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ABSTRACT

We present the stellar mass (M,.), and K-corrected K-band absolute magnitude (M)
Tully-Fisher relations (TFRs) for sub-samples of the 584 galaxies spatially resolved in
Ha emission by the KMOS Redshift One Spectroscopic Survey (KROSS). We model
the velocity field of each of the KROSS galaxies and extract a rotation velocity, Vg
at a radius equal to the major axis of an ellipse containing 80% of the total integrated
Ha flux. The large sample size of KROSS allowed us to select 210 galaxies with well
measured rotation speeds. We extract from this sample a further 56 galaxies that are
rotationally supported, using the stringent criterion Vzg/o > 3, where o is the flux
weighted average velocity dispersion. We find the My and M, TFRs for this sub-
sample to be My /mag = (—7.3 +0.9) x [(log(Vgo/km s71) — 2.25] — 23.4 £ 0.2 , and
log(M,/Mg) = (4.7 £ 0.4) x [(log(Vgo/km s~1) — 2.25] + 10.0 & 0.3, respectively. We
find an evolution of the M, TFR zero-point of —0.4140.08 dex over the last ~8 billion
years. However, we measure no evolution in the Mg TFR zero-point over the same
period. We conclude that rotationally supported galaxies of a given dynamical mass
had less stellar mass at z ~ 1 than the present day, yet emitted the same amounts of
K-band light. The ability of KROSS to differentiate, using integral field spectroscopy
with KMOS, between those galaxies that are rotationally supported and those that
are not explains why our findings are at odds with previous studies without the same
capabilities.
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1 INTRODUCTION

With the dawn of integral field spectroscopy and integral field units (IFUs) it is now possible to gain both the imaging
and spatially resolved spectral information of galaxies to study their morphological, chemical, and dynamical properties and
evolution in just a single observation. IFUs reveal spatially resolved information on galaxies’ internal dynamics, metallicities,
star formation, and stellar mass among other things. Work by surveys such as the ATLAS®*P Project (Cappellari et al. 2011a),
a multi-wavelength galaxy survey using the Spectrographic Areal Unit for Research on Optical Nebulae (SAURON, Bacon
et al. 2001) to kinematically classify galaxy morphology, have arguably transformed the paradigm with which we describe
the formation and evolution of (early-type) galaxies (see e.g. Cappellari et al. 2011b). More beneficial still was the advent of
IFUs that operated in the near-infrared (near-IR) (see e.g. Cambridge IR PAnoramic Survey Spectrograph [CIRPASS], Parry
et al. 2000; Smith et al. 2004, Fibre Large Array Multi Element Spectrograph [FLAMES]-GIRAFFE Pasquini et al. 2002,
Spectrograph for INtegral Field Observations in the Near Infrared [SINFONI] Bonnet et al. 2004), allowing a comparison of
the well understood restframe optical properties of galaxies at z ~ 0 with those at z ~ 1 — 2.

The benefits to our understanding of galaxy evolution that single IFUs such as SAURON and SINFONI have provided
are significant. In the present day however, a new era of surveys using Multi-Object Spectrographs (MOSs) - instruments
consisting of multiple optical fibre bundles, IFUs or multi-slit spectrographs that can be simultaneously deployed - is allowing
spatially-resolved observations of ever increasing numbers of galaxies within much shorter timescales than previously possible
with single IFU instruments. The KMOS Redshift One Spectroscopic Survey (KROSS; Stott et al. 2016), a joint undertaking
between the University of Oxford and Durham University, is one such survey. Using the K-band Multi-Object Spectrograph
(KMOS; see Sharples et al. 2013) on UT1 of the Very Large Telescope (VLT), KROSS has observed 795 star-forming galaxies
at z ~ 1 in the Y J-band. Ha was detected in 719 of those galaxies observed. 584 of these detections were resolved. KROSS
has studied the spatially-resolved dynamics, star formation properties, and metallicities of these 584 galaxies.

At z ~ 1, we begin to probe the epoch of peak star formation in the Universe (see e.g. Lilly et al. 1996; Madau et al.
1996; Hopkins & Beacom 2006), a key era for galaxy mass assembly. The primary causes of this increased star formation are
hotly debated, as are the dominant mechanisms for mass growth. It has been thought that the increased star formation rates
in galaxies at intermediate redshifts is due to a larger galaxy merger rate than in the present day Universe (see e.g. Bridge
et al. 2007). However there are recent theoretical claims that suggest an alternative explanation. At the epoch in question,
numerical simulations predict that galaxies are being fed by constant streams of cold gas from their surroundings (Dekel et al.
2009). These streams then induce gas instabilities, triggering star formation. Thus gas accretion has a direct and significant
effect on the star formation of galaxies at this redshift (for a recent review see Sdnchez Almeida et al. 2014). With this debate
as a backdrop it is essential to constrain how the relationship between the stellar, gaseous and dark mass in galaxies has varied
over cosmic time, and determine whether this is related to the global fall of star formation activity with decreasing look-back
time since z ~ 1 —3 (e.g. Sobral et al. 2014). This work employs the Tully-Fisher relation (TFR) as a useful tool with which
to explore this issue.

The TFR is a fundamental scaling relation describing the interdependence of luminous and dark matter in galaxies. It
provides a simple means of tracing the evolution of the mass-to-luminosity ratio of populations of galaxies at different epochs.
First devised by Tully & Fisher (1977), it was initially only considered for disk galaxies, which are predominantly rotationally
supported, allowing their rotation velocity to be utilised as a proxy for their total dynamical mass. At first it was used solely
as a cosmological distance indicator, however it was soon employed as a tool to probe the nature of various populations of
galaxies.

The TFR of local (i.e. low-z) late-type galaxies is well studied (see e.g. Tully & Pierce 2000; Bell & de Jong 2001; Masters
et al. 2008; Lagattuta et al. 2013). However the Tully-Fisher relation at intermediate redshifts was until relatively recently
unknown. There have been several studies of the Tully-Fisher relation of small numbers of intermediate redshift galaxies (i.e.
z ~1—2) (see e.g. Conselice et al. 2005; Flores et al. 2006; Kassin et al. 2007a,b; Puech et al. 2008; Forster Schreiber et al.
2009; Cresci et al. 2009; Miller et al. 2011a; Gnerucci et al. 2011; Miller et al. 2012; Swinbank et al. 2012a; Sobral et al.
2013) but until now it has not been possible to observe large enough numbers of galaxies at this epoch in order to compose
statistically large samples with which to compare to local samples. With the use of KMOS, the KROSS survey is in a position
to be able to address this problem. In this work we present the K-corrected absolute K-band (M) and stellar mass (M)
TFRs for the KROSS galaxies - the largest sample of galaxies of its kind at z ~ 1.

Circular motion is one of the main assumptions of the TFR. Thus, to maintain the validity of this assumption, we must
only consider those galaxies that are predominantly rotationally supported in any comparison of TFRs. Whilst this is true
of late-type galaxies in the local Universe, it is not neccessarily true of all the hotter “disky” galaxies we see at z ~ 1 (see
e.g. Genzel et al. 2006). In this respect KROSS has the following advantages; firstly, such a large sample as KROSS allows us

MNRAS 000, 1-33 (2015)


http://mnras.oxfordjournals.org/

KROSS: The Tully-Fisher Relation at z ~1 3

to make a meaningful comparison between the TFR at z ~ 1 and the local Universe by selecting for rotationally supported
galaxies whilst maintaining a reasonable sample size. Secondly, there is a particular benefit to using IFU observations, as
opposed to slit or fibre observations, in that it allows us to trace the entire two-dimensional kinematics whilst avoiding
susceptibility to centering inaccuracies. This spatially resolved information is unique to IFU observations and allows us to
separate those galaxies that are rotationally supported from those that are pressure supported with much greater ease and
certainty than previously possible with slit studies, for example. These matters are discussed further in §3.1, §3.4, and §4.
However, it can be seen from the outset that, in comparison to previous studies, KROSS, with its large sample of IFU galaxy
observations, is in a strong position from which to cast a more definitive light on the evolution of the Tully-Fisher relation
over the last ~ 8 Gyr.

This paper is structured as follows: In §2 we describe the KROSS survey; we detail our methods of data acquisition
and reduction using KMOS, and describe the velocity field modelling. We also discuss the extraction of absolute magnitudes
and stellar mass values via fitting of the spectral energy distributions (SEDs) of the KROSS galaxies. In §3 we outline the
selection criteria for three samples drawn from KROSS, namely the parent sample and sub-samples all and disky. We present
the Mk and M, Tully-Fisher relations for the sub-samples, and outline the methods used to construct and fit the relations.
84 comprises a discussion and interpretation of the resultant relations, including a comparison to existing lower and higher
redshift Tully-Fisher studies. Finally, in §5 we give our main conclusions and outline our intentions for future work that will
build and expand on the results presented here.

A cosmology of Qx = 0.73, Q,, = 0.27, and Ho = 72 kms™* Mpc~! is used throughout this work. All magnitudes are
quoted in the Vega system. All stellar masses are calculated assuming a Chabrier initial mass function (IMF), as detailed in
Chabrier (2003). Masses extracted from the literature were converted to a Chabrier IMF (based on offsets taken from Madau
& Dickinson 2014) as

log M.«,c =log M+ x — 0.034 = log M.,s — 0.215
= log M, as — 0.065 (1)

where M, c, M.k, M. g, and M, 4s are the galaxy stellar masses calculated assuming a Chabrier, Kroupa (Kroupa 2001),
Salpeter (Salpeter 1955), and “diet-Salpeter” (Bell & de Jong 2001; Bell et al. 2003) IMF respectively. There are a number of
differing stellar mass conversion factors used in the literature (see e.g. Karim et al. 2011; Papovich et al. 2011; Zahid et al.
2012; Speagle et al. 2014). To account for this, in this work we incorporate an uncertainty of £0.06 dex in stellar mass in any
measured offset between M, TFRs where masses were originally derived assuming an IMF other than Chabrier.

