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Abstract

We present spatially resolved spectroscopy of a sample of 102 Hα selected galaxies
at z = 0.78− 1.04, of which 72 are found to have an S/N ratio greater than 7 and are
further investigated. We calculate a SFR of 5− 29M�yr−1, which is representative of
the general high-redshift star forming population. Using spatially resolved Hα dynam-
ical observations, of resolution ∼1.5kpc, we find that of the 72 analysed galaxies, 60
have velocity fields and gradients consistent with the galaxies having their ionised gas
in large, rotating disks. We inclination-correct their derived one dimensional rotation
curves and fit a simple arctan function in order to determine whether the rotation
curve turns over. We use the rotational velocities and the maximum observed radii
to derive dynamical masses, and assuming that dark matter constitutes 70% of the
total mass we infer fgas=0.2±0.1, consistent with the high gas fractions observed in
star forming galaxies at high redshift. We use the spatial variation of NII/Hα and
the N2 index to calculate an average ∆log(O/H)/∆R = −0.026 ± 0.019 dex kpc−1,
which shows that relative chemical abundances in galaxies at this redshift decrease
with galactocentric radius. This is consistent with the predictions of the GIMIC simu-
lation for the metallicity gradients of galaxies at high redshift. We calculate the stellar
component of the angular momentum of our star forming galaxies and find that they
occupy the same parameter space as local spirals. We calculate the spin parameter
λR, and find a median value of 0.55 ± 0.04. We also find that it does not strongly
correlate with the stellar mass.
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1 Introduction

Constraining the formation and evolution
of galaxies with redshift is one of the key
areas of modern astrophysics. The current
consensus is that the star formation rate
density of the universe peaked 3.5 Gyr af-
ter the big bang and declined by an order
of magnitude below z ∼ 1 (e.g. Madau
& Dickinson 2014; Shapley 2011; van de
Voort 2011; Genzel 2010). The majority of
stars present in the most massive galaxies
today (> 1011M�) were formed during this
period (Sobral et al. 2012). Galaxies at the
epoch appear to be gas rich (fgas = 20-80
per cent) and highly turbulent (Daddi et
al. 2010; Tacconi et al. 2010). Numerical
simulations suggest that the high rates of
star formation are continuously fuelled by
the accretion neutral HII gas (Bournard &
Elmegreen 2009; Dekel et al. 2009; van de
Voort et al. 2011). The dominant sources
of this gas appear to be cold streams from
the intergalactic medium (IGM), accretion
from the halo and minor mergers. This
suggests that the star formation process is
driven by the internal dynamics of galaxies
(Kereš et al. 2005). The challenge, there-
fore, is to correlate the observational prop-
erties of the star forming galaxies with the
real physical parameters and how they vary
with redshift. The main goal of this project
is to measure the dynamics of galaxies at
the time of peak formation and analyse the
interaction between the gas and stellar pop-
ulations within the interstellar medium, in
order to provide constraints for models that
aim to describe the evolution of these heav-
ily star forming galaxies into the spirals we
see today.

One way in which we can trace star for-
mation is through the analysis of the Hα
emission line, which arises from the recom-
bination of hydrogen gas after ionisation by
UV photons emitted by massive, short lived
stars. The brief (cosmologically speaking)
lives of these massive stars means that their
very presence is synonymous with ongoing

star formation. Analysing the spatial vari-
ation of Hα emission lines across the disks
of star forming galaxies therefore gives us
an indication of the varying properties of
star forming regions across a galaxy. An
additional advantage of observing a galaxy
in Hα is that for z ∼ 1 galaxies, the light
we receive has been redshifted into the in-
frared and can therefore penetrate the at-
mosphere and be observed by ground based
telescopes, such as the VLT1. Infrared sam-
pling has the additional advantage of re-
ducing bias in galaxy sampling; starburst
galaxies (galaxies undergoing a brief pe-
riod of rapid star formation following a
sudden increase in the gas supply) are of-
ten surrounded by dust following mergers,
meaning that they are invisible in many
parts of the spectrum. These galaxies shine
brightly in the IR and so are observable in
Hα. Sampling in Hα therefore gives us a
more representative set of galaxies to anal-
yse than in the optical, for instance.

It has been shown that the majority of
star forming galaxies at z ∼ 1 have their
ionised, highly turbulent gas in large ro-
tating disks. The fractions of gas in these
disks are significantly larger than is ob-
served in local spirals (Daddi et al. 2010;
Tacconi et al. 2010). Connecting the dy-
namics of star forming galaxies at high and
low redshifts by evolutionary models pro-
vides insight into the relationship between
star formation and gas content.

The interplay between gas accretion and
star formation also has consequences on
the chemical enrichment of the ISM. The
once pristine ISM is enriched as massive
stars go supernova and disperse heavy el-
ements. At the same time, gas accretion
provides a supply of HII to the edges of
the galaxy. The spatial variation of chemi-
cal abundances across a galaxy gives an in-
sight into the history of both its star forma-
tion and gas accretion (Solway et al. 2012).
If the dominant mode of gas accretion is

1eso.org/sci/facilities/paranal/
telescopes/ut.html
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cold streams from the IGM, there should
be an observable strong negative metallic-
ity gradient, caused by gas being deposited
at large radii (10-20kpc) and star formation
being concentrated in the bulge (Dekel et
al. 2009). The gradient will grow shallower
at lower redshift as the gas accretion be-
comes less efficient and the gas is dispersed
around the disk (Swinbank et al. 2012).

Investigation into the internal proper-
ties of galaxies has opened up in recent
decades, with the advent of integral field
spectroscopy, which marries spectroscopy
and imaging to allow the analysis of a
galaxy over multiple wavelengths, and inte-
gral field units (IFUs) which employ bun-
dles of fibres to spatially resolve the light
being emitted from a galaxy, allowing the
creation of an emission spectrum for each
pixel. The spectral features of each emis-
sion spectrum give us an insight into the
physical conditions at each pixel.

We will attempt to prove that the ma-
jority of the star forming galaxies selected
in our sample are indeed rotating disks by
comparing the Doppler shifted Hα emission
lines of each pixel with that of the galac-
tic centre, thereby creating a two dimen-
sional velocity field. From this we shall de-
rive a one-dimensional rotation curve, from
which we shall derive the dynamical mass
of each galaxy and compare it with the stel-
lar mass. This shall give us an indication
into the amount of gas that was available
for the fuelling of star formation at this
peak redshift. We shall also calculate the
ratio v/σ, where σ is the median velocity
dispersion, which measures the rotational-
thermal support. High-redshift galaxies
tend to have high velocity dispersions given
their rotational velocities (Swinbank et al
2012); we shall attempt to show that our
results are in agreement with previous re-
sults in this case. High dispersion areas
indicate the presence of a thick band of
gas along the line of sight. We therefore
expect dispersion to be centrally peaked
at bulge, although isolated high disper-

sion areas in the extremities of the disk
can provide evidence for ’clumps’, massive
(∼ 108−9M�) star forming regions formed
by the fragmentation of dynamically unsta-
ble gas (Elmegreen et al. 2007). These
clumps play a key role in the build-up of
stellar mass in the disk and the bulge, and
therefore in the evolution of galaxies.

We shall measure the metallicity of the
galaxies in our sample by using of the flux
ratio [NII]/Hα and the N2 index (Pettini
and Pagel 2004), which relates this to the
more commonly used metallicity indicator
12 + log(O/H). The advantage of measur-
ing metallicity by using an oxygen tracer is
that its relative abundance is greater than
all other elements heavier than hydrogen
and that it exists almost entirely in the gas
phase (Snow et al. 1996).

Two of the more basic properties of
galaxies that one can measure through
observations are their angular momentum
and mass. Restricting these to the stel-
lar content of galaxies, we find that j?
and M?, the specific angular momentum
and stellar mass respectively, are funda-
mentally linked. Their relationship is so
tightly defined that we find different mor-
phologies of galaxies occupy different areas
in j? −M? parameter space (Romanowsky
& Fall 2012). This provides a physics based
alternative to the traditional Hubble se-
quence in galaxy classification. Comparing
j? −M? for star forming regions at z ∼ 1
to results for local, more clearly categorised
galaxies can give an indication into the na-
ture of the galaxy population at this peak
epoch. Here we shall use dynamical ob-
servations to do exactly that. Galaxies at
high redshift are found to have a higher
j? than their low redshift counterparts, so
for these disks to be connected by an evo-
lutionary pathway there must take place
at least one process that causes a gain in
angular momentum. The relationship be-
tween j? and M? therefore provides impor-
tant constraints on evolutionary models.

We shall also calculate the spin parame-
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ter, λR, for our galaxies. λR has been sug-
gested as a proxy for specific angular mo-
mentum (Emsellem et al. 2011), so we shall
here compare its relationship with the stel-
lar population of our sample via the star
formation rate (SFR), specific star forma-
tion rate (SSFR) and stellar mass.

