (2014)

6 Sobral et al. (2012, 2013)

7 Sobral et al. (2015, 2013) and Stott et al. (2014)
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Figure 1. Ha emission map and THE corresponding spectrum
for three sources from our sample (below, on and above the MS).
The spectra are truncated, showing only the the wavelength range
that covers the [NTI] 6548.03 A, Ha and [NTI] 6583 A lines, denoted
with cyan vertical lines. The grey lines correspond to the locations
of bright night sky lines, with a width that corresponds to the
FWHM of the effective spectral resolution of the data. The thin
red lines depict the best fit line profiles.The x-axis in the spectra
has been shifted to the rest-frame based on the measured redshift
of each source. The grey circles on the maps, depict the PSF
FWHM.

of our data sets from the PSF half width at half maximum
(HWHM) ranges from 0.23” to 0.42”, with a mean of 0.31”
(corresponding to ~2—3.4 kpc and ~2.5 kpc, respectively, at
z=1).

We fit the Ho 6563A and [N11] 6583A emission lines al-
lowing the centroid, intensity and width of a Gaussian pro-
file to vary as a free parameter (while keeping the central
wavelength and the FWHM of the Ho and [N11] 6583A lines

Table 2. Statistics of the properties for various subsamples of
the observed KROSS galaxies.

N <(r—-z)> <K> < SFRggp >

Total 487 0.98 21.1 4.8
Ha 437 0.95 21.2 6.8
Ha resolved 374 0.90 21.2 7.2
Ha unresolved 63 1.27 20.6 2.0
Ha undetected 50 1.32 20.5 1.2
[N11] (6583 A) 190 0.95 21.3 6.0

coupled in the fit). With this method we derived central
wavelengths and integrated fluxes, while the corresponding
uncertainties were estimated by perturbing the data points
within their error bars, and repeating the fit. Overall we de-
tected integrated Ha 6563A emission (S/N>3) in 437 galax-
ies, of which 374 are also spatially resolved, while [N11] 6583A
emission was detected in 190 galaxies. These numbers yield
an Ha detection and resolving efficiency of ~90% and ~ 77%
respectively, for the KROSS survey. In ~4% of the sample
we only detect continuum emission while ~ 6% remain unde-
tected. The median r — z colour of the galaxies with resolved
Ha emission is 0.90 while for those where Ha emission re-
mains unresolved is 1.27. Furthermore, the median K —band
magnitude for these two subsamples is 21.2 and 20.6 respec-
tively. Finally, galaxies with no Ha detection or galaxies
where Ha emission is unresolved have significantly lower star
formation rates (as derived from SED fitting, see subsection
3.1) with a median value of ~1.5Mg yr~1, which is 4—5
times lower in comparison to the median SFR of galaxies
with Ha detection (~7.0 Mg yr™!). The redder r — z colour,
the brighter K—band magnitude and the significantly lower
SFRs of the Ha unresolved /undetected population demon-
strates that its the more massive and more passive galaxies
that are characterised by weak Ha emission (see Table 2).
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Figure 2. Left) Comparison of star formation rates as derived based on SED fitting and based on Ha flux measurements corrected
for dust attenuation. The green contours depict the number density of the sources while the solid black line corresponds to the 1—1
correlation. Right) Star formation rates (based on dust corrected Ha measurements) versus the stellar masses of the galaxies in our
sample. The solid line represents the star formation sequence at the median redshift of the sample (z = 0.86) along with a 0.3 scatter
(dashed lines) as derived by Speagle et al. (2014), taking into account both the dependence on redshift and stellar mass. Evidently, our

sources follow closely the SFR-M, MS at this redshift.

3 ANALYSIS

3.1 Stellar masses, attenuation and star formation
rates

Our targets benefit from extensive rest frame UV to mid-IR
photometric coverage. We built a multi-wavelength catalog
(u, B,V,R,1,2,J,K + IRAC) using a 2”.0 and 3”.8 diame-
ter aperture matched photometry in the optical/near-IR and
IRAC bands respectively (Cirasuolo et al. 2007; Williams et
al. 2009; Cardamone et al. 2010; Kim et al. 2011b; Muzzin et
al. 2013b; Simpson et al. 2014). The photometric bands were
consistent between the fields except for SA22 where g was
used instead of B and V' and no suitable IRAC imaging was
available.