2 THE KMOS REDSHIFT ONE SPECTROSCOPIC SURVEY: DESCRIPTION OF THE SURVEY
2.1 KMOS

KMOS (Sharples et al. 2013) is mounted on UT1 of the VLT, Cerro Paranal, Chile. It consists of 24 arms that are deployable
in the focal plane of the telescope over a circular area of diameter 7.2’. Each arm has a pick-off mirror that directs the incident
light to an image slicer, forming an integral field unit (IFU). Each IFU has a field of view 2.8" x 2.8 and divides this area
into 14 slices, each acting like a classical slit. Each slice is further divided into 14 spatial pixels (spaxels). The result is 14 x
14 spaxels within the field of view, each of size 0.2” x 0.2” and each with a full spectrum associated with it.

KROSS galaxies were observed with KMOS in the YJ band, which covers a wavelength range of approximately 1.02—
1.36m. Resolving power across the Y'J band ranges from R ~ 3000 at shorter wavelengths to R ~ 4000 at longer wavelengths.
KMOS allows for simultaneous integral field spectroscopy of 24 targets in a given field of view, and thus proves a valuable tool
in conducting large surveys of the kinematic properties of galaxies over a large range of redshifts. Importantly, its wavelength
range is such that galaxies at intermediate redshifts may be observed in the well-understood optical restframe. For a more
detailed description of KMOS, see the KMOS User’s Manual *.

2.2 Survey Aims

Using KMOS, KROSS aimed to detect the Ha emission line (redshifted in to the Y'J band at z ~ 1) from the warm ionised
gas within galaxies at z ~ 1. Combined with other emission lines, such as the [NII] doublet, the internal dynamics of the

1 https://www.eso.org/sci/facilities/paranal/instruments/kmos/doc.html
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galaxies can be studied along with other properties such as their chemical abundances, star formation rates, and ionisation
mechanisms.

Now complete, KROSS has observed 795 star forming galaxies at 0.8 < z < 1. For a detailed description of the sample
selection and statistics see Stott et al. (2016). Here we give a brief summary. The sample of galaxies was selected using a
magnitude cut K < 22.5, and a colour cut r-z < 1.5. These selections were made with the intention of selecting so-called
“blue cloud” galaxies (see Bell et al. 2004), characterised by their blue colour and ongoing star-formation. Some fainter,
redder, more passive (or dusty) galaxies were also included in the sample selection, but these were given a lower priority for
observations. Target galaxies for KROSS are spread between several fields, namely the Extended Chandra Deep Field-South
Survey (ECDFS) field, the Special Selected Area field (SA22), the COSMOlogical evolution Survey (COSMOS) field, and the
UKIRT Infrared Deep Sky Survey (UKIDSS) Ultra Deep Survey (UDS) field. KROSS detected Ha in 719 galaxies. 584 of
these detections were resolved.

2.3 Data Reduction

For a detailed description of the reduction process see Stott et al. (2016). Here we present a summary.

The ESO Recipe EXecution tool (ESOREX) and the Software Package for Astronomical Reduction with KMOS (SPARK)
pipeline (Davies et al. 2013) were utilised in order to reconstruct the datacube from each IFU observation. The pipeline
performs initial corrections to the data using dark, flat, and arc frames, as well as an additional illumination correction. A
telluric correction to each observation was made using an observed standard star. Observations were taken in an ABAABA
nod-to-sky pattern, where A represents time on source, and B time on sky. Upon reconstruction of the datacubes, each AB
pair was then further reduced separately.

An initial A-B sky subtraction was made of the cubes, using the temporally closest sky. Following this an attempt was
made to remove any remaining residual sky using a designated sky cube per spectrograph. This “sky” cube was further
median-collapsed to a single spectrum, reducing the noise between sky emission lines, and subtracted from the spectrum of
each spaxel in the object cube. See Stott et al. (2016) for a description of the residual sky subtraction.

The reduced cubes of the same object from several observations were then combined via a 3-sigma-clipped average, using
the header information for alignment.

2.4 Modelling Velocity Fields

For a detailed description of how the velocity fields of the KROSS galaxies were constructed, and modelled see Stott et al.
(2016). Essentially, we simultaneously fit the Ha, [NII]6548, and [NII]6583 emission lines with three Gaussians. The fit uses
the Levenberg-Marquardt technique to perform an uncertainty weighted, least-squares minimisation between the data and
model. The intensity, central velocity and width of each of the Gaussians are left as free parameters, however the central
velocity and width of the Ha and [NII] lines are coupled. We construct the mean velocity fields by plotting the central velocity
(in km s™1), in each spaxel, of the Gaussian fit to the Ho emission. We plot all velocities relative to the systemic recession
velocity calculated from the known spectroscopic redshift (taken from various surveys, see Table 1 of Stott et al. 2016). For
both the flux map and velocity field, if the signal-to-noise ratio, S/N < 5 in a given 0.1" x 0.1" spaxel, we consider a larger
area of 0.3"” x 0.3”. If the S/N is still insufficient the area is enlarged again to 0.5” x 0.5 and finally 0.7 x 0.7".

The velocity fields were modelled by fitting a two-dimensional modification of the well known Courteau (1997) arctangent
disk model for galaxy rotation curves, given as

V(r)= szax arctan < " ) , (2)
™ Tdyn

where V (r) is the rotation velocity at radius r, Vimax is the rotation velocity at infinite radius, and rqyn is the characteristic
radius associated with the arctangent turn over. In practice we fit a model with seven parameters to the velocity field. The
parameters include (xo,y0) (the dynamical centre in « and y spaxel space), the position angle ¢ (in spaxel space), inclination
%, Tdyn, and Viax. We also include a systemic velocity parameter Vg, which allows for a best-fit systemic recession velocity
that differs from that calculated from the known spectroscopic redshift. We constrain the dynamical centre to lie within 0.7”
(equivalent to the typical seeing of KROSS observations) of the peak of the Ha integrated flux. We define the line-of-sight
velocity at each spaxel as

V=V + (sinicos6V(r)) , (3)
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Figure 1. Three examples of KROSS galaxy velocity fields that are well modelled by the Courteau (1997) arctangent function. For each
galaxy the observed (“DATA”) and best fitting model (“MODEL”) velocity fields are displayed (with 0.1” x 0.1” spaxels) along with
the residual (“RESIDUAL”) between the two. Also included is the associated integrated Ha flux map (“He”), constructed by integrating
under the best fit to the Ha emission line in each spaxel. The dashed and solid ellipses, centred on the dynamical centre of the best
fitting model velocity field, contain 50% and 80% of the total Ha flux respectively. The axial ratio of the ellipse is determined by initially
fitting a two dimensional Gaussian to the entire flux map. On the far right, we display the extracted rotation curve (red points) from
the inclination corrected observed velocity field. This is constructed by extracting velocities from each pixel along a 0.7” (~the typical
seeing) wide strip, in 0.1” spaxel steps, along the position angle axis (horizontal in each map). Each spaxel’s velocity is corrected for
inclination. We also plot the rotation curve extracted from the corresponding model velocity field as a solid black line. We include the
+1o bootstrap uncertainties from the model as a shaded grey region. These reflect the 1o uncertainty in Vo, Vinax, and rqy, of the
model. Further, we include r59 and rgp as the vertical dashed and solid grey line respectively. It should be stressed that the black curve
is not a fit to the extracted rotation curve but rather it is the curve extracted from the best fitting model field. Both the observed and
model rotation curve are plotted only for reference. It should also be noted that the extracted rotation curve is more susceptible to noise
within the data. In this respect, the residual map is a much clearer indicator of the quality of the arctangent model fit.

where

cost = (90 =)+ (condly o)) "

and the radial distance from the dynamical centre for each spaxel is given as

r:\/(w—mo)2+(w)2 . ()

cos 1

We use a genetic algorithm (Charbonneau 1995) to find the best fitting model.

As an example, Figure 1 shows three observed velocity fields that are well modelled by the arctangent function, the
corresponding model fields, as well as the associated Ha flux maps. For illustration purposes we also display rotation curves
extracted from the corresponding observed and model fields along the position angle axis of the galaxy.
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Figure 2. Distributions of Vgo, Mg, and log (My/Mg) for the KROSS parent sample, and sub-samples all and disky. The spread,
and the position of the peak in all three distributions remain approximately constant between the parent sample and sub-sample all.
Considering the disky sub-sample it can be seen that the peak position remains relatively constant in comparison to the parent sample
and sub-sample all in both the My and log (M. /Mg) distributions. However, the disky sub-sample is biased towards higher values of
Vgo than the parent sample and sub-sample all.

2.5 Extracting Rotation Velocities

When extracting a rotation velocity from the velocity field of each of the KROSS galaxies we consider two important factors.
Firstly, for the TFR it is neccessary to consider the rotational velocity at radii that probe the flat part of a galaxy’s rotation
curve. Ideally this would mean considering the rotation velocity of the galaxy at the maximum radius of the (galaxy) disk so
that the total dynamical mass is being probed. In practice however a compromise must be struck with regards to the second
factor - that Ha emission in galaxies is only detected out to finite radii. Therefore we must measure the rotation velocity at
a radius that samples a galaxy’s rotation curve at or beyond the turnover in order to sample the majority of the dynamical
mass (and avoid the rapidly changing inner parts of the galaxy’s rotation curve); but we must also choose a radius for which
a large enough number of the KROSS galaxies have sufficiently extended Ha emission.

Whilst the simple Courteau (1997) arctangent disk model used in this work is a satisfactory description of a disk-like
galaxy’s rotation curve, it is clear that the asymptotic velocity, Vimax has little physical meaning; considering the finite spatial
extent of the Ha emission it is obvious that, in all cases, a small change to the extrapolated velocity curve can lead to large
changes in Vinax. Thus it is sensible to extract a velocity at a more physically motivated choice of radius.

The characteristic radius, rqy, in the arctangent model defines where the arctangent curve begins to turn over and has
no direct relation to the mass distribution of the galaxy or the corresponding radius at which the rotation curve becomes
flat. It is therefore not a suitable choice. Previous studies have measured velocities at a circular radius containing 80% of the
red (e.g. i-band) stellar light (see e.g. Pizagno et al. 2007). For an exponential disk, this radius corresponds to 3.03 times
the disk scale radius and is thus a well motivated choice, physically. We would therefore proceed in extracting velocities from
the KROSS velocity fields in a similar manner. However, the KROSS sample lacks a homogeneous set of high resolution
near-infrared imaging for the stellar light of the galaxies. The signal-to-noise of continuum detections is also insufficient in
the majority of KROSS cubes to reliably measure the galaxy size. These measurements are ongoing and will be the subject
of future publications by KROSS (Harrison et al., in prep). We instead return to the Ha emission for which we have emission
maps for all the KROSS galaxies.