In this paper we present adaptive op-
tics assisted integral field spectroscopy with
KMOS (Sharples et al. 2013; Davies et al.
2013) of 102 star forming galaxies selected
from the HiZELS (Sobral et al. 2012) and
COSMOS (Koekemoer et al. 2007) surveys
over the redshift range z = 0.78 − 1.04.
We use Hα measurements to investigate
the dynamical properties of the galaxies
and the star formation and chemical enrich-
ment within their ISM. We use a cosmology
with ΩΛ = 0.70, Ωm = 0.30 and H0 = 70
kms−1Mpc−1. In this cosmology, at the me-
dian redshift of our survey, z = 0.86, a spa-
tial resolution of 0.2 arcsec corresponds to
a physical size of 1.54 kpc. For all stellar
masses and star formation rates, we use a
Salpeter (1955) Initial Mass Function.

2 Samples, Observations
and Data Reduction

To analyse the dynamics of galaxies at the
time of peak star formation, z ∼ 1, we
selected target galaxies from the HiZELS
and COSMOS surveys to be observed by
the Integral Field Units (IFUs) K-band
Multi Object Spectrograph (KMOS) on the
VLT. These instruments combine imaging
and spectroscopy to perform Integral Field
Spectroscopy, allowing for the observation
of a galaxy’s spectral energy distribution
(SED) on a pixel-by-pixel basis. From
the initial sample of galaxies observed by
KMOS, we worked with a subset of 102
galaxies which had a median stellar mass
of 1.1 × 1010M� and were representative
of the group, as shown in Fig. 1. Of the
102 galaxies, evidence for Hα emission was
found in 72, indicating that these are star

forming, whereas the others are undergoing
a period of dormancy (quiescence).

Figure 1: (Left) A histogram showing the range
of stellar masses in the galaxies analysed in this re-
port. (Right) A histogram showing the range of
stellar masses in the total galaxy population avail-
able to us. The bulk of the galaxies in both cases
have a stellar mass between 109 − 1011. In terms
of stellar mass, our sample appears to be represen-
tative of the total population observed by KMOS

2.1 KMOS IFU Observations and
Data Cube Construction

Observations were made using the KMOS
multi-object IFU system on the VLT,
which employs 24 IFUs across a patrol
field of 7.2 arcmin in diameter. The in-
strument used 24 adjustable arms that po-
sition pickoff mirrors at locations speci-
fied by the user. The subfields selected
are then fed into 24 separate IFUs which
slice each subfield into a 14-by-14 equipar-
titioned grid, with 14 spatial pixels along
each slice. The light from this grid is then
dispersed by three cryogenic grating spec-
trometers which generate a spectra for each
individual pixel for each of the 24 indepen-
dent subfields.

Each IFU has a square field of view of
2.8×2.8 arcsec, leading to a spatial resolu-
tion of 0.2”. In the measurement of each
pixel’s SED, we operated in the K-band
where KMOS has a wavelength coverage of
1.934 - 2.460 µm and a spectral resolving
power of R = λ/∆λ ∼ 4400.

The main reason we used KMOS was
its ability to perform Integral Field Spec-
troscopy (IFS) in the near-infrared. The
Hα and NII lines, with rest wavelengths of
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6562.8Åand 6583Å, emitted by galaxies at
z ∼ 1 are redshifted into the near-infrared
by the time they reach the Earth. This al-
lows the light to penetrate our atmosphere
relatively unimpeded and be observed by
our telescopes. Operating KMOS in the
K-band and performing IFS, we obtained
what is known as a ’data cube’. Of this
three-dimensional array, the x and y- axes
of these cubes are spatial, whereas the z-
axis represents wavelength (see Fig. 22 in
the Appendix). In practice, this means
that we can collapse the cube to a cer-
tain z-coordinate and view how brightly the
galaxy shines at a certain wavelength (see
Fig. 2). We can also fix a group of spa-
tial pixels and record how the flux changes
with wavelength, constructing an emission
spectra for that range (see Fig. 3). The
link between these two and how we gen-
erated each of them is explained in more
detail in Fig. 4. We incorporated a 3σ cut-
off for flux values for each wavelength slice,
removing any pixel values associated with
cosmic rays.

The beauty of an IFU is that we can ob-
tain an emission spectrum for each of the
pixels in the 14×14 grid partitioning each
galaxy. The variation of features in each
spectrum gives astronomers an indication
of how the physical properties of galaxies
vary across their bodies. We further ex-
plain this in Section 3.3. In the next section
we shall investigate the integrated proper-
ties of our sample of galaxies.

2.2 Stellar Mass, Dust Attenua-
tion and Redshift

The stellar masses of the galaxies in this
report were calculated via a combination
of observations and numerical simulations.
The observed broad-band emission spec-
trum of each galaxy can be interpreted in
terms of its integrated stellar, dust and
metal content and its past star formation
periods. The process of creating a synthetic
SED based on these properties was first at-
tempted by Tinsley (1968). These simu-

lations attempt to match actual observa-
tions of galaxies and determine the intrin-
sic physical properties of galaxies based on
their observed properties. As these tech-
niques have grown more sophisticated, they
have played a greater part in the determi-
nation of galactic properties. The stellar
population can be described at any time by
use of an Initial Mass Function (IMF) and a
Star Formation History (SFH). The IMF is
a function that describes the initial distri-
bution of masses of stars following the col-
lapse of a gas cloud. The function that de-
scribes this distribution was described first
by Salpeter (1955) as a power law of the
form

Φ(logm) = dN/dlogm ∝ m−Γ, (1)

where m is the stellar mass and N is
some logarithmic mass range logm+dlogm.
‘Salpeter-like IMF’s’ are those which have a
’Salpeter index’, Γ, of approximately 1.35.
This means that for a given star forming
region, high mass stars are much less likely
to form than lower mass stars. The poten-
tial variability of the form of the IMF with
redshift is debated to this day, and is sum-
marised in the excellent review ‘A Univer-
sal Stellar Initial Mass Function? A Crit-
ical Look at Variations’ by Nate Bastian
et al. (2010). If the IMF did indeed vary
at high redshifts or in extreme locations,
it would have great effects on our mod-
els for galaxy evolution, which presently
assume a power-law IMF of Salpeter in-
dex (Γ = 1.35) above a few solar masses,
and a shallower power of (Γ ≈ 0–0.25) be-
tween a few tenths and a few solar masses.
While the shape and universality of the
IMF at the stellar-substellar boundary is
still an area of active research and un-
certainties remain large, most observations
are consistent with an IMF that declines
(Γ < −0.5) well below the hydrogen burn-
ing limit (Bastian 2010; Bromm 2001). In
this report we shall assume that the IMF
is invariant, with Γ = 1.35. The IMF is
a very useful tool for astronomers which,
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Figure 2: Narrow band images of Hα emission taking place in a sample of the galaxies we worked
with. These galaxies were first observed in the COSMOS and HiZELS survey and are identified by their
IDs in these surveys. The images are created by collapsing the data cubes obtained from integral field
spectroscopy performed by KMOS. We cut the cube down to a 14×14 grid in the x − y plane and 11
neighbouring pixels in the axis corresponding to wavelength. This is centred in each case about the
assumed redshifted observed Hα wavelength. We sum along the z axis to create a High Dynamic Range
image (HDR). We can see that all the galaxies on display shine brightly in terms of Hα emission and hence
are currently undergoing star formation. The HDR images have been ’smoothed’ using an interpolation
technique to make the structure of the Hα emitting regions more easily discernible. The median Hα flux
for this sample is 1.4± 4× 10−16 erg s−1 cm −2.

among other things, allows us to calculate
an entire stellar population despite only ob-
serving a subset of them. We shall discuss
this in greater detail in Section 3.

Combining a specific stellar IMF with
a given SFH, we can follow the evolu-
tion of the stellar population as the clock
runs forward. Each star in the popula-
tion has an emission spectrum, which can
be characterised by their position on the
Hertzsprung-Russell diagram. For an ar-
bitrary stellar population, the integrated
SED of every star is computed by the indi-
vidual contributions of each star.

Things get complicated when one at-
tempts to include the effects of dust in
the model. Interstellar dust absorbs pho-
tons produced by the stellar population,

resulting in absorption lines in the SED,
and then reemits photons of a variety of
wavelengths as the particles de-excite. This
is hard to model and the uncertainties in-
volved are large, though many theoretical
models (Charlot & Fall 2000) and empiri-
cal parameterisations (Calzetti et al. 2000)
take describe SEDs in terms of stellar con-
tent and dust content. The evolution of
stellar populations can further be modelled
by including the rate of Type I and Type II
supernovae. It has been suggested (Shap-
ley 2011) that the most widely used models
are those of Bruzual & Charlot (2003).

A multitude of simulations with a variety
of parameters are conducted. The result-
ing theoretical SED that closest matches
observations is stored, and we infer vari-
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Figure 3: Spatially integrated, one-dimensional emission spectra centred on the redshifted Hα for a
sample of the galaxies investigated in this report. These galaxies are the same as the ones whose narrow
band images are displayed in Fig. 2. The IDs of the galaxies were constructed from the surveys in which
they were first identified (HiZELS and COSMOS). In each case, we note the predicted location of the Hα
and [NII]λ 6583 emission lines with a blue and red dot respectively. In all cases we see evidence for Hα
emission and some evidence for NII emission, though on a much lower scale, suggesting low metallicity
in these galaxies.

ous physical properties. The stellar mass of
the galaxy is calculated by finding the total
mass of the stellar population in the match-
ing synthetic model. The dust attenuation
factor and redshift of each galaxy are simi-
larly inferred by matching the properties of
synthetic properties to observations.