The optical to near-IR data were then used to perform
spectra energy distribution (SED) fitting to estimate each
galaxy’s stellar mass (M.), dust extinction (Av) and age.
For this task, we employed the Cigale code (Burgarella et
al. 2005), which fits photometric data points with synthetic
stellar population models, and picks the best-fit parameters
by minimising the x? between observed and model fluxes.
The models were built based on the Bruzual and Char-
lot (2003) library assuming a solar metallicity, a constant
star formation history, a Calzetti (2000) attenuation law and
a minimum age of 0.3 Gyrs. The stellar mass is obtained by
integrating the modelled SFR over the galaxy age, and cor-
recting for the mass loss in the course of stellar evolution.
As the derived parameters, especially SFR, are known to
be sensitive to the choice of the star formation history (e.g.
Mancini et al. 2011), we repeated the analysis assuming a
double exponentially rising SFH. While the absolute values
of the derived parameters do vary between the two SFHs,

the overall trends reported in this work remain unaffected.
In the rest of the paper we use the stellar masses and Ay
values derived assuming a constant SFH.

Repeating the fit including this time the AGN module of
Cigale in order to quantify the fraction of emission arising
from possible AGN activity, does not change the derived
properties. This was somewhat expected as from the parent
sample we specifically excluded sources identified as AGNs,
either spectroscopically or from their X-ray emission. Also,
based on the [N11]/Ha flux ratio AGN diagnostics of Kewley
et al. (2001), we find that none of the KROSS galaxies are
identified as AGN as all have log([N11]/Ha) < 0.2 (of which
only 9 have 0.0 < log([N11]/Ha) < 0.2).

Rather than using the indicative SFR derived through
SED fitting, we measured the instantaneous SFR directly
from the data using the Ha line measurements. The first
step was to infer the observed Ha luminosity, Lq,obs, Of
each galaxy using the Ha flux extracted from the spatially
integrated spectra. Since most of Ha emission is likely to
originate from the HII regions that suffer from dust extinc-
tion, we derived intrinsic Ha luminosity, Lia,int, taking into
account the stellar reddening Av. In particular, following
Wuyts et al. (2013), we converted the inferred stellar extinc-
tion to gas extinction (Agas) and derived the corresponding
L(He, int) through:

Agas = Av x (1.9 — 0.154v), (1)
LHa,obs = LHa,int X 1070‘4Agas- (2)
Subsequently, we converted the intrinsic Ha luminosities

to SFRs using the Kennicutt (1998) relation, scaled to a
Chabrier IMF (Chabrier 2003):
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log(SFR)[Meyr '] = log(Lua,int)[erg s '] — 41.33. (3)

The derived SFRs range from 0.15 to 330 Mg yr~! with a
median of ~ 7.0 Mg yr~!. A comparison between the Ha
based SFRs and those obtained through the SED fitting
is shown in Figure 2(left), revealing an overall agreement
between the two independent estimates.

In Figure2lright), we also place our sources in the SFR-
M. plane along with the MS at the median redshift of our
sample (z = 0.86) as prescribed by Speagle et al. (2014),
taking into account the dependence of the MS on both the
redshift and stellar mass of the galaxies. Evidently, the ma-
jority of our sources exhibit sSFR consistent with that of
MS galaxies (within a factor of ~ 2), with a few outliers
both below and above the MS. This further demonstrates
that the KROSS sample is representative of the population
of typical star forming galaxies at z ~ 1.

Finally, we tested a possible bias in our analysis intro-
duced by the more modest sampling of the SED in SA22.
First, we repeated whole analysis presented in this work but
excluding this time the sub-sample of galaxies in SA22. Then
we repeated the analysis only for galaxies that lie in SA22.
In both cases, the trends and general conclusions remain un-
affected with respect to those derived when using the whole
sample.