We extract a rotation velocity, Vso for each galaxy from the best fitting arctangent model at a radius equal to the major
axis of an ellipse containing 80% of the total integrated Ha flux, rso. Naively, there is little reason to expect the spatial
distribution of the Ha emission to correspond to the underyling mass distribution, as is true with the red stellar continuum
light. However, previous studies have shown that the radial extent of Ha emission in galaxies at z ~ 1 is in agreement, or
slightly more extended than the stellar light; Nelson et al. (2012) find < re(Ha)/re(R) >= 1.3 £ 0.1 where r.(Ha) and r.(R)
are the Ha and R-band effective radius respectively. We determine rgo by growing ellipses (on the model integrated flux
maps) outwardly from the best fitting dynamical centre. The axial ratio of the ellipse is determined by initially fitting a two
dimensional Gaussian to the entire flux map, such that the ellipse reflects the overall spatial shape of the Ha emission.

It should be noted at this point that, despite the overall light distribution of Ha generally agreeing with the red stellar
continuum, Ha emission traces the ongoing star formation in galaxies and thus tends to be more clumpy than the continuum
light, particularly at intermediate redshifts as demonstrated from the model KROSS Ha maps. In some cases, the best fitting
dynamical centre is displaced with respect to the peak of the integrated Ha flux. Here there is the potential for the value of rgo
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to be at odds with the radius containing 80% of the stellar continuum light. This will introduce an unknown degree of scatter
in to the KROSS TFR. To investigate this further, for those galaxies for which we are able to measure at least a continuum
centre (i.e. the spatial position of the peak of the continuum, extracted from the KROSS cubes), we compare the difference
between the dynamical centre as derived from the modelling of the velocity fields with the continuum centre. We find that in
most cases the dynamical and continuum centres agree within 0.3”. The typical seeing radius of any given KROSS observation
is ~ 0.35” (only 1.5 spaxels in the original KMOS spaxel scale of 0.2""). We also measure no significant change in the scatter of
the TFR of our initial sub-sample (sub-sample all, see §3.1) after excluding those galaxies with dynamical centres that differ
from the continuum centre by more than 0.3”. We are therefore satisfied that our measurements of the KROSS TFRs would
not be significantly improved by forcing the dynamical centres of the model velocity fields to be coincident with the continuum
centres. In light of this, and since continuum centre values are not available for all 584 KROSS galaxies with resolved Ha, we
thus proceed with the analysis using the best fitting model velocity fields, where the dynamical centre is constrained to lie
within 0.7” of the peak of the Ha flux.

In the same vein, in Appendix A we also consider the effect those systems with asymmetric rotation curves (i.e. systems
for which the Ha emission extends up to or beyond 730 on only one side of the rotation curve) have on the TFR scatter.
One might expect the asymmetry in these systems to reduce the accuracy to which the dynamical centre may be determined.
However, we show that exclusion of these systems from our initial sub-sample does not significantly change the scatter in the
TFR. We therefore proceed with the analysis including all galaxies for which the Ha emission extends up to or beyond rgo on
at least one side.

Examples of the velocity field modelling and extracted rotation curves are given in Figure 1. Also displayed are the
corresponding integrated model Ha flux maps along with the ellipses used to determine rgo (and, for reference, rso - the radius
equal to the major axis of an ellipse containing half of the integrated Ha flux). The same plot for each of the 56 KROSS
galaxies in the disky sub-sample (see §3.1 for sub-sample selection) are shown in Appendix B.

2.6 SED fitting: Stellar Masses and Absolute Magnitudes

Stellar masses and K-corrected absolute K-band magnitudes were derived by fitting the spectral energy distributions (SEDs)
of each of the KROSS galaxies using HYPERZ (see Bolzonella et al. 2000) and LE PHARE (see Arnouts et al. 1999; Ilbert
et al. 2006) respectively (the former is used to maintain homogeneity with Stott et al. 2016 but does not compute absolute
magnitudes). We used photometry spanning (where available) the optical to mid-infared (u, B, V, R, I, J, H, K, and IRAC
chl—ch4). For a full description of the catalogs utilised for each field observed by KROSS see Swinbank et al. (2016, in
prep.). Each fitting routine generates model SEDs from the Bruzual & Charlot (2003) stellar population synthesis models.
We fit for extinction, metallicity, age, star formation, and stellar mass. Both routines allows for three main types of star
formation history, namely a ‘single burst’ of star formation, an exponential decline in star formation over the age of a galaxy,
or constant/“boxy” star formation.

We note that we do not directly observe the rest-frame K-band for all of the KROSS galaxies; in such cases the K-
band K-corrections may suffer from an added degree of uncertainty. Throughout this work we adopt a uniform stellar mass
uncertainty of +0.2 dex.

3 THE KROSS TULLY-FISHER RELATION
3.1 Defining Sub-Samples

Of the 584 KROSS galaxies with resolved Ha emission, we define a parent sample, for the purposes of this work, of 251
galaxies that were detected in Ha, have a non-zero rotation velocity (derived in the manner described in §2.5), with a
fractional uncertainty Avg, / Vso < 0.3, and associated K-corrected absolute K-band magnitudes and stellar mass values from
SED fitting. To ensure that those galaxies included in the parent sample are at least moderately well described by our simple
arctangent model (i.e. have some disk-like rotation) we use an R? goodness of fit test (applied to the two-dimensional fit the
velocity field), requiring for each galaxy that

R? > 85% . (6)

The choice of R? is subjective but was chosen to remove those galaxies for which the arctangent model is a “bad” fit whilst
maintaining a reasonable sample size.
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Of these 251 galaxies, 26 galaxies have Ha emission which does not extend out to, or beyond, rgo. Inclusion of these
galaxies will introduce scatter in to the Tully-Fisher relation as a result of extracting a velocity extrapolated from the model
rotation curve, beyond the data. For this reasons we exclude them, leaving 225 galaxies. Similarly, we also exclude a further
6 galaxies for which the best fitting dynamical centre is completely spatially offset from any Ha emission, as the best fitting
models in these cases are obviously poorly constrained by the data. This leaves a total of 219 galaxies.

To avoid making large inclination corrections to the extracted galaxy rotation velocities, and in keeping with previous
studies (see e.g. Meyer et al. 2008; Stark et al. 2009), we make a further cut such that the inclination ¢ > 25°, excluding an
extra 4 galaxies — leaving 215.

Lastly, we employ kinemetry® (Krajnovié¢ et al. 2006) in order to exclude any major-merger candidate systems following
the prescription of Shapiro et al. (2008). See Stott et al. (2014) for a previous application of Kinemetry to KMOS data.
Briefly, kinemetry describes the moment maps (e.g. surface brightness, velocity map, sigma map) of a given galaxy as a series
of concentric ellipses of increasing radii, each with a common centre but with individual position angles and inclinations. The
series of ellipses describing a moment, K can be expressed as

K(a,%) = Ao(a) + Y kn(a) cos[n(y — ¢u(r))] , (7

where a is the semi-major axis of each ellipse, ¥ is the azimuthal angle in the plane of the galaxy, Ao is the systemic velocity
of each ellipse. The amplitude and phase coefficients are given as

kn =\/A2 + B2 and ¢, = arctan(A,/B,) , (8)
where A,,, By, are (“kinemetry”) constants.

FEach moment map can therefore be described by the values of A,, B,, and the orientations and semi-major axes of
the ellipses. Further, different orders of each of the coefficients describe characteristics of the map. Specifically, for velocity
maps, B; describes the bulk rotational motion of the galaxy i.e. for a perfect thin disk, B; describes the entire motion of
the map; any non-zero higher order coefficients (i.e. A1, As, Ba, A3, Bs, ...) represent non-circular motion. Similarly, the only
non-zero kinemetry cofficient in the dispersion map of a perfect thin disk is Ag. Therefore, higher order (i.e. n =1,2,3,4,5,...)
coefficients here also represent deviation from circular motion.

Shapiro et al. (2008) use these higher orders to quantify the assymetry of the Ha dynamics of high-redshift star-forming
galaxies, in order to distinguish between major mergers and rotating disks. They exclude A; from their analysis since it can
represent inflows/outflows into/from a galaxy, usually a result of stellar winds or AGN - not major mergers. They define the
asymmetry Vasym, and gasym Of a galaxy’s velocity and sigma map respectively as

leo + ks + s + k
Uasym:<%> 7 ©)

and

(10)

</€1+k2+k3+k4+1€5>
Oasym = ’
Bl,v r
where Bi,, is the B; kinemetry coefficent of the velocity map and the average is over all radii, r of the kinemetry ellipses.
Using templates of high-redshift disks and mergers they define an empirical delineation such that major mergers obey

Kasym =1/ V25ym + 026ym > 0.5 . (11)

From our sample we exclude 5 systems with a kinemetry asymmetry parameter, Kasym > 0.5. We hereon refer to the
remaining 210 galaxies as sub-sample all.