The dust attenuation factor, Av,
describes how the intrinsic Hα flux
differs from the observed flux as
IHαint = IHαobse

Av/2.5. Interstellar dust
has the additional effect of introducing
selection bias into our sampling. Galaxies
which are enshrouded in dust, a known
population often with high SFR (Hammer
et al. 2005), may have so much of the
optical light absorbed that they are not
detected in surveys. HiZELS and COS-
MOS attempt to mitigate this bias by
conducting observations in the near IR
(NIR) and mid-IR. As well as absorbing
UV and optical light from stars, dust
also re-emits in the IR and submillimetre
wavelengths. With this knowledge, we can
identify galaxies with a high dust content
and attempt to convert the observed fluxes
to intrinsic fluxes. The problem with

this is that there is an unknown effect
of dust heating caused by elderly stellar
populations (Bell 2005).

The dust covered galaxies with high
SFRs may be considered to be experienc-
ing a brief period of SF caused by mergers
or gas-infall. The limited amount of gas
made available in these occurrences means
that for most of their lifetimes the galaxies
are on the main-sequence of galaxy evolu-
tion with much lower specific star forma-
tion rates (SSFR). They are in effect a brief
interlude in the normal process of galaxy
formation. Due to the difficulty in detect-
ing these galaxies, it may be that the galax-
ies in our sample are towards the lower end
of the star forming population. Indeed of
the 102 originally sampled, 30 showed no
signs of Hα emission and may therefore be
considered to be quiescent.

3 Analysis

Upon obtaining Hα centred emission spec-
tra for each of the 102 galaxies, we at-
tempted to fit the data with a model Gaus-
sian function in order to parameterise our
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Figure 4: An explanation of how the data from KMOS was interpreted for each galaxy to produce (Left)
a narrow band image of the Hα emission of galaxy zcos z1 642 and (Right) the one dimensional emission
spectra of the same galaxy centred on the redshifted Hα line. The image was created by collapsing the
KMOS generated data cube along the z (wavelength) axis and summing over the region indicated in the
emission spectra by the dashed red line. Summing the slices over this range ensures that we are observing
the full Hα flux from the galaxy, which can be seen in the emission spectra as the summing region clearly
encloses the entirety of the prominent Hα emission line. We know that this is the Hα line as it is centred
on the location we would expect given the galaxy’s redshift, which is represented by the black cross at
1.259µm. The emission spectra was generated by a process which involved first finding an approximation
of the galaxy’s centre, which was achieved by finding the pixel coordinate in the ’smoothed’ narrowband
image with the greatest flux value. The smoothing process involves replacing each pixel value with the
median value of the pixels surrounding it, which shows us which area of the galaxy is emitting the most
flux on average and is thus a fair approximation of the galactic centre. Upon finding the galactic centre,
marked with a black cross, we constructed a grid of pixels around it which roughly encloses the main
body of Hα emission in the galaxy. We then recorded how the flux total enclosed in the grid varied with
wavelength. This is the integrated emission spectra for the galaxy about Hα.

data. This function takes the form

f(n) = b+
IHα√
2πσ

exp

[
(x− λHα)2

2σ2

]
+
INII√
2πσ

exp

[
(x− λNII)2

2σ2

] (2)

where b is the background intensity, I is
the intensity (flux), λ is the wavelength of
the emitted photon and σ is the velocity
dispersion. IHα√

2πσ
ensures that the flux

we obtain from our Gaussian fitting is
the integrated flux, which in terms of the
emission spectra is the area underneath
the Hα emission line. We did this as we
assumed the Hα emitting regions to be in
a gas phase and for the main sources of
broadening to be from the Doppler effect.
The velocity of atoms or molecules present

in the gas along the line of sight follow
a Maxell distribution, meaning that the
effect is dependent only on temperature,
leading to a Gaussian distribution (Hollas
1996). We optimised the parameters
for the Gaussian function to our emis-
sion spectra using the python function
scipy.optimize.curve fit. We took into
account sky emission, hereafter referred
to as the sky background, by overlaying
our emission spectra with the sky back-
ground. In the least-squares minimisation
function used by the optimisation func-
tion, np.sum(((f(xdata,*popt)-ydata)

/sigma)**2) (where f(xdata, *popt) is
the Gaussian function with parameters to
be optimised *popt), the sky background
was taken to be the uncertainty in the
y-data, sigma. Further detail into the
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optimisation can be found at docs.scipy.
org/doc/scipy/reference/generated/

scipy.optimize.curve_fit.html. Upon
obtaining the optimised parameters we en-
tered them into our Gaussian function and
compared this model with our observed
data. An example of this can be seen in
Fig. 5.

Figure 5: The integrated one dimensional emis-
sion spectrum for galaxy zcos z1 202. Overlaid
in black is the normalised sky background emis-
sion spectra and has been shifted up the plot so
the two sets of data are more easily discernible.
We can see here that the sky background emission
lines correspond to points of increased noise in our
galaxy emission spectra. The data points of the
sky background are taken to be the uncertainty in
the observed flux when using a least squares min-
imisation function as part of the optimisation of
a Gaussian fit to the emission spectra. The op-
timised parameters and the relevant wavelength
range are entered back into our Gaussian function
and form our model, shown here in green. In this
case our model appears to fit the raw data very
well for the Hα and NII emission lines.

Upon fitting a Gaussian function to the
integrated emission spectra of all 102 galax-
ies, we tested the goodness of fit of our
model against that of a straight line model.
We first found the value of χ2, which is a
dimensionless quantity that describes the
‘goodness’ of a model fitting to measured
data. This was calculated by

χ2 =
∑ (yi − y(xi))

2

σ2
i

, (3)

with yi being the observed data point, y(xi)
being the model value and σ being the
’noise’. The noise was taken as being the

standard deviation of background noise in
the continuum of the emission spectra. To
find this we isolated a ’featureless’ part of
the spectrum, that is a small wavelength
range devoid of any major known emission
lines. We then calculated the standard de-
viation of the fluxes, incorporating a rough
clipping of any large features that appeared
to correspond to sky background emission
lines.

Figure 6: A comparison of a Gaussian and
straight line fit to the integrated emission spectrum
of zcos z1 642. The Gaussian fits the data better
than the straight line, leading to a ∆χ2 value of
∼ 1800 and a SNR of 42.4. This confirms that
this galaxy is a strong Hα emitter and should be
further analysed.

Taking the χ2 value for the Gaussian and
straight line fits, we calculated ∆χ2 = χ2

L−
χ2
G, which gives us the signal to noise ratio

(SNR). The theory behind this is that the
Gaussian model will fit to the emission lines
and the continuum whereas the straight-
line will fit to the background alone. For
a galaxy with prominent Hα and NII emis-
sion lines, the Gaussian function will fit the
data much better than the line model which
will lead to a large δχ2 value. To ensure
that we were working with the ‘cleanest’
data, we removed any galaxies which had
δχ2 < 49 for a Gaussian fit to the in-
tegrated emission spectrum. An example
goodness of fit test can be seen in Fig. 6.
This corresponds to a signal to noise ra-
tio, S/N, of 7. From this we were left with
72 galaxies which were confirmed emitters
of Hα and therefore undergoing star for-
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mation. We shall analyse these in greater
detail in the rest of the report.

3.1 Integrated Galaxy Properties

Figure 7: Function created by fitting a Gaussian
curve to the Hα centred integrated emission spec-
trum of a galaxy. This curve is parameterised by
the height of the curve’s peak (IHα), the position of
the peak’s centre (λHα), the standard deviation of
the peak (σ) and the background level (b). We use
the optimised values of these parameters to infer
many physical properties of the galaxy.

The Gaussian fitting allows us to param-
eterise data and infer physical properties
of our galaxies, but how exactly do we go
about this? While in Eq. 2 we use a su-
perposition of two Gaussian functions to
model both Hα and NII emission, in Fig. 7
we only display the part of Eq. 2 relevant
to the Hα emission line for clarity. This
Gaussian has four parameters: IHα, λHα,
σ and b. How we interpret these values to
calculate the integrated physical properties
are detailed below.

3.2 Flux, Star Formation Rate and
Metallicity

3.2.1 Star Formation Rate

The Star Formation Rate Density (SFR-
ρ) gives us an indication of how exciting
the universe is. One of the most famous
plots in cosmology is the Madau plot (Fig.
8), which displays how the SFR-ρ of the
universe has changed with redshift.