3.2 Size estimates

To estimate the intrinsic Hoa sizes of the sources (7"'1/2)7
we first determined the half-light radius of the Ha maps
(r1/2(Ho)) using the curve-of-growth analysis in elliptical
apertures centred at the dynamical centre of the galaxies, as
obtained by modeling the two-dimensional velocity field of
each galaxy using a six parameter model (inclination, disk
rotation speed, position angle, [x / y] center and rotation
curve shape, see Swinbank et al. 2012 for details). To de-
rive the intrinsic sizes, 7"’1/27 we then corrected the measured
71/2(Ha) for the effective spatial resolution by subtracting in
quadrature the PSF half-width at half-maximum (HWHM)
appropriate for each data set. As the shape of the PSF is
known to vary among the three KMOS spectrographs we
derived an average PSF for each spectrograph using the ac-
quisition and the monitor stars at the appropriate IFUs.
For the measurement of intrinsic size of the galaxies
we identify three sources of uncertainty. The first is the
uncertainty associated with the size measurement of the
galaxies through the growth of curve fitting. The second
is the PSF variation during the observations of a particu-
lar field. Inspection of the PSFs associated with individual
OBs of a given object suggests typical seeing variations of
<20%. Finally, the third source of uncertainty arises from
the fact that in our analysis we assume that the PSF is
axisymmetric, which is not always the case. Indeed, fitting
a two-dimensional elliptical gaussian to the PSFs we find
that the ellipticity of the PSFs varied between 0.05 and 0.1
for spectrographs one and two and betwee 0.1 and 0.2 for
spectrograph three. To derive the uncertainties of the intrin-
sic (physical) sizes we combine in quadrature the aforemen-
tioned errors, that are associated with the growth of curve
analysis and the shape of the PSF. The average intrinsic size
on our sample is 5.4kpc (ranging from 1.4 to 22.3kpc) with
a corresponding uncertainty of ~ 30%. An obvious caveat

of our analysis is that due to the seeing limited nature of
our observations, we cannot spatially resolve individual star
forming clumps in our galaxies. Therefore, we cannot disen-
tangle between a smooth disk-like distribution of the star-
formation activity and individual clumpy [HII] regions that
are separated by a distance comparable to the size of our
PSF.

To account for Ha flux missed due to low S/N at the
outskirts of each galaxy we also modelled the curve of growth
of each galaxy with a Gaussian radial distribution. In almost
all cases >90% of the extrapolated, integrated Ha flux is
recovered by our data. As a sanity check, we also repeated
the size measurements using two independent methods: first
by using as centre of the curve of growth the centroid of
the line emission as determined from the line maps, and
second employing GALFIT to model the radial distribution
of the Ha flux. The size measurements of the three methods
are consistent within the uncertainties, without any obvious
systematics. For the rest of this work, we thus adopt the size
measurements based on the curve of growth analysis using
the dynamical centre of the galaxies.

The analysis described above was applied to the whole
sample of galaxies with Ha detection (437). A galaxy was
considered resolved if the derived r;,,(Ha) was larger than
the HWHM of the corresponding PSF. In total we have 374
galaxies with resolved Ha emission. For the rest 63 unre-
solved sources, we adopt a size upper limit equal to the
HWHM of the PSF.

Finally, we complement our Ha size measurements with
stellar size estimates by matching our sample with the mor-
phological catalog of Van der Wel et al. (2012). This catalog,
produced using GALFIT (Peng et al. 2002), offers, among
other parameters, half light radius and sersic index measure-
ments based on high resolution (0.17”) HST-WFC3 Hri1sow
filter observations, that trace the stellar continuum of the
galaxies at z ~ 0.8 — 1.0 and therefore can serve as stellar
size estimates. Out of the whole sample, we have both stellar
and Ho size measurements for a sub-sample of 117 galaxies
in the COSMOS, GOODS-S and UDS fields. For complete-
ness, and to investigate possible biases introduced by the
derivation of the stellar sized based on the Hgigow —band
observations, we also consider the GALFIT morphological
analysis of Haufller et al. (2007) in ECDFS and Tasca et
al. (2009) in COSMOS, based on (0.17) HST-ACS F814W
imaging. These studies offer structural information for 182
galaxies in our sample.

3.3 Metallicity

Using the [N11] to Ha emission line ratio we are also in
position to estimate the gas phase abundance of Oxygen
[12+1log(O/H)] (e,g, Kewley & Dopita2002) in ~ 190 galax-
ies from our sample for the which we have both [Ni1] and
Ha detections. Using the Pettini & Pagel (2004) formula:
12+1og[O/H] = 8.9+0.57 x N2, where N2= log(fin11/ fra),
we derive individual metallicity estimates for each galaxy as
well as an average metallicity for the sample of 8.64+ 0.02,
that is very close to solar metalliciy.