Next, we define a further sub-sample, disky, that contains only those galaxies from sub-sample all that are primarily
rotationally supported. The KROSS sample will contain a number of galaxies that can be deemed disk-like but that are
much more turbulent and chaotic than the spiral galaxies we see in the local Universe (see e.g. Forster Schreiber et al. 2006;
Swinbank et al. 2012b; Stott et al. 2016). So whilst these galaxies may have disk-like structures and significant rotational

2 KINEMETRY for IDL http://davor.krajnovic.org/idl/
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Sample  Nga  Selection

parent 251 Detected in He, Vgo > 0, Ayg,/Vao < 0.3,
R2? > 85%, My and M, from SED fitting

all 210 Member of parent,
sufficient Ha radial extent, dynamical centre
coincident with Ha emission, i > 259,
Kasym < 0.5

disky 56 Member of all, Vgo/o > 3

Table 1. A summary of the selection criteria for samples and sub-samples defined in this work

Distribution  parent vs. all  parent vs. disky

Mg 1.00 0.708
log M 1.00 0.618
Vso 0.999 1.99 x 1076

Table 2. p—values for Kolmogorov-Smirnov (K-S) two-sample tests between the parent sample and sub-samples disky and all. The null
hypothesis is that the two samples in question are drawn from the same distribution. The null is rejected for p < 0.05.

support, they are also likely to have significant dispersion support as well. Since the Tully-Fisher relation assumes circular
motion and relies on the assumption that the galaxies in question are rotationally supported, we define a ratio of rotation
to dispersion support, Vso/o in order to exclude those galaxies that violate the assumption of circular motion. o is the flux
weighted average value of the velocity dispersion map of each galaxy, after correcting for the instrumental resolution and local
velocity gradient from beam smearing (see Stott et al. 2016 for more details).

A cut was made to sub-sample all such that Vgo/o > 3 in order to select galaxies that were predominantly rotationally
supported (the choice of which value of Vso/o to cut by is discussed in §3.4.2). The resultant disky sub-sample contains 56
galaxies. This may seem a large reduction in the number of galaxies from parent to disky but the cut is vital in order to
ensure validity in any measured evolution of the Tully-Fisher relation; whilst it is valid to assume rotation support dominates
in late-type galaxies in the local Universe, this assumption is not valid for all of the galaxies in the KROSS sample. Thus, in
order to compare to z ~ 0 TFRs, we must select for the minority of galaxies within KROSS that are significantly rotation
dominated. This is an issue that has not been sufficiently addressed in previous studies and is discussed further in §3.4 and
85.

A summary of the selection criteria for the samples and sub-samples defined in this work is given in Table 1, along with
the number of galaxies in each.

The distributions of Vo, Mk, and log (M, /Mg) for the parent sample, sub-sample all, and the disky sub-sample can be
seen in Figure 2. To quantify any biases between the distributions we conducted a Kolmogorov-Smirnov (K-S) two-sample
test between the parent sample and sub-samples disky and all. We define a null hypothesis that the two samples in question
are drawn from the same distribution. We reject the null hypothesis if the p-value, p < 0.05. The resultant p-values can be
seen in Table 2. It can be seen from Figure 2 that the spread, and the position of the peak, of the Mk and log (M./Mg)
distributions remain approximately constant between the parent sample and sub-samples all and disky - the only difference
being the number of galaxies in each sample, and a moderate truncation in the range of stellar masses and absolute magnitudes.
Correspondingly, Table 2 shows that for the Mg and log (M./Mg) distributions, we do not reject the null hypothesis that
both parent and all, and parent and disky are drawn from the same distribution. Considering the distribution of Vgo, the
average value of Vgo remains roughly constant between the parent sample and sub-sample all. However there is an apparent
increase in the average between sub-sample all and sub-sample disky. This is confirmed in Table 2, where it can be seen that
we reject the null hypothesis that the Vgo values of parent and disky are drawn from the same distribution. This is in line
with expectation as the disky sub-sample comprises only those galaxies that are predominantly rotationally supported.
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3.2 Fitting the Tully-Fisher Relation

We find the best forward and reverse straight line fits to each of the Tully-Fisher relations presented in this work using a
Markov chain Monte Carlo (MCMC) minimisation technique, with EMCEE® (Foreman-Mackey et al. 2013) in PYTHON. The
familiar forward fit minimises

1
2 _ 2
i =2 (25 s = e — o) 40} (12)
where x; and y; are the spectral velocity and flux data respectively, z¢ is a “pivot” point, chosen in order to minimise uncertainty
in the intercept b of the straight line (in practice we set zo to the median value of x;), and m is the gradient of the line. o; is

defined as

ol = O';i + m2ai,i +oi. (13)
where 0y ; and 0,,; are the uncertainty of an individual data point in y and « respectively, and iyt is a measure of the intrinsic
scatter in the Tully-Fisher relation. iyt is determined by adjusting its value such that the reduced chi-squared value is equal
to 1. It should be stressed that this measure is highly dependent on the accuracy of o, ; and oy,;. As such, it is better thought
of as the scatter unaccounted for by uncertainties.

The total scatter in the relation is defined as

2 X

Ctot = = 5% - (14)
o 551 /o?)

For the reverse fit, the figure of merit to minimise is

X?CV =X (%) [CUZ — (Myi + B+ mo)]Q , (15)

i

where similarly M and B are respectively the gradient and intercept of the straight line and

G=oli+ Mo, + G - (16)

Again (nt is the intrinsic scatter and the total scatter is defined as

2 X2
Giot = 571 13y - (17)
o S0/
The reverse fit parameters can be directly compared to the forward fit parameters by defining the equivalent slope, and
intercept asm =1/M,and b = —B/M, 0y, = Mint, and oyo; = M (iot, respectively (Williams et al. 2010). Since the values

of (ot Or (int represent respectively the total and intrinsic scatter in log Vso, we do not tabulate the equivalent forward fit
values but instead report them directly.

In all cases measured the best reverse fit slope was significantly (i.e. greater than three times the 1o uncertainty) steeper
than that of the forward fit. Given the comparable magnitude of uncertainty in both the abscissa (log Vso) and ordinate (Mg
and log(M.,)) values of the TFRs present in this work, we choose not to favour either the best forward or reverse fit and
instead take the bisector of the two as our best measurement of the TFR in each case.

3.3 Results

The Mk, and log M, Tully-Fisher relations for sub-sample all and the disky sub-sample can be seen in Figures 3 and 4
respectively. The corresponding free fit parameters are presented in Table 3, while Table 4 presents the fitted parameters for
the case where the slope of the fit to each KROSS sub-sample (and several samples taken from the literature) is fixed to the
local Universe value (see §3.3.1 and §3.4). Uncertainties are quoted at a 1o level. Uncertainties in the TFR offsets between
KROSS and the z ~ 0 comparison sample include the uncertainty in the z ~ 0 TFR zero-point and in converting between
stellar masses calculated assuming different IMF's.

3 http://dan.iel.fm/emcee/current/
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8.3.1 Comparing to the Local Universe

In all plots a z ~ 0 TFR is displayed for comparison, however it should be stressed that caution must be taken when directly
comparing these with the KROSS relations. When comparing the TFR between any two samples of galaxies it is very important
to consider the systematic bias that may be introduced as a result of the methods of measurement used. This is less of a
problem when comparing absolute magnitudes and stellar masses as these are, by definition, corrected for redshift, extinction
etc. However when considering the measure of a galaxy’s rotation it can pose a problem. For example, the difference between
a galaxy’s rotation inferred from an IFU observation and a long slit observation may be significant (e.g. Forster Schreiber
et al. 2006); factors such as slit orientation, resolution, and sensitivity could all introduce bias in to the measured rotation.
Similarly, the choice of emission line used to trace the gas dynamics is also significant as different lines trace different phases
of the gas, which may each extend out to different radii within a galaxy. Some lines suffer more absorption by dust in the line
of sight (e.g. [O II] is more affected by dust than Ha). As an attempt to account for their effect on the measured intercept
of the z ~ 0 comparison relations we combine the data from several studies from the literature, which use different measures
of galaxy rotation and samples of galaxies from a range of different environment. We then compare the KROSS TFR to the
best (free) fitting relation of the combined z ~ 0 data.

The Mk comparison relation comprises data from Tully & Pierce (2000, TP00), who use the linewidth of the integrated
HI emission profile of galaxies from a range of cluster environments to derive their rotation velocity; and Verheijen (2001,
VO01), who use the integrated HI emission profiles and HI rotation curves of a volume limited sample of late-type galaxies in
the Ursa Major Cluster.

The M., comparison relation comprises the data of Pizagno et al. (2005, P05), who use rotation velocities derived from
long slit spectroscopy of Ha emission; Reyes et al. (2011, R11), who use long slit spectroscopy of Ha emission from a sub-
sample of a large sample of disc galaxies selected from the Sloan Digital Sky Survey Data Release 7; and Rhee (2004, RH04),
who re-analyse the optical emission line rotation curves of the the Kent (1986) sample of Sb and Sc spiral galaxies.

Aside from using a composite z ~ 0 sample, the obvious solution is to use the same measurement of rotation for all galaxy
samples considered for comparison. In this way, if there is systematic bias introduced as a result of the measurement method,
the same bias will be present in both relations. In this case, any measured relative offset between the relations of the two
samples will be intrinsic. In the absence of a directly comparable z ~ 0 TFR, we make do with the average of several different
methods. With the advent of several large IFU surveys at z ~ 0 it will soon be possible to compare the observations of KROSS
at z ~ 1 to a similarly observed sample in the local Universe. This issue and future work in relation to it are discussed further
in §5.

3.3.2  The Tully-Fisher Relations

Figure 3 shows the Mk and log M, TFRs of sub-sample all. The fit parameters for the bisector and fixed-slope linear fits are
shown in Table 3 and Table 4 respectively. From the free fitting we infer large intrinsic scatter in stellar mass and absolute
K-band magnitude, in comparison to the local Universe, for both the Mk and log M. TFRs respectively (oins = 0.84 £ 0.04
mag and oint = 0.38 £ 0.02 dex). For the z ~ 0 comparison sample we find an intrinsic scatter of oijne = 0.36 £ 0.04 mag and
oint = 0.16 £ 0.01 dex for the Mk and log M, relation respectively.

The free fitted slope of each of the sub-sample all TFRs is much shallower than that of the respective comparison relation,
within uncertainties (—4.0 & 0.5 and 2.1 + 0.2 for the Mk and log M., relation respectively). Fixing the slopes to that of the
z ~ 0 comparison relations we find an increase in the inferred intrinsic scatter (1.43 + 0.08 mag and 0.58 & 0.03 dex for the
Mg and M, relation respectively) for both the all TFRs. Considering the log M. all fixed slope relation we find no evidence
for a significant offset of the TFR between z ~ 1 and z ~ 0. Considering the Mg TFR for the same sample however, for a
given rotation velocity we measure an offset of —1.1 + 0.1 mag between the KROSS and the z ~ 0 comparison relations.