Our first objective in the analysis of
these z ∼ 1 galaxies was to see whether

Figure 8: The star formation rate density (SFR-
ρ) as a function of cosmic time (redshift), with
z = 0 being the present day. The SFR rises ex-
ponentially to peak at z ∼ 2 and then decreased
sharply up to the present day (Shapley 2011). One
of the main focuses of research in cosmology is the
investigation of the evolution of galaxies, with a
particular focus on the dynamics of galaxies at
z ∼ 1 − 2 and how they fit into a wider context
of galaxies at all redshifts.

their inferred SFRs are indeed larger than
those of local galaxies and whether they
match previous studies into galaxies at sim-
ilar redshifts. We calculated the SFR by
using the Hα emission flux of each galaxy
as a proxy.

This part of the spectrum traces young
stellar populations, other diagnostic meth-
ods include the rest-frame UV and IR lu-
minosities of star forming regions. These
diagnostic methods are sensitive to only
the presence of short lived, massive stars.
Given the short lifetimes of these stars, it
is reasonable to assume that their pres-
ence indicates that star formation is in
fact occurring. The estimation of the to-
tal SFR requires the assumption of a par-
ticular form of the IMF, which is then
used to extrapolate the known young, hot
star mass down to the low stellar masses
that dominate the integrated stellar mass
(Shapley 2011; Bromm 2001).

The hot, massive and short lived stars
with M > 16M� emit photons which ion-
ize nearby interstellar gas, the subsequent
emission from the recombining hydrogen
gas serves as a substitution for the rate
of production of ionizing photons, which
then leads to the formation rate of mas-
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sive stars. As the ionising flux is dominated
by the emission from the stars with more
than ten solar masses, it provides an esti-
mate for the instantaneous rate of star for-
mation. With ground-based observations,
Hα emission lines have been measured for
star forming galaxies up to z ≈ 2.6 (be-
yond which point the atmosphere is opaque
to the extremely redshifted radiation) and
used to estimate star formation rates (Erb
et al. 2006; Förster-Schreiber et al. 2009).

We first needed to calculate the intrinsic
bolometric luminosity of the Hα emission,
which was done by assuming that the Hα is
emitted equally in all directions and inte-
grating over the luminosity distance. This
equation takes the form

L = 4πSD2
L, (4)

where L is the bolometric luminosity, S is
the observed flux and DL is the luminos-
ity distance. We calculated the DL as de-
scribed by Hogg (2000), which we will sum-
marise here.

In order to find the luminosity of a
galaxy from the flux, the luminosity dis-
tance must first be calculated as a function
of redshift and the dimensionless present
day density parameters of the universe.
Ωk is the spatial curvature density, Ωλ is
the vacuum density and ΩM is the mat-
ter density. These values are related as
Ωλ + ΩM + Ωk = 1.

We define the Hubble distance as the
Hubble time multiplied by the speed of
light

DH =
c

Ho

. (5)

We also define δDC, the infinitesimal com-
moving distance between two objects, as
the proper distance divided by the scale
factor. Dc is the total commoving line of
sight distance, which is calculated by inte-
grating all the infinitesimal commoving dis-
tance contributions between nearby events
along the radial ray from the observer at
z = 0 to the distant object.

We define E(z) as

E(z) =
√

ΩM(1 + z)3 + Ωk(1 + z)2 + Ωλ

(6)
where H(z) = HoE(z). As dz =
da, dz/E(z) is proportional to the time of
flight of a photon across the redshift inter-
val dz divided by the scale factor at that
time. The speed of light is constant, so this
is the proper distance divided by the scale
factor. We now have DC = DH

∫ z
0

dz′

E(z′)
.

We define the transverse commoving dis-
tance as DM, where DMδθ is the distance
between two objects at the same redshift
separated by some angle δθ. DM is related
to DC by:

DM =


DH

1
√

Ωk
sinh[

√
ΩkDC/DH] for Ωk > 0

DC for Ωk = 0

DH
1√
|Ωk|

sin[
√
|Ωk|DC/DH for Ωk < 0

.

(7)

The luminosity distance is related to the
transverse comoving distance by DL = (1+
z)DM.

We converted the bolometric luminosity
L to total SFR by use of a conversion factor

SFR(M�yr
−1) = 7.9×10−42L(Hα)(erg·s−1).

(8)
This conversion factor was calculated by
Kennicutt et al. (1998), who made use of a
Salpeter IMF to infer the total stellar pop-
ulation from knowledge of only the highest
mass stars. If the IMF does indeed vary
with metallicity and location, as may be
the case at extremely high redshift, then it
is very likely that the inferred SFR, stel-
lar mass and density would be systemati-
cally in error, which would in turn lead to
systematic errors in out models of galaxy
formation and evolution. The next gener-
ation of telescopes, such as the ELT, are
set to make high-redshift galaxies easier to
study in detail than ever before. As large
variations in the IMF have seemingly been
ruled out, detailed analysis of the Universe
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at redshift z ∼ 2 will allow us to bet-
ter constrain subtle variations in the IMF
with initial conditions (size of cloud, metal-
licity etc.). Spatially resolved rest-frame
UV spectroscopy of star forming regions in
these early galaxies will be within our ca-
pabilities, allowing comparison with local
templates. In this report we assume that
the IMF is invariant, though this is a fas-
cinating area for future study.

For our 72 Hα emitting galaxies, we
found a median SFR of 5.2 ± 0.8M�yr−1,
with a maximum of 29 ± 8M�yr−1 and a
minimum of 0.8 ± 0.3M�yr−1. This ap-
pears to match previously derived values
for galaxies at similar redshifts (Swinbank
et al. 2012). We calculated the specific star
formation rate (SSFR), the SFR per unit
stellar mass, for each galaxy and compared
them to the results published in Feulner et
al. (2005), as shown in Fig. 9. We assumed
that the error in the SFR only came from
the error in the calculated Hα flux, which
were derived from the 1σ uncertainty in the
velocity from the Gaussian fit to the Hα
emission line.

Observations have indicated that there
are two main modes of star formation
which dictate the growth of galaxies: one
which is relatively steady, takes place in
disk galaxies and is described by a surpris-
ingly simple relation between the SFR and
stellar mass of a galaxy, and a starburst
mode which are outliers to such a sequence
and is interpreted as being driven by merg-
ing. In the former case it appears that the
larger a galaxy is, the faster star forma-
tion occurs. This relationship is known as
the galaxy main sequence, and it implies
that the growth of these of galaxies is a
smooth, continuous process fuelled by the
accretion of gas through the dark matter
halo, minor mergers and the cold streams
from the IGM. In fact, studies have found
that as little as 1-3% of galaxies at this
redshift are involved in mergers (Darg et
al. 2010). Galactic interactions, such as
mergers, provide a fresh supply of gas that

boosts star formation without as compar-
atively dramatic an increase in the stellar
mass. If mergers were the dominant pro-
cess for the growth of galaxies, there would
be significant scatter in the SSFR-M∗ rela-
tionship. The tightness of the scatter indi-
cates that starbursts contribute only ∼10%
of the star formation taking place at the
epoch of peak star formation z ∼ 1 − 2
(Darg et al. 2010). This indicates that the
majority of star formation within the ISM
of galaxies at this epoch is driven by inter-
nal dynamical processes (Swinbank et al.
2012; Kereš et al. 2005). The star forming
galaxies in our sample appear to lie on this
main sequence, matching very closely with
results published by Feulner (2005) shown
in Fig. 9. This suggests that our galaxies
double their mass over a typical timescale
of 300-500 Myr up to z ∼ 1 and halt upon
reaching the so-called Schechter mass of
M∗ ∼ 1010.8−11M�. The older galaxies are
the most massive, but also have lower SS-
FRs. The typical evolution of a galaxy on
the main sequence is to start at the top
left of Fig. 9 and move along a line of con-
stant SFR the bottom right, which is ex-
actly what our galaxies appear to be doing.
Galaxies below doubling line have not had
enough time to double their mass by the
present day. This suggests that the galax-
ies in our sample are not starbursts, but
due to the dusty nature of these galaxies
we cannot conclusively rule out that star-
bursts have been missed by the surveys we
make use of.

Feulner summarises that the most mas-
sive galaxies with redshifts z < 2 are in a
quiescent state, but at redshifts z > 2 the
SSFR for massive galaxies increases by a
factor of ∼10, reaching the time of their
peak formation at z ∼ 1 − 2. This large
increase in the SSFR of the most massive
galaxies suggests that at least a fraction of
this population was formed in a period of
efficient star formation in massive halos.