The lower detection rate of [NI11] (= 40%) compared to
that of Ha (= 90%), could imply a bias of the sample to-
wards lower metallicity sources. However, the non-detection
of [N11], could be affected by imperfect subtraction of strong
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Figure 3. Left) A “resolved” (down to, on average, &~ 5.0kpc) version of the star formation main sequence, showing the projected
star formation rate density as a function of stellar density. It appears that the correlation between the ongoing and past star formation
activity, as observed in the integrated properties of the galaxies holds at sub-galactic scales. The black solid and dashed lines represent
the best fit to the data and the corresponding scatter (0.25 dex). Right) Projected star formation rate density as a function of distance
from the main sequence. The black line corresponds best fit to the data, with a slope 1.09. The red boxes corresponds to the mean Xgpr
in four A(sSFR) bins (0.1 < A(sSFR) < 0.5, 0.5 < A(sSFR) < 1,1 < A(sSFR) < 2 and 2 < A(sSFR) < 10). The vertical dashed
lines enclose the area of the main sequence, while the green contours depict the number density of the sources in the plot. Purple arrows

correspond to lower limits for spatially unresolved sources with Ha detection. This plot demonstrates that, on average, galaxies with
elevated sSFR with respect to the MS, are characterised by denser star formation activity.

OH sky lines (e.g., Stott et al. 2013). Indeed, by measuring
the distance of the [N11] central wavelength to that of strong
(>20 relative strength) sky lines (Rousselot et al. 2000), we
find an average distance of ~7.5A for the galaxies that have
no detection in [N11]. On the other hand, the average dis-
tance of the [N11] central wavelength for galaxies with [NIi]
detection is 11.7 A. Given that the spectral resolution of
KMOS in these wavelengths is ~ 3.5 A it is likely that a
large fraction of non-[NiI] detections are affected from the
presence of skylines. We find that among the 247 galaxies
with no [N11] detection, for 113 the [Ni1] wavelength is less
than 7A (2xFWHM) away from a strong skyline. These
sources are subsequently omitted from the metallicity anal-
ysis. For the rest 134 galaxies with no [N11] but for which the
[N11] wavelength is more than 7 A (2x FWHM) away from a
strong skyline, we derive a metallicity upper limit assum-
ing a 50 [N11] flux density, as derived from the noise of the
spectrum at the corresponding wavelength.

4 RESULTS AND DISCUSSION

The main goal of this paper is to investigate if and how the
width of the MS, as depicted in Figure 2l(right), as well as
the deviation from the MS, reflect variations in the physical
properties of the galaxies. With key parameters at hand,
such as SFR, stellar, physical size, metallicity and stellar
mass, for a large sample of z ~ 1 star forming galaxies, in
this section we will first look into a resolved flavour of the
MS and then proceed to explore possible variations of the
star-formation surface density and the metal abundance of
the galaxies as we move along and above the main sequence
of star formation.

4.1 A Resolved Main Sequence of Star Formation

By combining the Ha based star-formation rates with the
Ha sizes, we can derive the star formation surface density
(XsFr), i.e. the amount of star formation rate per unit area,
of our sources. We define the star formation surface density
as:

Sser = SFR/2773 ), Mo yr~! Mpe 7] (4)

Similarly, for the sub-sample of our sources with avail-
able high resolution HST-WFC3 Hrisow —band imaging, we
infer their stellar mass density (X.), using the morpholog-
ical analysis of Van der Wel et al. (2012). In particular,
using the Sercic index, the half-light radius (ru) and the
Hrisow—band magnitude of the sources, as derived by Van
der Wel et al. (2012) we infer the amount of light, and sub-
sequently the stellar mass within the Ha half light radius of
the galaxies, by assuming a constant mass to light ratio and
rescaling the total stellar mass as derived from the galaxy
integrated SED-fitting. An obvious caveat is that while the
Hri6ow —band (rest frame 0.8 um at z ~ 1) is in general sen-
sitive to the stellar emission, the distribution of the stellar
mass could be different from that of the Hri6ow —band light,
especially in high resolution images. For example Wuyts et
al. (2013), find that at a 0.7 kpc resolution, the stellar mass
of z ~ 1.0 star forming galaxies is more centrally concen-
trated than the Hrisow —band light profile. However, at a
scale of 5.0kpc (which is the median 7"1/2 of the galaxies in
our sample) we expect this effect to be less pronounced. In
fact, we find that the Ha half light radius is, on average, 1.3
times larger than that of the stellar light (ru) (in agreement
with Nelson et al. 2012). This means that we rescale the to-
tal stellar mass to that embedded within a radius R > rg.
Therefore, even if the stellar distribution is more centrally
concentrated, we integrate over a significant portion of the
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galaxy, smoothing out, to a large degree at least, possible
variations in the M/L.