Importantly, the TFRs of sub-sample all exhibit large scatter in log Vao (Cine = 0.15340.009, or equivalently ai/m =1.940.1
mag or Uilm = 0.81 £ 0.5 dex). As is apparent from the colour-coding in Figure 3, this scatter dramatically reduces with
increasing Vgo/o i.e. the scatter is reduced for the more disk-like galaxies in the sample. Since the TFR assumes purely
rotational motion, it is more informative to examine the TFR of galaxies with high Vgo/o. We thus look to the TFRs,
displayed in Figure 4, of the disky sub-sample, which contain galaxies selected to be disk-like with significant rotation support
(as described in §3.1). The fit parameters for the free and fixed-slope linear fits are shown in Table 3 and Table 4 respectively.
We see a reduction in the intrinsic scatter compared to that of sub-sample all (ging = 0.57 £ 0.06 mag and oine = 0.25 £ 0.05
dex for the Mg and M, relation respectively). However, this is still large compared to the z ~ 0 comparison samples. The free
fit bisector slopes of both TFRs for the disky galaxies (—7.3+0.9 and 4.7 £ 0.4 for the Mg and M, relation respectively) are
much steeper than the free fit slopes of sub-sample all, with the slope of the disky sub-sample stellar mass TFR steeper even
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than the z ~ 0 comparison sample, within uncertainties. The Mk TFR for disky galaxies remains slightly shallower than the
slopes at z ~ 0, within uncertainties.

Fixing the slopes to that of the z ~ 0 comparison relations, we see a change in the offset, towards dimmer magnitudes
or lower stellar masses for a given rotation velocity, across both TFRs in comparison to sub-sample all. For the Mx TFR,
this brings the KROSS relation in line with the z ~ 0 comparison sample (an offset of 0.1 + 0.1 mag). However, we measure a
large offset (—0.41 + 0.08 dex), towards lower stellar masses for a given rotation velocity, between the z ~ 0 and KROSS M,
TFRs. This offset is larger than the measured intrinsic scatter and greater than three times the 1o uncertainty on the offset.
We note also that the measured offsets of both the M. and My disky TFR, with respect to z ~ 0, are robust to a change
in the radial position at which the velocity is extracted for each galaxy; extracting a velocity Vzo and Voo (i.e. at a radius
containing respectively 70% and 90% of the Ha flux) changes the measured offset by only +0.08 dex and +0.2 mag for the
M, and Mg disky relations, respectively. Thus we find evidence of a significant evolution in the zero-point of the stellar mass
TFR for disk-like galaxies between z ~ 1 and z ~ 0; for the same galaxies we find no evolution in the zero-point of the Mg
TFR over the same period. Again, the measured intrinsic scatters increase in comparison to the free fit, but are reduced in
comparison to the fixed fit of sub-sample all.

If the zero-point of the stellar mass Tully-Fisher relation has evolved as measured since z ~ 1 to the present day, this
implies a decrease, by a factor of ~ 0.36, in the dynamical mass-to-stellar mass ratio of disk-like galaxies over the last ~8
billion years i.e. (Mayn/My).=0 ~ 0.36 X (Mayn/M.).=1; for a given dynamical mass, galaxies at z ~ 1 have less stellar mass
than they do in the local Universe. Further, given that there is no apparent evolution in the zero-point of the Mg TFR,
this also implies an increase in the absolute K-band stellar mass-to-light ratio, by a factor of ~ 2.75 since z ~ 1. There is
more K-band light emitted per stellar mass at z ~ 1 than at z ~ 0. This is not outside of reasonable expectation given the
comparatively greater specific star formation rates of galaxies in the z ~ 1 Universe (see § 4 for further discussion on this
point).

3.4 Evolution

The offset between the KROSS z ~ 1 stellar mass TFR and that of the z ~ 0 comparison sample is at odds with the findings
of Miller et al. (2011b) who studied the stellar mass Tully-Fisher relation for 129 disk-like galaxies out to z ~ 1.3 based on slit
spectroscopy. They find intrinsic scatter comparable to that of low redshift studies and, most importantly, they find almost no
evolution in the stellar mass Tully-Fisher relation from z ~ 1 to z ~ 0.3. Similarly Miller et al. (2012), using resolved spectra
- taken with Keck I Low Resolution Imaging Spectrograph (Oke et al. 1995) - of 42 morphologically selected star-forming
galaxies at 1 < z < 1.7, find no evidence for an evolution of the offset of the TFR compared with the local universe.

To investigate this further and put the results of this work in context, we use the data of Miller et al. (2011b), Miller et al.
(2012) and other intermediate redshift studies, by Flores et al. (2006), Puech et al. (2008), Cresci et al. (2009), and Gnerucci
et al. (2011) in order to directly measure and compare the offsets of each study with our composite z ~ 0 comparison sample
and with the predicted TFR zero-point evolution according to theory and simulations. We find the best fit to each of the
studies’ data, constraining the slope to that of our local Universe comparison relation. We thus obtain a homogeneous measure
of any evolution of the stellar mass TFR zero-point between each data sample and z ~ 0. The resulting measurements are
presented in Table 4 and displayed in the left panel of Figure 5. In §3.4.1 we describe each of the previous studies we use (in
addition to the work of Miller et al. 2011a, 2012) in our comparison and the predictions from theory and simulation. In §3.4.2
we discuss the emergent picture of the evolution of the stellar mass TFR zero-point since z ~ 3.

3.4.1 Comparison Studies

Here we summarise the work of Flores et al. (2006), Puech et al. (2008), Cresci et al. (2009), and Gnerucci et al. (2011).
We also discuss the work of Dutton et al. (2011), who use semi-analytical modelling (SAM) to predict the TFR zero-point
evolution as a function of redshift. Lastly we describe the process by which we derive similar predictions from the Evolution
and Assembly of Galaxies and their Environments (EAGLE) simulation (Schaye et al. 2015; Crain et al. 2015; McAlpine
et al. 2015).

Flores et al. (2006) and Puech et al. (2008) used the multi-integral field spectrograph FLAMES-GIRAFFE (see e.g.
Pasquini et al. 2002) at the VLT to study the [OII]3727 emission line kinematics of galaxies at z ~ 0.6. Both studies apply
the kinematic classification scheme devised by Flores et al. (2006) to their galaxy sample. The scheme uses optical images
combined with the velocity and dispersion fields of each galaxy to place it in one of three kinematic categories;
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- rotating disks (RD): the axis of rotation of the velocity field is aligned with the optical major axis, and the peak of the
dispersion field is close to the galaxy’s dynamical centre;

- perturbed rotation (PR): the axis of rotation is aligned with the optical major axis but the peak of the dispersion is misaligned
with the dynamical centre;

- complez kinematics (CK): both the velocity and sigma fields differ greatly from that expected of a rotating disk.

In order to draw parallels with our own sub-samples all and disky (Vso/o > 3), we examine the offset between our M, z ~ 0
comparison TFR and those of both Flores et al. (2006) and Puech et al. (2008) - first including galaxies within all three of
their kinematic categories, and secondly considering just RDs. We note that the authors of both studies focus mainly on the
RD samples in their discussions.

Cresci et al. (2009) constructed the M, TFR of 18 star-forming galaxies at z ~ 2.2, using spatially resolved Ha emission
line dynamics as observed with the SINFONI (Eisenhauer et al. 2003) integral field spectrograph at the VLT. The galaxies
were selected from the high-z galaxy Spectroscopic Imaging survey in the NIR with SINFONI (SINS; Forster Schreiber et al.
2009) based on the prominence of ordered rotation versus more complex dynamics in each system. Combining the empirical
kinemetry methods of Shapiro et al. (2008) (see Section 3.1) with visual inspection of the velocity maps of each galaxy, the
authors deemed all 18 galaxies to exhibit ordered rotation. We include 16 of these 18 galaxies, for which there are definitive
stellar mass values, in our comparison. 2 galaxies, for which the authors state only upper limits on the stellar mass, are
excluded.

Finally, Gnerucci et al. (2011) also used SINFONTI to study the spatially resolved kinematics of 33 galaxies at z ~ 3 from
the AMAZE (Assessing the Mass-Abundance redshift Evolution; Maiolino et al. 2008b,a) and LSD (Lyman-break galaxies
Stellar populations and Dynamics; Mannucci & Maiolino 2008; Mannucci et al. 2009) projects. Of the 33 galaxies observed,
they studied the TFR of 11 that displayed ordered rotation (as quantified by the goodness of fit of a plane to the velocity
map). We include these 11 in our comparison.

We also compare our measured offsets with predictions from the galaxy formation models of Dutton et al. (2011), which
consist of N-body simulations of baryonic (stellar and gas) discs growing in Navarro-Frenk-White haloes (Navarro et al. 1997)
that evolve with redshift. A further additional comparison is made to the M, TFR zero-point evolution as predicted by the
EAGLE simulation. EAGLE comprises a state-of-the-art suite of cosmological hydronamical galaxy formation simulations
performed in volumes ranging from 25-100 comoving Mpc®. It has been shown to pass a large range of observational tests
in both the local and higher redshift Universe. We compute the predicted TFR zero-point evolution by drawing samples of
galaxies from the EAGLE public data release® at redshifts, z = 0,0.5,0.87,1.0,1.5,2, 3, and 3.98 respectively. To facilitate a
reasonable comparison to observations, at each redshift we include only those galaxies with star formation rates > 1Mgyr~—!.
We first find the best fit to the TFR of the extracted z = 0 EAGLE sample. We then perform fixed-slope fits to the TFRs of
the successively higher redshift samples with the slope constrained to that of the z = 0 sample.

8.4.2  Zero-Point Evolution

From the left panel of Figure 5 it can be seen that our analysis of the Miller et al. (2011b) and Miller et al. (2012) samples
agrees with their findings - we find no evidence for any significant (i.e. greater than 3 times the 1o uncertainty) evolution of
the stellar mass TFR offset for the z < 1.7 redshift range of their data; the maximum offset we find is —0.09 £ 0.08 dex, for
galaxies in the redshift range z = 0.5-0.8. We find a significant negative offset in log(M.) with respect to the z ~ 0 TFR for
the Cresci et al. (2009) sample (—0.33 £ 0.09 dex). Similarly we measure a large offset (—0.6 £ 1.0 dex) between the Gnerucci
et al. (2011) sample and our z ~ 0 comparison sample, although the uncertainty is very large. The general trend is marginally
consistent with that predicted by Dutton et al. (2011), and EAGLE. However, the zero offset, with respect to z ~ 0, that we
measure using the highest redshift sample of Miller et al. (2011a) and the sample of Miller et al. (2012) disagree with both
predictions.