The SSFR of our galaxies match those
reported in Feulner (2005) at a similar red-
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Figure 9: The SSFR as a function of stellar mass and redshift for galaxies taken from the FDF, GOODS-
S, COMSOS and HiZELS surveys . Both the SFR and the mass are corrected for dust extinction. The
circles in the foreground represent the SSFR of the galaxies analysed by KMOS and presented in this
report, whereas the squares in the background represent the SSFR of galaxies presented in Feulner et
al. (2005). Objects are coloured according to the age of the main component of the stellar population
synthesis model fit to the photometry, ranging from 0.01 Gyr (purple) to 8 Gyr (red). The apparent large
difference in age for our sample and those from Feulner are in fact purely aesthetic differences caused by
differences in colour-schemes used in both cases. The colourbar should be applied to the KMOS data
and the text-box guide for the FDF and GOODS-S data. The solid and dashed lines correspond to SFRs
of 1M� and 5M� respectively. The dot-dashed line represents the SSFR needed to double a galaxy’s
mass between the redshift epoch and z = 0 (assuming constant SFR); the corresponding look-back time
is displayed. The error bar in top right of the plot indicates the typical errors one might expect, while
the dotted line roughly represents the high-mass cut-off of the local stellar mass function (Drory et al.
2004, 2005; Fontana et al. 2004). It should be noted that while the Feulner galaxies are sampled from
0.80 < z < 1.20, the KMOS galaxies are sampled from 0.80 < z < 1.0, which may cause systematic
differences. This plot shows that the SSFR of galaxies analysed in this report agree with previous studies
and therefore are indeed representative of typical star forming galaxies at z ∼ 1 and further investigation
into their physical properties may be take place.

shift, indicating that they are indeed rep-
resentative of star forming galaxies at that
redshift. Therefore studying them further
in an attempt to place them in the wider
context of galactic evolution is valid.

3.2.2 Metallicity

Stellar evolution and nucleosynthesis are
the driving factors behind the creation of
heavy elements. The first galaxies were
formed from the condensation of the IGM
and were composed primarily of H, D, 3He,
4He and 7Li. Heavier elements than these

(up until 56Fe) are produced via nucleosyn-
thesis in stellar interiors. Interestingly,
dwarf galaxies have such low metallicities
that the analysis of their abundances can
give indications into primordial conditions
in the Universe. Heavy elements are re-
leased from stellar interiors in supernovae
and other processes, such as accretion in
binary pairs, while the rest is locked up in
degenerate stellar remnants. The yield of
elements released depends non-linearly on
stellar mass; the larger the star, the hotter
the interior and the heavier the produced
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elements can be. As this created mass can
be lost in the interactions between stars
in binary systems, the yields for many ele-
ments can be very uncertain. This includes
nitrogen (Prantzos 1998). The oxygen
yield is fairly well determined, though the
uncertainty is around a factor of 2. Due to
the lifetimes involved, the majority of ISM
enrichment comes from young, hot stars
which produce and disperse heavy elements
over the time scale of a few tens of millions
of years. Cooler, long lived stars have ages
similar to that of the galaxy and keep their
nucleosynthesis products locked up inside
them. Metal-rich areas are therefore indi-
cators of vigorous star formation. Different
elements are produced in varying quantities
in different mass stars, so the ISM enrich-
ment time will vary from element to ele-
ment. Massive stars are the main produc-
ers of α-elements (elements produced via
the triple alpha-process or the alpha pro-
cess), so these elements will be ejected on
shorter timescales. Before their dramatic
deaths, massive stars (M > 8M�) undergo
mass-loss processes via stellar winds which
reduces the yield of oxygen, but increases
that of nitrogen, carbon and helium. In
addition, supernovae and stellar winds may
cause galaxy-wide mass loss, which will fur-
ther influence ISM abundances.

As observations of Hα emission indicate
ongoing star formation, the metal content
of galaxies can be viewed as an indicator
of the sum of past star formation. The
metal content of a galaxy has particularly
important connotations when considered in
tandem with stellar and gas masses, as re-
lationships between these quantities con-
strain the nature of large-scale gas flows, in
particular any deviations from closed box
expectations (Swinbank et al. 2012).

As with the SFR in this report, most re-
search into the metal content of high red-
shift galaxies focuses on the emission lines
from HII regions, including the hydrogen
recombination lines and collisionally ex-
cited forbidden lines from heavy elements,

including oxygen ([OIII], [OII]), nitrogen
([NII]) and neon([NeIII]) (Shapley 2011).
These emission lines are commonly used to
indicate the abundance of gaseous oxygen,
expressed as 12 + log(O/H) (Asplund et al.
2004). In particular usage is the N2 index,
defined as log([NII]λ6584/Hα). Pettini &
Pagel (2004) find a linear relationship be-
tween N2 and the gas-phase abundance of
oxygen, described by

12 + log(O/H) = 8.9 + 0.5×N2, (9)

which we shall use in this report. [NII] and
Hα are so close to each other in terms of
wavelength that their ratio is not affected
by reddening. A problem with using the
N2 index is its saturation at 12 + log(O/H)
= 8.66 (Asplund et al. 2004; Yoshikawa et
al. 2010), which may affect some of our re-
sults with high integrated metallicity. Pet-
tini & Pagel conclude that through use of
the N2 calibrator, it is possible to estimate
the abundance of oxygen to within a factor
of ∼2.5 at the 95 per cent confidence level.

[NII]/Hα scales with O/H (Torres-
Peimbert et al. 1989) due to their simul-
taneous creation during the CNO process
within stars. One of the main advantages
in using HII abundances to quantify metal-
licity is that they can be observed at large
distances, giving us insights into the ISM
in galaxies at their peak SFR. The draw-
back is that our view will be biased towards
active star forming systems, systematically
biasing our understanding of galaxy evolu-
tion (Kunth & Östlin 2000).

Metallicity and observations show that
the SFRD was greatest between z = 1–3
(van de Voort et al. 2011), largely due
to the most massive galaxies efficiently ac-
creting gas from the halo which fuelled star
formation. This gas can come from minor
mergers or by cold streams from the IGM
(Swinbank et al. 2012). A large proportion
of the galaxy population at z = 1–3 have
their ionised gas in large, rotating disks
(Förster-Schreiber et al. 2009). The metal-
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licity of the ISM can tell us a lot about
the SFH at certain regions of the galaxies
and also give an insight into their evolution.
The metallicity of high redshift galaxies has
been shown to decrease with galactic ra-
dius, indicating that they grow from the
centre outwards (Swinbank et al. 2012).
The mechanisms that control the metal-
licity in a galaxy involve many aspects of
modern astrophysics, including the forma-
tion of massive stars, stellar winds, gas ac-
cretion and expulsion etc. (Kunth & Östlin
2000). Roughly speaking, metallicity scales
with galactic mass, so the lowest metallici-
ties are found in dwarf galaxies.

Figure 10: The integrated metallicities of the
72 galaxies Hα emitting galaxies at z ∼ 1, cal-
culated as the ratio of the observed [NII] and Hα
line fluxes. (Left) The full sample and (Right)
the galaxies with NII/Hα < 1.2 The data points
are coloured according to the age of the main com-
ponent of the stellar population synthesis model fit
to the photometry, ranging from 0.0 Gyr (blue) to
7.2 Gyr (red). Galaxies with NII/Hα = 0 have no
observed NII emission. The majority of the galax-
ies follow the trend of stellar mass and metallic-
ity increasing with age, indicating that star form-
ing galaxies undergo long periods of steady star
formation. As the rate of gas accretion decreases
and supernovae continue to occur, the integrated
metallicities gradually increase.

We calculate an average galaxy-
integrated [NII]/Hα ratio to be 0.30± 0.05
and an average 12 + log(O/H) =
8.52 ± 0.03. This value is in good
agreement with the 8.58 ± 0.07 quoted in
Swinbank et al. (2012) for star forming
galaxies at a similar redshift, and fits

with the redshift-metallicity relationship
in Yuan et al. (2013). This increase in
metallicity shows that the pollution of the
ISM by heavy materials formed in the
heart of massive stars slowly overcomes
the purification by the accretion of neutral
gas from the IGM, as the efficiency and
rate of accretion declines and more stars
reach the end of their lives. We also
see evidence for this in Fig. 10, which
shows the relationship between metallicity,
age and stellar mass. A graph relating
[NII]/Hα and 12 + log(O/H) is shown in
the appendix.

While the [NII]/Hα ratio is not perfect,
it is sensitive to shock excitation for in-
stance (Kewley & Dopita 2002), our ratios
are consistent with star formation through-
out the rotation dominated galaxies we
find an average [NII]/Hα of 0.523. How-
ever this falls to 0.28 ± 0.08 once we dis-
count HiZ z1 301, which has a calculated
[NII]/Hα value of 3.26. The rotation dom-
inated systems have an average [NII]/Hα
of 0.25 ± 0.03. This suggests that on av-
erage there is not much difference between
the metallicities of dispersion and rotation
dominated galaxies at this redshift.

We shall discuss our findings for spa-
tially resolved metallicity gradients in Sec-
tion 4.1, once we have described how these
observations were made in the following
sections.

3.3 Internal Dynamical Observa-
tions

We measured the internal properties of the
galaxies in much the same way as we mea-
sured the integrated properties as discussed
in Section 3.1, but rather than analysing
the emission spectrum for the integrated
galaxy we did so on a pixel by pixel ba-
sis. The emission features in the spec-
trum of each pixel give us information
about the physical conditions of each pixel,
which when analysed together tell us about
the galaxy-wide variation of these proper-
ties. We created two dimensional maps
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of Hα emission (and therefore star forma-
tion), [NII] emission, relative velocity and
velocity dispersion. Maps were created in
the calculation of the spin parameter and
metallicity gradients, but are not presented
in this report. We achieved this by initial-
ising empty 14×14 arrays and populating
each coordinate with information depend-
ing on whether or not Hα emission had
been observed, again employing Eq.3 and a
7σ catch. This allowed us to have a clearer
idea of a star forming region’s spatial ex-
tent and their internal properties. A com-
parison of a narrowband image and Hα flux
map is shown in Fig. 11.