In Figure Blleft) we plot Ysrr versus X, showing a
“resolved” version, of the well established galaxy-integrated
SFR—M., relation. Clearly, the correlation between the on-
going and past star formation activity appears to hold in
sub-galactic scales, down to ~ 5.1kpc (which is the average
Ha half light radius of our sample), with a slightly sub-linear
slope:

log(3srr[Me yr71 kpcf2]) = —8.21 4+ 0.91log(X. [Mg kpcf2] (5)

To test against any possible bias introduced by the
Hrisow —band observations. we also repeat the analy-
sis using this time stellar size estimates based on ACS
F840W —band imaging. As shown in Figure Bfleft), the
trend between Ysrr and X, remains overall unaffected by
the adopted band used to infer stellar size measurements.

The correlation between (Xsrr) and (X.) that we de-
rive here, is in excellent agreement with the slope of the
galaxy-integrated main sequence (e.g. Whitaker et al. 2012),
albeit without the flattening at the high mass end, possibly
due to the absence of galaxies with high stellar density in
our sample. A flattening in the high stellar density end of
the resolved MS is however reported in Wuyts et al. (2013),
that used 3D-HST and CANDELS data for a sample of z ~
1 star forming galaxies. While the slope of the resolved MS
reported by Wuyts et al. (2013) is very similar to that ob-
tained here, we stress that the resolution of our data is ~ 5
coarser than that of Wuyts et al. (2013) and any compari-
son between the two studies should be treated with caution.
We conclude that the past and ongoing star formation follow
closely each other not only in galactic but also in sub-galactic
scales, suggesting that over the same area, the rate of star-
formation tracks the amount of assembled stellar mass.

4.2 Star-formation rate surface density along the
MS

The Xgrr in our sample spans approximately 2 orders of
magnitude, suggesting a wide range of combinations be-
tween SFR and 1, for our galaxies. Several studies have
attempted to investigate these variations of Ygrr as a func-
tion of specific star formation rates or, equally of distance to
the MS. For example Wuyts et al. (2011), using stellar con-
tinuum sizes report a correlation between Yspr and sSFR.
Similarly, Elbaz et al. (2011), using radio size measurements,
find a positive correlation between the two parameters, in
the sense that galaxies with higher Ysrr tend to be have
higher IR8 and sSFR. Here, we are in position to address
this question using the Ha size measurements, that directly
probe the area in which star formation is taking place, of
~400 galaxies with resolved Ha emission.

In Figure Blright) we plot the derived star formation
surface densities as a function of the distance to the MS
(A(sSFR)), by comparing the sSFRs of the sources to a
characteristic sSFRums that varies with stellar mass and red-
shift of each source, following the Speagle et al. (2014) for-
mula. This plot brings together the global star formation
per unit stellar mass (sSFR) with the density of the star ac-
tivity (Xsrr) and therefore can provide information about
the geometry and the mode of star formation (stabursting).
For unresolved sources with Ha measurement, we consider

a lower limit of their Ysrr by adopting an upper r’1/27 equal
to the resolution element of the corresponding observation.
We find a significant correlation (Spearman’s test p—value
=3 X 10719) between Xsrr and A(sSFR), with increasing
(decreasing) star formation surface densities as we depart
above (below) the MS. In particular a least square regres-
sion fit to the data yield: Tsrr o< A(sSFR)'% suggesting,
on average, a variation in the star formation density of a
factor of ~ 4 within the width of the MS (0.3 dex).