Next we consider the samples of Flores et al. (2006) and Puech et al. (2008), where we initially include galaxies within all
three of their kinematic categories (samples Flores+06 all, and Puech+08 all). For the Flores et al. (2006) sample, we find a
marginally significant offset (0.27 + 0.09 dex) towards larger stellar masses for a given rotation velocity in comparison to the
z ~ 0 relation. Whilst the Puech et al. (2008) relation is consistent with no offset, within three times the 1o uncertainties.
However, the measured offsets are shifted towards much lower stellar mass values when considering RD galaxies only; we find
offsets, with respect to z ~ 0, of —0.2 £ 0.2 dex and —0.2 £ 0.1 dex for the RD sample of Flores et al. (2006) and Puech et al.

4 http://icc.dur.ac.uk/Eagle/database.php
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TFR Sample Slope Intercept Pivot  otot Cint Ctot Cint

Mg z~0 —89+03 —23.00£0.04 2.2 0.41 mag 0.36 & 0.04 mag 0.067 dex 0.045 % 0.008 dex
KROSS all —4.0+ 05 —23.57£0.09 2.14 0.86 mag 0.84 + 0.04 mag 0.169 dex 0.153 %+ 0.009 dex
KROSS disky —73+09 —234 £0.2 2.25 0.62 mag 0.57 & 0.06 mag 0.086 dex 0.06 =+ 0.01 dex

logM, =z~0 3.68 £ 0.08 10.20 &+ 0.01 2.17 0.21 dex  0.16 & 0.01 dex  0.059 dex  0.054 + 0.003 dex
KROSS all 21 +0.2 10.06 &+ 0.05 2.14 0.44 dex 0.38 & 0.02 dex 0.171 dex  0.153 £ 0.009 dex
KROSS disky 4.7 +04 10.0 £0.3 2.25 0.37 dex  0.25 + 0.05 dex  0.08 dex 0.06 =+ 0.01 dex

Table 3. Parameters of the bisector of the forward and reverse straight line fits to the My and log M, Tully-Fisher relations of the
composite z ~ 0 comparison samples and KROSS sub-samples all and disky. Uncertainties are quoted at a 1o level.

(2008), respectively. These measurements are at odd with the predicted zero-point evolution for this redshift according to the
SAM of Dutton et al. (2011) but agree well with the prediction from EAGLE.

In a similar vein, considering KROSS sub-sample all, we find an offset consistent with that of Miller et al. (2011a, 2012)
and with little to no evolution of the zero-point of the stellar mass TFR since z ~ 1. This is at odds with the predictions
of both Dutton et al. (2011) and EAGLE. However as discussed above, considering the disky KROSS sub-sample, composed
of predominantly rotationally supported galaxies, we see a significant offset (—0.41 + 0.08 dex) to lower stellar masses, with
respect to z ~ 0, for a given dynamical mass. This offset agrees with the prediction of EAGLE within uncertainties, but is
perhaps larger than expected. The intepretation of such an offset is explored further in §4.

These results suggest that previous studies such as Miller et al. (2011a, 2012) detect no evolution in the TFR out to z ~ 1
due to the inclusion of galaxies with low ratios of rotation-to-pressure support. With the benefit of IFU observations, a more
direct selection of galaxies displaying ordered rotation is possible. Despite the differing methods by which rotating disks or
disk-like galaxies are selected in the IFU studies discussed here, in each of the cases where some distinction has been possible
we find the M, TFR zero-point of the disk-like galaxies to be significantly more offset to lower stellar mass values for a given
rotation velocity in comparison to samples from the corresponding study which do not make a distinction between disk-like
and non-disk-like galaxies. Similarly whilst the models of Dutton et al. (2011) describe the evolution of the baryonic discs of
galaxies, they do not make any distinction between those that are pressure supported or rotationally supported. The same
may be said of the predictions from EAGLE, in which we only select galaxies based on their star formation rates. This may
explain the discrepancy between the predicted evolution of the TFR zero-point and that measured for the disky sub-sample
in this work.

The offset of the KROSS disky sub-sample is representative of a more general dependence of the KROSS stellar mass
TFR on Vgo/o, which can be seen in the right panel of Figure 5. There is a shift in the TFR offset from positive to negative
(compared to z ~ 0) with increasing Vgo/o. This can be interpreted as evidence for an offset of the TFR for “disky” galaxies
at z ~ 1, with galaxies being scattered in the direction of lower velocities depending on to what extent they are rotationally or
pressure supported. We note here that the flattening of the curve for galaxies Vao/o 2 3, balanced with the need to maintain
a reasonable sample size, lead to the chosen cut of Vgo/o > 3 for disky KROSS galaxies (the disky sub-sample essentially
comprises all those galaxies deemed to be “disky”, as discussed in §3.1). Thus the offset of —0.41 + 0.08 dex from z ~ 0 found
for this sub-sample is (unsurprisingly) approximately the average of the offsets of the three highest bins in Vio/o in Figure 5.

4 DISCUSSION

Using the disky sub-sample, we found the best bisector fits to the rest-frame K-band and stellar mass TFRs to be as follows

My /mag = (7.3 £0.9) x [(log(Vso/km s~ ") — 2.25]
9234402 (18)

log(M../Mg) = (4.7 % 0.4) x [(log(Vzo/km s~ ") — 2.25]
+10.0+£0.3 (19)
Considering sub-sample all, the slope of both the Mk and M. TFRs are shallower than those measured in the local

Universe. For the disky sub-sample, the slope of the Mg relation is slightly shallower, within 1o uncertainties, than the z ~ 0
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Figure 3. The Mg and M, Tully-Fisher relations for sub-sample all as described in §3.1. Displayed is the bisector of the best forward
and reverse fits to the data, as well as the best fit when the slope is constrained to that of a z ~ 0 comparison sample (as described in
§3.3.1). The data points are colour-coded by their corresponding values of Vgo/o. Those data points with correspondingly high values
of Vgo/o follow a tighter relation than those with lower values. The higher Vgg/o points are coincident with the z ~ 0 relation in the
case of the Mg TFR. For the stellar mass TFR the same points are offset to lower values of log(M«/Mg), for a given value of Vg, in
comparison to the z ~ 0 relation. Those with lower Vgo/co tend to be scattered to lower values along the abscissa of the plot. These may
correspond to systems with greater pressure support and lower rotation velocities.
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Figure 4. The Mg and M, Tully-Fisher relations for the disky sub-sample as described in §3.1. Displayed is the bisector of the best
forward and reverse fits to the data, as well as the best fit when the slope is constrained to that of a z ~ 0 comparison sample (as

described in §3.3.1). There is a clear offset between the KROSS and the z ~ 0 M, TFRs. Conversely, the zero-point of the KROSS My
TFR is in agreement with that of the z ~ 0 comparison relation.
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TFR Sample redshift Nga1  Slope  Intercept Pivot  otot Tint Offset
My KROSS all 0.8-1.0 210 —8.9 —23.6 £ 0.1 2.14 1.53 mag 1.43 + 0.08 mag —1.1 £ 0.1 mag
KROSS disky 0.8-1.0 56 -89 —234+0.1 225 0.79 mag 0.66 + 0.08 mag 0.1 + 0.1 mag
log M« Miller et al. (2011b) 0.2-0.5 129 3.68 9.83 £ 0.04 2.09 0.26 dex  0.20 + 0.03 dex  —0.04 &+ 0.07 dex
0.5-0.8 3.68 9.74 + 0.05 2.08 0.33 dex  0.26 + 0.03 dex  —0.09 + 0.08 dex
0.8-1.3 3.68 10.34 + 0.05 2.23 0.30 dex  0.21 + 0.05 dex  —0.04 &+ 0.08 dex
Flores et al. (2006) all 0.41-0.71 30 3.68 10.48 + 0.08 2.18 - - 0.27 + 0.09 dex
Flores et al. (2006) RD  0.46-0.70 9 3.68 104 £+ 0.1 2.29 - - —0.2 + 0.2 dex
Puech et al. (2008) all 0.42-0.74 54 3.68 10.34 + 0.08  2.23 0.60 dex  0.43 &+ 0.09 dex 0.0 £+ 0.1 dex
Puech et al. (2008) RD  0.42-0.70 12 3.68 10.52 £ 0.09 2.31 0.14 dex 0 dex —0.2 + 0.1 dex
KROSS all 0.8-1.0 210 3.68 10.08 £ 0.04 2.14 0.66 dex 0.58 £ 0.03 dex 0.02 £+ 0.08 dex
KROSS disky 0.8-1.0 56 3.68 10.05 + 0.05  2.25 0.37 dex  0.26 + 0.05 dex  —0.41 + 0.08 dex
Miller et al. (2012) 1-1.7 42 3.68 9.88 £ 0.07 2.10 0.43 dex 0.26 £ 0.08 dex —0.03 + 0.09 dex
Cresci et al. (2009) 1.5-2.5 16 3.68 10.57 + 0.06  2.37 0.23dex 0.1 +0.1 dex  —0.33 & 0.09 dex
Gnerucci et al. (2011) 3-3.6 11 3.68 9 +£1 2.11 1.11 dex 0 dex —0.6 £ 1.0 dex

Table 4. Parameters of the fixed slope linear fits to the Mk and log M, Tully-Fisher relations of KROSS sub-samples all & disky, and
samples of varying redshift from the literature. For each fit the slope was constrained to that of the respective z ~ 0 comparison relation
and the pivot was set as the median value of Vgg. The best fit to the data of Puech et al. (2008) RD, and Gnerucci et al. (2011) was
consistent with zero intrinsic scatter. Since tabulated uncertainties were unavailable for the Flores et al. (2006) data, we make no attempt
to determine the scatter of these samples. Uncertainties are quoted at a 1o level. Uncertainties in the offsets include the uncertainty in
the z ~ 0 TFR zero-point and an uncertainty of 0.06 dex in the conversion between stellar masses derived assuming an IMF other than
Chabrier. We do not report (ot or (int since, in the case of fixed slope, m the forward and reverse total and intrinsic scatters are related
as Ctot = Otot/m and (ing = Tint/m respectively.

comparison relation. Conversely the slope of the disky stellar mass TFR is slightly steeper, within 1o uncertainties, than the
z ~ 0 comparison relation. We draw no conclusions from the free-fitted slopes given the still comparatively large scatter, with
respect to z ~ 0, for the z ~ 1 samples.