We shall now use these flux maps to cal-
culate metallicity gradients in our galaxies.

4 Results and Discussion

4.1 Spatially Resolved Metallicity
Gradients

Spatially resolved [NII]/Hα measurements
have only been made for high redshift
galaxies (z ∼ 1.5−2.5) in the last few years.
Observations have found that high-redshift
galaxies have highly negative metallicity
gradients, indicating strong SFR in the
bulge and gas accretion on the outer parts
of the disk (Yuan et al. 2011). If these
galaxies are to evolve into the spirals we
see in the local universe, their gradients
must flatten by ∆log(O/H)/∆R = 0.05 dex
kpc−1 in the intervening time. We here use
our spatially resolved observations of Hα
and [NII] lines to calculate the distribution
of chemical abundances.

Of our 72 galaxies, we found that
55 emitted strongly enough in Hα and
[NII]λ6583 to allow spatially resolved stud-
ies of the metallicity gradients. We first
located the galaxy centre using a median
smoothing of the Hα narrowband image,
then plotted a preliminary graph of radius
against [NII]/Hα. Due to the pixelated
nature of our samples, we often obtained
many ratio values for a given radius. For

each unique radius, we calculated the av-
erage ratio with the error being the stan-
dard error of these values. We then further
constrained our plots to have a maximum
radius of Rmax, which corresponds to the
maximum observed radius of each galaxy
taken from the integrated one dimensional
rotation curve described in Section 4.2.

In Fig. 12 we show a sample of the spa-
tially resolved metallicity gradients anal-
ysed; the rest of the figures and the gra-
dients of individual galaxies are given in
the Appendix. Of the 55 galaxies anal-
ysed, 22 had negative gradients whilst 28
had positive. Setting a standard catch of
10kpc rather than a tailored Rmax raises
the number of negatives up to 37, suggest-
ing that our measured Rmax is regularly an
underestimate. In our approach we did not
take the inclination of each galaxy into ac-
count when calculating the metallicity for
different radius bins, which is likely a large
source of error. Studies which do take the
inclination into account, such as Swinbank
et al. (2012), fare considerably better in
collecting results consistent with inside-out
growth. The fact that the integrated metal-
licities reported here match the aforemen-
tioned paper but the spatially resolved gra-
dients do not, suggests that inclination er-
ror is indeed the cause for this disparity.

The Rmax clipping receives some vin-
dication when we calculate the aver-
age ∆log(O/H)/∆R gradients. For the
10kpc clipping we find ∆log(O/H)/∆R =
-0.26±0.05 dex kpc−1, whereas for the
Rmax clipping we find ∆log(O/H)/∆R = -
0.026±0.019 dex kpc−1. This suggests that
our choice of a Rmax was the correct course
as this result matches well with Swinbank
et al. (2012), which finds a value of -
0.027±0.05 dex kpc−1, and Queyrel et al.
(2012) for starbursts at z ∼ 1. Our the-
ory is that the galaxy inclination error sys-
tematically affected the gradients of each
galaxy, but as galaxy inclination is random
the effect is almost nullified when consid-
ering a large galaxy population as a whole.
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Figure 11: (Left) Smoothed raw image of the Hα emission of zcos z1 172 and (Right) the integrated
Hα flux per pixel according to the Gaussian fit of each pixel’s emission spectrum. Pixels with a Hα
emission with S/N < 7 are set to black. As Hα can be used as a proxy for ongoing star formation, we can
see that the galaxy displays heavy star formation in a galactic central region and reduced star formation
at higher radii. Calculating the flux per pixel makes it easier to discern the star forming regions from the
background and begin to identify structure within the galaxy.

Figure 12: Metallicity gradients for four out of the 55 galaxies for which spatially resolved measurements
could be made, the rest are diplayed in the Appendix. (Left) Median smoothed Hα flux maps. The
solid white circle represents the area from which the [NII]/Hα ratios were extracted, the radius being
determined by the maximum observed radius during our measurement of a 1D integrated rotation curve in
Section 4.2. (Right) the ratio [NII]λ6583/Hα plotted against the physical radius. The blue line represents
an optimised linear fit. Only half of the gradients were negative, which is contrary to expectation of the
majority being negative given our expectation of growth starting at the bulge and working outwards.
Positive gradients could be accounted for by the effects of inclination.

The considerably large error can also ex- plained by this.
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Our result fits in well with the GIMIC
simulation’s predicted metallicity gradi-
ents, as a function of redshift (Crain et
al. 2009; McCarthy et al. 2012), which
finds that the steepness of gradient peaks
at z ∼ 3 where gas accretion from the IGM
is at its most efficient, and then grows shal-
lower by a factor of 2 by z = 0. According
to the simulation, this takes place as the
rates of gas accretion decline and the outer
disk becomes more polluted with heavier
elements.

In the next section we shall use the emis-
sion spectrum of each pixel to determine
the internal dynamics of our star forming
galaxies and see how they affect star forma-
tion and chemical abundances across the
disl.

4.2 Rotational Velocity and Veloc-
ity Dispersion

To create a 2D velocity field for the 72 Hα
emitting galaxies in our sample, we made
use of the equation describing the Doppler
shift of spectral features due to motion:

vrel = c

(
λ0

λ
− 1

)
(10)

with vrel being the velocity of the pixel rel-
ative to the galactic centre, λ0 the wave-
length of the Hα line at the centre of the
galaxy and λ the wavelength of the Hα line
at each pixel. We used the median smooth-
ing technique described in Section 4.1 and
Fig. 4 to find the galaxy centre, created
a 3×3 grid about the pixel and obtained
the integrated emission spectrum for the re-
gion, setting λ0 to be the wavelength of Hα
for this spectrum. This was done to min-
imise the effects of Doppler broadening on
any one pixel’s emission line and the uncer-
tainty in the location of the galactic centre.
Fig. 13 shows the velocity fields for a sam-
ple of our galaxies.

We obtained integrated one-dimensional
rotation curves by taking our velocity fields
and rotating about the apparent axis of
rotation. We did this using the python

function scipy.ndimage.interpolation.

rotate, with the order of spline interpola-
tion set to 1. An example of the rotation
technique employed can be seen in Fig. 14.
The function had the additional benefit of
removing some of the pixels in our maps
not directly connected to the main body
of the galaxy, which made obtaining clean
rotation curves easier. Once the axis of ro-
tation was aligned parallel to the x-axis, we
obtained the average velocity of each pixel,
±1 pixels in the y axis, along the axis of ro-
tation. This was then plotted against each
pixel’s distance from the centre.

We computed the error in the velocity
by creating a velocity error field, analogous
to the velocity field. The errors come from
the standard 1σ uncertainty arising from
the Gaussian fit to the Hα line. We then
rotated this field by the same angle as each
corresponding velocity field and combined
the errors in quadrature. This was com-
pared with the standard error associated
with the averaging of the vertical pixels
along the axis of rotation (see Fig. 14) with
the larger error carried through. The errors
we computed seemed far smaller than has
been found in previous work using a sim-
ilar method, in particular Swinbank et al.
(2012) finds errors >10kms−1 for a stan-
dard velocity measurement whilst we often
found errors an order of magnitude smaller
for similar velocities. It is possible that the
errors were corrupted during the interpola-
tion. We therefore decided to implement a
minimum error of 10kms−1, which we felt
was a fair approximation, in the instances
that our calculated error was less than this.
We would like in the future to return to this
problem as we recognise the lack of scien-
tific rigour in this approach.

We fit the rotation curves with a simple
arctan model, described in Courteau (1997)
as

v(r) = v0 +
2

π
arctan(R), (11)

where R = (r − r0)/rt, v0 is the velocity
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Figure 13: Spatially resolved 2D velocity fields of a 12 galaxy sample from our 72 Hα emitters. The
maximum observed velocity for each galaxy, indicated at the top of each plot, was obtained by creating
a one-dimensional rotation curve based on the dynamical centre and extremities. They have not been
inclination corrected. For the full selection of velocity fields see the Appendix. These velocity maps are
consistent with being large, rotating disks.