The increase of Ygpr for increasing SFR at a fixed
stellar mass, suggests that galaxies form more stars per
unit area as we move above the MS. This can be at-
tributed to either an increase in the star formation efficiency
(SFE=SFR/Mgas), or an increase in the gas fraction of the
galaxies fgas, or a combination of the two. Various stud-
ies have shown that at fixed stellar mass, the gas fraction
of MS galaxies increases for increasing SFR (e.g. Magdis et
al. 2012, Tacconi et al. 2013, Genzel et al. 2015). For example
Magdis et al. (2012) report a trend of increasing Mgas/M.
(or equally of fgas) with increasing A(sSFR), with a slope
of £ = 0.9. On the other hand, Saintonge et al. (2011) and
Genzel et al. (2015) find that as galaxies above the MS are
characterised by shorter gas depletion time scales, suggest-
ing that the width of the MS is a combination of higher gas
fractions and higher SFEs. While in the current study we
cannot disentangle between the two processes, as we lack
Mgas measurements, we confirm that measuring the sSFR
of the galaxies with respect to the sSFRumgs carries impor-
tant information regarding the star formation activity in the
galaxies and that the width of the MS is not just an arte-
fact produced by random noise, but a manifestation of the
variation of the physical properties of the MS galaxies.

Finally, we also find that starbursting galaxies are on
average more compact than the MS galaxies, with a mean
size of 4.2 +0.5kpc, and 5.2 +0.3kpc respectively. This
trend, i.e., starbursting being more compact than MS galax-
ies, is consistent with Elbaz et al. (2011) who used ACS
V —band stacks (i.e. rest frame UV for z ~ 1 galaxies). As
discussed in Section 2, unresolved galaxies in our sample are
predominantly passive galaxies (red r—z colours, high stellar
masses, low SFRs) which typically tend to have more con-
centrated light profiles. Therefore, it is not surprising to find
a lot of unresolved galaxies lying below the MS. On the other
hand, since starburst galaxies are on average smaller than
MS galaxies, one could expect to see some unresolved sys-
tems above the MS too. However, Elbaz et al. (2011) report
an average UV size for starbursting systems (A(sSFR) > 2)
of 3.3 kpc, dropping down to 2.5 kpc when only strong star-
busts are considered (A(sSFR) > 3). In both cases, the av-
erage size of galaxies above the MS is well above the typical
resolution achieved in KROSS. This, along with the fact
that our sample lacks strong outliers above the MS (almost
all galaxies have A(sSFR) < 4), could explain why all star-
bursts in our sample are resolved.

4.3 Metallicity gradient along the MS

Finally, using the gas phase abundance of Oxygen
[12+1log(O/H)] in our galaxies, as derived in section 3, we
can investigate possible trends between the metallicity and
the distance from the MS. Indeed, Ellison et al. (2008), were
the first to show an anti-correlation between metallicity and
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Figure 4. Metallicity versus distance from the main sequence.
The red boxes correspond to the mean metallicity values in four
A(sSFR) bins; one below, two within and one above the MS (same
as in Figure 3right). The green shaded region depicts the locus
of main sequence. The solid line represents the best fit to the
data, with a slope of -0.36, suggesting a variation of 0.2dex in
the metallicity of the galaxies within the MS and significantly
lower metallicities for star bursting galaxies that sit well above
the MS.

sSFR at fixed stellar mass. Follow up studies, using SDSS
data have further examined this trend, suggesting that the
scatter around the well established metallicity — stellar mass
relation is correlated to the SFR of the galaxies (e.g. Yates
et al. 2012; Andrews & Martini 2013, Salim et al. 2014). To
this extend, Mannucci et al. (2010), established a funda-
mental, redshift-invariant, relation between SFR-M.-Z, the
so called FMR relation, showing that at fixed stellar mass
the metallicity of the galaxies decreases for increasing SFR.
More recently, Salim et al. (2014), also presented evidence
that metallicity is anti-correlated with sSFR regardless of
the metallicity indicators used. Here, we can extend this in-
vestigation to high—z galaxies (see also Stott et al. 2013).

In Figure 4, we plot the metallicity as a function of dis-
tance from the MS, for galaxies in the stellar mass range of
9.5 < log(M./Mg) < 10.5. The stellar mass bin was adopted
in order to minimise the dependence on the stellar mass.
Evidently, and in agreement with what is observed in the
local Universe, at fixed stellar mass, galaxies with higher
SFR (or for equally galaxies departing from the MS) are
found to have lower metallicities. A linear regression fit to
the data yields: Z o« (A(sSFR)) %2 suggesting a variation
of ~0.2dex within the MS, and significantly lower metallic-
ities for starbursting galaxies that sit well above the MS.