Fixing the slope of the KROSS TFRs to that of their respective comparison relations provides evidence to suggest an
evolution of the M, TFR zero-point between z ~ 1 and z ~ 0, for rotationally supported disky galaxies. However, we find no
evolution in the Mg TFR zero-point between z ~ 1 and z ~ 0 when considering the same disky sub-sample. We note that
both these measurements are robust to the choice of radius at which we extract a rotation velocity (see §3.3.2).

These results imply that disk-like galaxies of a given dynamical mass contain less stellar mass at z ~ 1 than at z ~ 0, yet
emit the same amounts of K-band light. The latter implies an increase in the K-band stellar mass-to-light ratio by a factor of
~ 2.75 since z ~ 1. Arnouts et al. (2007) analyse the evolution of the stellar mass-to-light ratio since z ~ 1.5 via SED fitting
(with visible to mid-IR photometry) for a sample containing tens of thousands of galaxies. They find that the average K-
band stellar mass-to-light ratio, M. /Lx of actively star-forming galaxies increases by 0.27 dex, but with a root-mean-squared
(rms) scatter of 0.21 dex. Incorporating the rms scatter, this equates to an increase by a factor of ~ 1.1-3.0. Drory et al.
(2004) measure the evolution of M, /Lk since z ~ 1.2 by fitting a grid of stellar populations models of varying star formations
histories, ages, and metallicities to the visible and near-IR photometry of a sample of over 500 galaxies selected in the K-band.
They find an increase, by a factor of ~ 1.4-3.4, in the M. /L since z ~ 1. Thus, whilst the increase in the M. /Lk inferred
from this work is towards the higher ends of these ranges, it appears a feasible evolution.

The measured offset in the M. TFR implies that stellar mass assembly continues despite the drop off in global star
formation rate density in the Universe at redshifts below z ~ 1 (see e.g. Hopkins & Beacom 2006; Sobral et al. 2013). We do
not compare the measured offset to that predicted from stellar population models as the the latter will depend strongly on
the assumed galaxy age and star formation history at z ~ 1. Instead we prefer to compare to the cosmological hydronamical
galaxy formation simulations of EAGLE. The measured increase in stellar mass in disky galaxies since z ~ 1 agrees, within
uncertainties, with the predicted evolution of the TFR from star-forming (star formation rates > 1Mgyr~') EAGLE galaxies.
However, it is on the upper limit of the EAGLE prediction. We therefore consider whether such an evolution in the M, TFR
zero-point since z ~ 1 is physically feasible.

The relative increase in stellar mass is most easily reconciled with the conversion of gas mass in to stellar mass in galaxies
over the last ~8 billion years, in a secular evolution scenario. However, to determine the likelihood of this scenario, the gas
mass fraction of the KROSS galaxies must first be considered. Stott et al. (2016) inverted the Kennicutt-Schmidt relation
(Kennicutt 1998) of KROSS galaxies in order to obtain an estimated gas mass-to-baryonic mass ratio of 35 £ 7 percent.
Converting all of the gas mass within the KROSS galaxies in to stellar mass would therefore only account for, at most, 0.24
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Figure 5. Left: The evolution of the stellar mass TFR offset with respect to the z ~ 0 comparison sample as described in §3.3.1.
The corresponding fit parameters are shown in Table 4. We use the best fit to KROSS sub-samples all and disky, and several samples,
at varying redshifts, from the literature. The slope of the best fit is constrained to be equal to that of the best free fit to the z ~ 0
comparison sample. We include the evolution of the TFR zero-point (with respect to z ~ 0) with redshift, as predicted by the semi-
analytical modelling (SAM) of Dutton et al. (2011) and the EAGLE simulation. For reference we also plot the rms scatter as measured
from the EAGLE samples. We linearly interpolate between each point in order to better highlight the trend in predicted offset as a
function of redshift from EAGLE and Dutton et al. (2011). The KROSS disky sub-sample, and the literature samples which comprise
rotating disks, generally agree with the predictions of EAGLE or SAM. We measure little (or in some cases positive) evolution of the
TFR zero-point for those samples that do not use IFU observations to differentiate between disk-like and non-disk-like galaxies; these
tend to lie above the predictions of EAGLE and Dutton et al. (2011). Right: The evolution of the KROSS stellar mass TFR zero-point
as a function of Vgo / 0. As with the left panel we find the offset of the TFR with respect to the z ~ 0 comparison sample, but in this
case for the best fit to KROSS galaxies within bins of varying Vgo/o. We again constrain the slope of the fit to that of the comparison
sample. The data points are plotted at the centre of each bin whilst the error bars in Vgg/o denote the width of the bin. The intrinsic
and total scatter are interpolated between points. It can be seen that there is a general trend from positive offsets to negative offsets with
increasing Vgo/o. This is consistent with a significantly offset TFR, with respect to z ~ 0 for disky galaxies (i.e. Vgo/o > 3, indicated
by the green shaded area), whilst galaxies are correspondingly scattered to more positive offsets on the TFR depending on the relative
importance of pressure support in these systems.

dex of the measured offset in the M, TFR (i.e. an increase by a factor ~ 1.7 in the stellar mass since z ~ 1). In fact, to
reconcile the measured —0.41 dex offset in this manner would require a baryonic gas fraction of ~ 72 percent in the disky
KROSS galaxies.

There is of course the possibility of galaxies accreting extra gas over the last ~ 8 billion years - indeed the observed
specific baryon accretions rate at z ~ 1 ranges from ~ 0.8-0.6 Gyr—! for galaxies with stellar mass log(M./Mg) = 9.3-10.7,
decreasing to ~ 0.2-0.1 Gyr~* for galaxies of the same stellar mass in the local Universe (Elbaz et al. 2007; Salim et al. 2007;
Dutton et al. 2010). Combining this with a measured depletion timescale for KROSS galaxies of ~ 1 Gyr (Stott et al. 2016),
it can be seen there is opportunity for star-forming galaxies to assemble significant amounts of stellar mass since z ~ 1 such
as those inferred by the offset in the M, TFR measured in this work.

Our findings are at odds with the studies of Miller et al. (2011a, 2012), which find no evolution of the TFR at similar
redshifts. Excluded from our analysis (due to a lack of tabulated data) is the work of Conselice et al. (2005), who examined
the the evolution of both the K-band and stellar mass Tully-Fisher relation out to z ~ 1.2 using Keck spectroscopy and
near-infrared photometry from the Keck Near-Infrared Camera, the UKIRT Fast-Track Imager, and the Cooled Infrared
Spectrograph and Camera for OHS on the Subaru telescope. They find no significant evolution with respect to the TFR as
measured in the local Universe, in agreement with the works of Miller et al.; Miller et al.. However the key point is that,
unlike these studies, this work is able to select for only those galaxies at z ~ 1 that are predominantly rotationally supported.
Inclusion of galaxies that are more turbulent sees the evolution of the KROSS TFR zero-point decrease to much smaller offsets
with respect to z ~ 0 — in line with the findings of Miller et al. (and Conselice et al.), but at odds with the previous IFU
studies of Flores et al. (2006), Puech et al. (2008), Cresci et al. (2009), and Gnerucci et al. (2011), all of which predominantly
agree with the predictions of the EAGLE simulation and, to a lesser degree, those of Dutton et al. (2011).

In a recent paper by Di Teodoro et al. (2016), the authors construct the z ~ 1 stellar mass TFR using a sample of only
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18 galaxies, each observed with KMOS, of which 14 are publicly available KROSS observations. They report no evolution
of the relation since z ~ 1 and present this as evidence that disc galaxies at this epoch closely resemble their kinematically
mature counterparts in the local Universe. However, there is an obvious danger to drawing conclusions on the nature of all
disc galaxies at z ~ 1 from such a small sample. Furthermore, their sample was selected to include only those galaxies that
lend themselves best to the modelling of their dynamics and is not statistically representative of the bulk of the population
of galaxies at z ~ 1. With the much larger sample presented in this work, we show that in fact a minority of star-forming
galaxies at z ~ 1 are strongly rotation dominated (Vso/o > 3) and only with the full KROSS sample do we detect an evolution
in the stellar mass TFR.

Both Tully-Fisher relations for sub-sample all show large scatter. This scatter is reduced in the disky sub-sample, but still
large in comparison the z ~ 0 relations. There are several potential sources contributing to the intrinsic scatter in the KROSS
TFRs. The most obvious source of scatter in the TFRs of sub-sample all is the inclusion of galaxies that have significant
pressure support and thus violate the initial assumption of circular motion of the Tully-Fisher relation. This source of scatter
is confirmed as we see reductions in the intrinsic scatter of the Mg and M. TFR respectively between sub-sample all and
the disky sub-sample, where we select only those galaxies deemed to be predominantly rotationally supported and disk-like
(i.e. moving in a circular motion). The intrinsic scatter of sub-sample all is ~ 2.3 and ~ 2.4 times larger than the Mx and
log M, z ~ 0 comparison relation respectively. However, the intrinsic scatter reduces to ~ 1.6 times (Mg and log M, ) the
value of the z ~ 0 relations when only rotationally supported galaxies are considered at z ~ 1 (i.e. the disky sub-sample).
Conceptually, we may consider the rotation velocity as a rough proxy for the total (dynamical) mass. Assuming this is true
it is clear then that an erroneously small total mass will be inferred for those galaxies with significant pressure support. As a
result those galaxies will be scattered to lower values along the abscissa of the Tully-Fisher relation.