Figure 14: An example rotated velocity field us-
ing a spline interpolation technique. The white
dashed arrow in both cases represents the axis of
rotation. Left is the original field, right is rotated
field with the axis of rotation parallel to the x-axis.
Each vertical grid represents the area over which
the average velocity value was computed.

at the centre of rotation, r0 is the spatial
centre of the galaxy, vc is the asymptotic
velocity, and rt is the transition radius be-
tween the rising and flat parts of the curve.
We used the same optimisation function as
is used in Section 3. We compared v(Rmax)
(where Rmax is the maximum observed spa-
tial distance from the galactic centre) with
vc to determine whether we had detected
a turnover in the rotation curve (as is ex-

pected due to the existence of the dark
matter halo), setting v(Rmax) > 0.7vc to
be the required criteria. We found that 60
of our galaxies have smooth velocity gradi-
ents and one-dimensional rotation curves,
dynamics consistent with their ionised gas
being in large rotating disks. A sample of
these rotation curves are displayed in Fig.
15. This agrees with previous studies of
star forming galaxies at z ∼ 1 − 2, which
suggest that the majority of these galax-
ies are indeed rotating disks (e.g. Förster-
Schreiber et al. 2009; Swinbank et al.
2012). We found that half of these galax-
ies have v(Rmax) < 0.7vc, indicating that
their extremities are not visible in Hα be-
cause star formation is predominantly tak-
ing place close to the bulge.

We corrected for galaxy inclination,
vcor = vobs/sin(i), using the formula for an
oblate spheroid given in Holmberg (1946):

i = cos−1

√
(b/a)2 − q2

0

1− q2
0

, (12)

19



Figure 15: The integrated one-dimensional rotation curves for a sample of 12 galaxies, which all show
strong velocity gradients in their Hα dynamics. Overlaid is the best-fitting arctan model from Courteau
(1997). The rotation curves were extracted from the 2D velocity maps show in Fig. 13 from a ∼ 1.5kpc
slit across their axes of rotation. These galaxies show strong velocity gradients, indicative of rotating
disks.

where the semi-major (a) and the semi-
minor (b) axes are determined from an
isophotal fitting of the galaxy image and
q0 is the axial ratio of a galaxy viewed edge
on. As discussed in Hall (2012), the value
for q0 for late-type spiral galaxies usually
ranges from 0.13 to 0.2, though S0 galax-
ies can be as high as 0.8. We will adopt q0

= 0.13; using q0 = 0.2 instead makes very
little difference to our results.

We adopted an error of 30% in the incli-
nation angle and discounted the four galax-
ies with i < 25◦ from consideration due to
the large uncertainties involved.

We also made our rotation curves sym-
metric about the x and y axes to ensure
that we were obtaining the correct value
for v(Rmax).

We calculated the velocity dispersion of
a star forming region using the equation

v(σ) = c

(
∆λ(σ)

λ

)
, (13)

where ∆λ(σ) is the Gaussian RMS of the
Hα emission line and λ is the wavelength
of the line. We display a sample of the
dispersion maps in Fig. 16. For the rotat-
ing galaxies we found σ = 46 − 146kms−1

with a median of 70 ± 4kms−1 and for the
non-rotating galaxies we found σ = 43 −
322kms−1 with a median of 70± 30kms−1.

For the galaxies found to be rotating
disks, only 23 had v(Rmax) > vc. For these,
we calculated the ratio between rotational
support and thermal pressure, v/σ. A
value less than 1 is typically taken to indi-
cate that a galaxy’s dynamics is dominated
by thermal motions. For our sub-sample
of galaxies with v(Rmax) > 0.7vc, we find
vmax = 30 − 390kms−1 with a median of
150±20kms−1 and v/σ0 = 0.47−3.21 with
a median of 2.0±0.2. Three quarters of our
rotating galaxies have v/σ > 1, while the
other quarter have v/σ < 1.

The galaxies which have v(Rmax) <
0.7vc, we found σ = 46 − 146kms−1 with
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a median of 67± 5kms−1. This is in agree-
ment with the other rotating galaxies with
a more clearly defined v(Rmax). Due to
the poor turnover in these galaxies’ rota-
tion curves, v(Rmax) and v/σ can only be
considered lower limits of the true values.
We found v = 15 − 349kms−1 with a me-
dian of 80± 20kms−1 and v/σ = 0.22− 4.5
with a median of 0.2± 0.2.

Combining the dynamical information
gathered in this section together, we find
that roughly four out of five of our Hα
emitting galaxies show clear velocity gra-
dients and have clear central maxima in
corresponding dispersion maps, and can be
classified as ‘rotation dominated’. For the
galaxies which have well-defined v(Rmax),
we find the v/σ to be 2±0.2, adding fur-
ther credence to our theory that these are
rotation dominated. The remaining one-
fifth of our galaxies have no evidence for
rotation and instead seemed to be char-
acterised by large, ubiquitous velocity dis-
persion and are thus classified as ’disper-
sion dominated’. We found that the disper-
sion dominated systems had a noticeably
lower median stellar mass (8.5 × 109M�)
than the rotation dominated systems (1.2×
1010M�), in line with studies ( Förster-
Schreiber et al. 2009; Law et al. 2009)
which suggest that lower stellar mass sys-
tems have higher gas fractions and tend
to have negligible rotation. Our disper-
sion dominated objects have a range of ages
(0.0062-7.5 Gyr) and include a few young,
likely gas rich, star forming systems in the
early stages of formation. HiZ z1 290 is the
youngest at 6.3 Myr, with a stellar mass
of 4.9 × 108M� (significantly lower than
the median) and a calculated dynamical
mass of 1.04 × 1012M�, suggesting a large
reservoir of molecular gas. Older disper-
sion dominated systems could be late stage
galaxy mergers.

The median value of v/σ, 2±0.2, is sig-
nificantly lower than the values of ∼10-20
observed in local spiral galaxies (Förster-
Schreiber et al. 2009). This agrees with

previous results which indicate that in gen-
eral the ISM of high-redshift galaxy is much
more turbulent than the thin disk of a lo-
cal galaxy and may be assumed to have
a higher gas fraction (fgas = 20 − 80%)
(Daddi et al. 2010; Tacconi et al. 2010;
Geach et al. 2011; Swinbank 2011). We
shall explore gas fractions in the follow-
ing section. This higher gas fraction may
be postulated to be the reason that high-
redshift galaxies have significantly higher
star formation rates. The evidence here
agrees with the broad-stroke evolutionary
path between high-redshift and local spiral
galaxies ( Förster-Schreiber et al. 2009):
large scale structure in the universe formed
from the gravitational instability of the ini-
tial fluctuations in the density of the early
universe, which led to the formation of
galaxies at the centre of dark matter ha-
los. These galaxies grew, with star forma-
tion fuelled by the accretion of gas through
the halo and cold streams from the IGM
and peaking at z = 1 − 3, (Bournaud &
Elmegreen 2009; Swinbank 2012; van de
Voort 2012). This gas causes the large ve-
locity dispersions observed in our results.
By z ∼ 1 >90% of the stellar mass seen to-
day in the most massive galaxies (1011M�)
had been assembled (e.g., Dickinson et al.
2003; Fontana et al. 2003). From this
epoch of peak formation, we observe a dra-
matic reduction in the SFR-ρ of the uni-
verse. The low velocity dispersion and SFR
in local spirals suggests a lower gas frac-
tion, which indicates that the accretion of
gas though the dark matter halo and cold
streams from the IGM has slowed. Pos-
sible mechanisms for this reduction in gas
accretion include preventative and ejective
feedback, where gas is stopped from either
entering the galaxy or initiating star for-
mation and where gas is ejected from the
galaxy respectively (Kereš et al. 2009).
Ejective processes may explain how the
SFR in massive galaxies, such as those in
our sample, are quenched. An example of
a possible ejection pathway is via the high-
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Figure 16: The velocity dispersion fields of a sample of the galaxies observed in this report. The median
dispersions are displayed above each plot. Most of these galaxies appear to have the dispersion peaking
in the dynamical centre and have symmetrical, smooth rotation curves (see Fig. 13) indicating that they
are indeed rotating. These galaxies have high dispersions relative to their rotational velocities, indicative
of large gas fractions in the galaxies.

energy jets emitted by supermassive black
holes following gas accretion (Di Matteo
et al. 2005). An example of a preventa-
tive mechanism for galaxies with large dark
matter halos is ‘virial shock heating’, which
may prevent gas from cooling sufficiently to
form stars (Gabor et al. 2010).

Previous studies of star forming, rotat-
ing galaxies at z ∼ 1 − 2 generally find
v/σ ∼ 0.2 − 1 (Daddi et al. 2010; Tacconi
et al. 2010). Our sample at z ∼ 0.8−1 with
v/σ ∼ 0.47− 3.2 could be seen as the evo-
lutionary ’missing link’ between the high
dispersion galaxies at z ∼ 1 − 2 and the
low dispersion local spiral galaxies. Shap-
ley (2011) reports that high velocity dis-
persions appear to be commonplace for
star forming galaxies at high-redshift. The
causes of this is still a matter of debate.
Genzel et al. (2011) reviews possibilities,
which include the conversion of potential
energy to kinetic as accreted matter falls
inwards and collisions between clumps. Al-
ternatively, Lenhart et al. (2009) suggests

that turbulence is strongly influenced by
stellar winds and supernovae feedback.