The observed trend can be explained via gas flows:
galaxies with higher SFR at a fixed stellar mass are likely
to experience higher accretion rates of pristine gas that di-
lute the metallicity content of the galaxies. For example in
the model of Finlator & Dave (2008), it is proposed that
for a given stellar mass, all galaxies have an equilibrium
metallicity, and deviations from that are caused by inflow
of pristine gas from the IGM. In this scenario, we would ex-
pect higher gas surface densities and therefore higher ¥srr,
something that is validated in the previous analysis. To this
direction, Stott et al. (2014) find a correlation between the

gaseous metallicity gradient and sSFR of a galaxy using the
KMOS SV data and literature measurements. They find that
central metallicity is lower in high sSFR galaxies suggest-
ing that this pristine gas is funnelled towards the core of
these galaxies enhancing their SFRs. Furthemore, Bothwell
et al. (2013) and De Rossi et al. (2015) presented evidence
that the mass—metallicity relation exhibits a strong sec-
ondary dependence on total gas mass, rather than on SFR,
with galaxies with higher gas fraction having lower metallic-
ities. In this case, the deviation from the MS reflects varia-
tions in the gas fraction of the galaxies, as already discussed
in the previous sub-section. On the other hand, as argued by
Ellison et al. (2008), the observed trend could also be driven
by star formation efficiency variations; higher gas densities
could have lead to higher star formation efficiencies in the
past (z > 1) that would yield higher metallicities for galax-
ies with lower SFR by z = 1. Again, as for the YXsrr —
A(sSFR) relation, while we recover a clear correlation be-
tween Z and A(sSFR), we need Mg,s measurements in order
to understand the physical mechanisms behind the observed
trends.

Finally, Ellison et al. (2008) and Salim et al. (2008), pro-
vide evidence that at given stellar mass larger galaxies have
on average smaller metallicities, suggesting a secondary (but
weaker to sSFR) dependence of the gas metallicity on the
physical size of the galaxies. However, when we split our sub-
sample of resolved galaxies with a gas metallicity measure-
ment in various stellar mass bins, we do not recover a sta-
tistically significant correlation (or anti-correlation thereof)
between the gas metallicity and r} /2- However, we note that
the lack of anti-correlation between these two parameters is
probably driven by 1) the small number of galaxies that pop-
ulate in each stellar mass bin and 2) the fact that the range
of the physical sizes of the galaxies in our sample is much
narrower than that of the aforementioned studies (80% of
the galaxies with measured metallicities have 3kpc < 7 /2
< Tkpc). Full treatment of the metallicity of the KROSS
sample will be presented in Stott et al. (2016, in prep).

5 SUMMARY

We have presented first results from the ongoing KROSS sur-
vey, that targets ~1000 star forming galaxies at z ~ 1 with
KMOS in order to detected and resolve their Ha emission.
Using Ha flux densities and Ha size measurements as well
as [N11] integrated flux densities for ~500 observed galaxies
so far, we have investigated various physical properties with
respect to the main sequence of star formation. The main
findings are as follows:

e Based on Ho flux density measurements we derive SFR
estimates for galaxies in our sample and recover the SFR-
M. relation at z ~ 1 with a scatter of 0.3 dex, in agreement
with previous studies.

e Using Ha maps we measure the half light radius of the
galaxies and present a “resolved” version of the main se-
quence of star formation that appears to hold with the same
slope and scatter in sub-galactic scales.

e We find a strong correlation between the Ysrr and the
distance from the main sequence, parametrised as A(sSFR)
= sSFR/sSFRwums; galaxies tend to be characterised by
denser star formation as we move above the MS.
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e We find a clear trend between the metallicity of the
galaxies and their SFR at a fixed stellar mass (or equally
their distance form the MS). The recovered relation sug-
gests lower metallicities for galaxies well above the MS and
a metallicity gradient of ~0.2 dex within the MS.

Follow up observations of the current sample to derive
Mgas estimates, either through sub-mm continuum observa-
tions or direct CO detections will enable us to understand
the physical origin of the above trends.
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