Systems with low S/N Ha emission will have noisier observed velocity fields. In these cases, the best fitting arctangent
model is less reliable. This may also increase the scatter in the TFR. More importantly, the arctangent model is an unsatisfac-
tory description of the dynamics for those galaxies which, while being predominantly rotationally supported, have a rotation
curve that peaks centrally (r < 10 kpc) before flattening out at lower velocity; this is consistent with the (baryonic) disk
component of the galaxy dominating dynamically over the (dark) halo component in the inner regions of the galaxy (see e.g.
Casertano & van Gorkom 1991). However, in the disky sub-sample at least, both types of system are rare with most systems
adequately described by the arctangent model (see Appendix B).

The disky sub-sample contains galaxies determined to be predominantly rotationally supported as decided by a cut to
sub-sample all as Vso/o > 3 (see §3.4.2). The specific limit was chosen in order to select galaxies that were “disky” whilst
also maintaining a reasonable sample size. However, importantly it is also the value above which the offset of the stellar mass
TFR does not undergo further significant evolution. In this respect, the choice of limit is not a subjective choice but is rather
driven by the data. It is clear however that a change to the limiting value of Vzo/o will lead to a change in the measured
intrinsic scatter, slope, and offset of the TFR as extra galaxies are included or excluded from the sub-sample. This is apparent
in Figure 5 (Right). It is important also to view the choice of Vzo/o > 3 to define “disky” galaxies in the context of galaxies
at z ~ 0. Indeed, in the local Universe, we see typical values of V/o 2 10 for the thin disk of spiral galaxies (Genzel et al.
2006). Thus it is clear that, despite the many different definitions of V/o abound in the literature (see Stott et al. 2016 for
a discussion), even in the upper limit of the range of Vgo/o values seen in the KROSS sample, these galaxies are far more
turbulent in terms of their gas dynamics than galaxies in the present day. In this respect, we may still attribute some of the
intrinsic scatter measured in the disky sub-sample to turbulence within the gaseous disk providing pressure support.

In addition to the assumption of circular motion inherent in the TFR, a second important assumption of the relation that
must be considered is that the average surface mass density of the galaxies within a sample is constant. In the local Universe
this means comparing galaxies of the same morphological type. Previous studies have shown that the Tully-Fisher relations
for early-type and late-type galaxies have different slopes (see e.g. Williams et al. 2010; Davis et al. 2011). Even between
late-type morphologies, studies have shown significantly different slopes (see e.g. Lagattuta et al. 2013). At z ~ 1, “disky”
galaxies are just starting to emerge. In this regime it makes less sense to talk about morphological types in the same way as
at z ~ 0. Abraham (1999) argues infact that the classic “Hubble Tuning Fork” description of galaxy morphology begins to
break down from z ~ 0.5 onwards. Whilst the KROSS galaxies were selected to be “normal” star forming galaxies, there are
no further morphological selection criteria. Thus it is likely that there will be variation in surface mass density from galaxy
to galaxy in the KROSS sample. In practice this will result in an increase in the inferred intrinsic scatter as this is effectively
combining several different morphological types, each with different slopes and scatter for the Tully-Fisher relation, and then
fitting them with one single slope and scatter.

One must also consider a further issue related to the this. Although the KROSS sample and z ~ 0 comparison sample

MNRAS 000, 1-33 (2015)


http://mnras.oxfordjournals.org/

20 Tiley et al.

span similar ranges in rotation velocity and stellar mass (in fact, the comparison sample spans a slightly wider range than the
KROSS sample in both respects), we cannot assume that we are “following” the same population of galaxies between z ~ 1
and the local Universe. Indeed, considering a window of stellar mass, galaxies will evolve in to and out of this window as time
passes between z ~ 1 and z ~ 0. The implications of choosing to compare samples within the same (stellar) mass window
between redshifts as opposed to, for example, galaxies within a similar range of star formation are complex and will be the
subject of future work by the authors. As discussed above, the evidence presented in this work is most easily reconciled with a
secular evolution or minor mergers scenario whereby galaxies continually accrete and convert gas mass to stellar mass between
z~1land z~0.

5 CONCLUSIONS & FUTURE WORK

We have presented the absolute magnitude Mg, and stellar mass Tully-Fisher relations for sub-samples drawn from the 584
galaxies observed by KROSS with resolved Ha emission. We examine the Tully-Fisher relations for a sub-sample of “disky”
galaxies (disky sub-sample) that are predominantly rotationally supported. The selection criteria for both sub-sample all and
the disky sub-sample are described in §3.1.

The intrinsic scatter in the TFRs for sub-sample all is ~ 2.3 times larger than the Mk z ~ 0 comparison relation and
~ 2.4 times larger than log M, z ~ 0 comparison relation. However, the intrinsic scatter reduces to ~ 1.6 times (Mg and
log M.) that of the z ~ 0 relation when only rotationally supported “disky” galaxies are considered (i.e. the disky sub-sample).
Compared to the local Universe, however, these “disky” galaxies still have much more turbulent gas dynamics. This turbulence
will contribute to the measured intrinsic scatter. The remaining intrinsic scatter could be a result of considering a single Tully-
Fisher relation for galaxies with various different morphologies, sizes and/or surface mass densities - effectively an average of
several Tully-Fisher relations, all with differing slopes.

Contrary to some previous studies conducted at similar redshift (Miller et al. 2011a, 2012; Di Teodoro et al. 2016), but in
broad agreement with the predictions of the state-of-the-art hydrodynamical simulations of EAGLE, in comparison to z ~ 0
we find an offset of the Tully-Fisher relation for rotationally supported galaxies at z ~ 1 to lower stellar mass values (—0.41
dex) for a given dynamical mass. Yet we measure no significant offset in the absolute K-band TFR over the same period. The
ability of KROSS to differentiate between those galaxies with high or low Vs /o is why this work detects an evolution of the
stellar mass TFR zero-point for disky galaxies since z ~ 1, whilst some previous studies do not. Assuming no evolution in the
surface mass density, the detected zero-point evolution implies a decrease by a factor of ~ 0.36 in the dynamical mass-to-stellar
mass ratio of disk-like galaxies since z ~ 1, and an increase in the K-band stellar-mass-to light ratio, by a factor of ~ 2.75 over
the same period. This may be consistent with a secular evolution scenario whereby gas mass in (and accreted on to) galaxies
is converted in to stellar mass over the last 8 billion years. If galaxies have grown mostly via mergers since z ~ 1, then we
would expect the stellar mass TFR at that epoch to be indistinguishable from those measured using nearby galaxies. In this
regime, we would still expect to see an offset, to brighter magnitudes with respect to z ~ 0, of the Mg TFR, reflecting the
comparitively large specific star formation rates of the higher-z galaxies. However, as galaxies grow via mergers (ignoring any
non-linear increase in star formation rate as a result of a merger) they would only evolve along the stellar mass TFR, with no
evolution of the offset.

As stressed previously, in order to make a direct comparison between the Tully-Fisher relations at z ~ 1 and z ~ 0 it
is essential to compare the different samples of galaxies using the same observational and analytical methods (and thus the
same systematic biases). In practice, in order to directly compare the KROSS Tully-Fisher relation to one at z ~ 0 we must
take IFU observations of galaxies in the local Universe and degrade this data to the same quality as that of the KROSS data
e.g. the signal-to-noise ratio, spatial resolution, and spectral resolution must all be equivalent. This degraded data must then
be analysed in the same manner as the KROSS data has been analysed, at which point a more direct comparison of the TFRs
may be made.

There are a number of IFU surveys of galaxies at low redshift that are already online, or will be online in the near future,
that will provide suitable samples of large numbers of galaxies in the local Universe that we may compare to KROSS. These
include Mapping Nearby Galaxies at APO (MaNGA?; Bundy et al. 2015), the Calar Alto Legacy Integral Field spectroscopy
Area survey (CALIFA®; see e.g. Sanchez et al. 2012), and the Sydney-Australian-Astronomical-Observatory Multi-object
Integral-Field Spectrograph (SAMI) Galaxy Survey” (see e.g. Bryant et al. 2015). Future work will utilise some or all of these

5 https://www.sdss3.org/future/manga.php
6 http://www.caha.es/CALIFA/public_html/?q=node/1
7 http://sami-survey.org/
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surveys in order to gain a clearer understanding of how the Tully-Fisher relation has evolved from the epoch of peak global
star formation rate density in the Universe to the present day.
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Figure A1l. The TFR for those galaxies in sub-sample all (as described in Section §3.1). The points are coloured according to whether
they represent galaxies with either a symmetric or asymmetric rotation curve. There is no significant reduction in scatter between those
galaxies with symmetric or asymmetric rotation curves. We therefore include both groups of galaxies in our analysis.
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APPENDIX A: ASYMMETRIC ROTATION CURVES

The dynamical modelling of KROSS velocity maps is described in Section §2.4 and in further detail in Stott et al. (2016).
Here we test the effect on the TFR scatter of those galaxies for which the Ha emission extends up to or beyond rgo on only
one side of the rotation curve i.e. asymmetrical rotation curves. Figure A1l shows that the exclusion of such systems in favour
of only those with symmetrical (i.e. with Ha emission extending up to or beyond rgo on both sides) rotation curves does
not significantly reduce the scatter in the TFR for sub-sample all (oint = 0.36 £ 0.04 for galaxies with symmetric rotation
curves versus oint = 0.40 £0.04 for those with asymmetric rotation curves). We therefore only exclude from our analysis those
galaxies for which the maximum radial extend of the Ha emission is less than rso on both sides of the rotation curve.
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APPENDIX B: DISKY GALAXIES

Figure B1 shows the best fitting model velocity fields (see §2.4) for the KROSS disky sub-sample (see §3.1). For each galaxy
the observed (“DATA”) and best fitting model (“MODEL”) velocity fields are displayed alongside the residual (“‘RESIDUAL”)
between the two. Also included is the associated integrated Ha flux map (“Ha”), and the extracted rotation curve from the

inclination corrected observed and model velocity fields. See Figure 1 for a full description.
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Figure B1: The best fitting model velocity fields (see §2.4) for the KROSS disky sub-sample (see §3.1).
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