Our spatially resolved Hα maps (Figs.
13, 15 & 16) appear to indicate clumpy
morphologies, which are commonly
observed in similar galaxies (Förster
Schreiber 2009; Genzel 2008). Clumps
are found in both rotation and dispersion
dominated systems and appear to generally
follow the velocity fields of rotating galax-
ies, indicating that these clumps are not
distinct systems that have been accreted
into a larger body. The realness of our
observed ‘clumps’ which are disconnected
from the main star forming body need to
be further investigated. As Hα regions
indicate star formation, it is possible that
a Hα derived field does not show the
entire baryonic component of a galaxy.
High dispersion regions disconnected from
the main star forming body could indeed
be the highly turbulent infalling clumps
discussed by Genzel et al. (2011), sur-
rounded by a star forming ’bald patch’ in
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the galaxy. Alternatively as the majority
of these objects are close to the edge of the
field of view, it could be that these regions
are in fact optical aberrations caused by
dithering or other smearing effects. Indeed
these regions seem to have dramatically
different velocities to the rotation of the
main galaxy body, indicating that if they
are real, they are potentially distinct star
forming bodies that have been gravita-
tionally captured by the larger galaxy.
One way of checking whether the clumps
are real would be to compare our Hα
images with optical images taken by the
Hubble Space Telescope (see Fig. 23 in the
Appendix), as the clumpy regions should
be visible in the optical light. Ultimately
we had to prioritise other aspects of this
report, so we shall assume the clumps here
are real and discuss them further whilst
admitting that validation of the realness
of ’disconnected’ clumps is required before
any definitive statements about their role
in the evolution of star forming galaxies
can be made.

Figure 17: (Left) Dispersion and (Right) veloc-
ity field for the star forming galaxy zcos z1 356 de-
rived from Hα observation. The colorbars indicate
that the colours are saturated beyond the upper
and lower bounds. The dispersion map shows ar-
eas of high turbulence in the galaxy interior, which
appear to have similar rotational velocities to the
surrounding galaxy, indicating that these are dis-
tinct star forming regions that have not been ac-
creted, but instead are clumps which form from the
collapse of gas clouds. Outside the main body of
the galaxy we find other high turbulence regions,
the realness of which is debatable as they could
optical aberrations associated with dithering.

The clumps we observe (an example of
which is shown in Fig. 17), external and
internal, appear to be on the scale of a
few kpc which matches the predicted Jeans
length for fragmentation of highly turbu-
lent gas (Genzel et al. 2008). The exact
role of clumpy structures in the growth and
evolution of star forming galaxies is an area
of ongoing research. Numerical simulations
suggest that clumps start life at the edges
of galaxies and travel inwards to participate
in the coalescence and growth of the bulge
over a timescale of ∼0.5-1Gyr (Dekel, Sari
& Ceverino 2009). Alternatively the feed-
back associated with star formation (e.g.
supernovae, stellar winds) may break apart
these clumps as they migrate inwards and
instead cause them to participate in the
build-up of mass in the disk (Shapley 2011).

The distribution of mass in the disk com-
bines with the rotational velocities to cre-
ate a galaxy’s angular momentum, which
can be a key piece of data when constrain-
ing evolutionary models. We shall explore
this in the next section.

4.2.1 Angular Momentum

The morphologies of galaxies appear to be
inherently linked to the evolution of their
angular momenta. Late type galaxies are
very efficient at retaining specific angular
momentum (j), and early types proficient
at losing it. The j −M? plot is therefore a
key tool for assessing and interpreting any
model of galaxy formation.

We calculated the stellar contribution
angular momentum of our rotating, star
forming galaxies as J? = M?Rmaxv(Rmax),
where M? is the stellar mass. The specific
angular momentum is the product of the
size of the disk and its rotational veloc-
ity, and for a fixed circular velocity with
redshift it supplies information into the re-
lationship between star formation in the
disk and the spin of the halo (e.g. Tonini,
Lapi & Salucci 2006). Research has sug-
gested that the specific angular momentum
of disks is higher by a factor of 1.4 ± 0.3
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Figure 18: The specific stellar angular momen-
tum of star forming galaxies and their relation-
ship with redshift. Blue datapoints represent es-
timates as they are calculated from well-defined
rotation curves, whereas red datapoints represent
lower limits as they were derived from incomplete
rotation curves. The blue and red error bars repre-
sent the median values and median errors for esti-
mates and lower limits respectively. Their appears
to be a strong correlation between J?/M? and M?,
as shown by a linear fitting of the ‘estimate’ data
points. For the estimates we find an average j of
(3.8±0.7)×1025kms−1kpc and for the lower limits
an average of (1.9± 0.3)× 1025kms−1kpc.

at z = 0 than z = 2 (Navarro & Steinmetz
2000). For these disks to be connected evo-
lutionarily, there must take place a gain in
angular momentum. Scenarios for this in-
clude the loss of material with low angu-
lar momentum through outflows, or the de-
coupling of the galaxy disk from the halo,
which acquires angular momentum via gas
accretion (Swinbank et al. 2010).

For the our well-defined rotation curves
we find an average j of (3.8 ± 0.7) ×
1025kms−1kpc and for the poorly defined
rotation curves an average of (1.9± 0.3)×
1025kms−1kpc. We find evidence for a gain
in specific angular momentum over the evo-
lution of a star forming galaxy in Fig. 18,
where we see that stellar mass increases
with specific angular momentum. Assum-
ing that these galaxies are on the same
evolutionary pathway, this suggests that as
a galaxy accretes gas from the IGM and
through the dark matter halo to fuel star
formation, there is a build-up of stellar
mass in the outskirts of the disk and a gain

in angular momentum.

The j − M? plot is a physics-based al-
ternative to the traditional Hubble tuning
fork diagram, as galaxies of intermediate
types have intermediate j at each M?. It is
found that j ∝ Mα

? , with α ∼ 6, and that
spirals and ellipticals are offset by a factor
of ∼ 5 (see Fig. 19) (Fall & Romanowsky
(2013), hereafter F&R).

Figure 19: (From Fall & Romanowsky 2013) Spe-
cific angular momentum plotted against mass for
entire galaxies (disk plus bulge) of different mor-
phological types. The dotted curves represent our
simple model of variable retention of specific angu-
lar momentum in a ΛCDM cosmogony with frac-
tional net angular momentum factor fj = 0.8 (up-
per curve) and fj = 0.1 (lower curve).

We find by overlaying Figs. 18 and 19
that the majority of our rotation domi-
nated galaxies lie in the same j? −M? pa-
rameter space as the late type spirals in
F&R. This confirms our suspicion that the
majority of our Hα selected, star forming
galaxies are indeed spirals and that these
galaxies dominate star formation at high
redshift. As the errors involved in the cal-
culation of the stellar mass are large it
would be unreasonable to try to assess each
galaxy’s exact type individually, but it is
statistically valid for us to comment on the
general nature of the population at large.

F&R concludes that many of the pro-
cesses affecting galaxies will change j and
M simultaneously. For example in mergers
there is generally a decrease in j (by the
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vector cancellation of spins) while M in-
creases. If elliptical galaxies formed mainly
by mergers, this could account for much of
their offset from disk-dominated galaxies in
the j–M diagram. Outflows, which decrease
M, can increase or decrease j, depending
on whether they remove material predom-
inantly from the inner or outer parts of
galaxies. As the majority of our ‘estimate’
class galaxies lie close to the line as best fit,
we conclude that few, if any, of the galaxies
in our sample are mergers.

In the next section we shall investigate
the dynamical parameter λR, which pro-
vides another route into the investigation
of rotational and thermal support, and its
relationship with stellar content of galaxies.

4.2.2 Spin

With the advent of integral field spec-
troscopy, the ATLAS3D team (Emsellem et
al. 2011) developed a new parameter λR
to act as a proxy for specific angular mo-
mentum. We shall here describe some of
its uses and present our results into its re-
lationship with M?. It is defined as

λR =

∑N
i=1 FiRi|Vi|∑N

i=1 FiRi

√
V 2
i + σ2

i

, (14)

where Fi is the flux, Vi is the velocity, σi
is the velocity dispersion and Ri is the ra-
dius of the ith pixel. This parameter was
originally used to classify early-type galax-
ies as either fast or slow rotators (Cappel-
lari et al. 2011). It was discovered that
spiral and lenticular galaxies tended to be
fast rotators, whereas ellipticals could be-
long to either. Similar to the j −M? plane
in the previous section, it has been found
that different morphologies of galaxy oc-
cupy different parameter spaces for λR − c
where c = R90/R50 - the ratio of the radii
enclosing 90% and 50% of the light. This
gives us an indication of rotational support
and the concentration of the stellar popula-
tion. Analysis of this parameter space pro-
vides constraints for evolutionary models of

spiral galaxies. An example of this is the
evolution of late-type spirals into S0s. For
this to take place, λR − c tells us that spi-
rals must undergo processes that heat the
disks, reduce rotational support and also
inflate the bulge, increasing the concentra-
tion (Querejeta et al. 2015). A possible
pathway for this is for the galaxy to inter-
act with neighbouring bodies through mi-
nor mergers and tidal interactions. This
dynamically heats the disk and channels
gas to the bulge, fuelling centralised star
formation (Fogarty et al. 2015).

We find a median value of 0.55±0.04 and
that λR does not strongly correlate with
stellar mass, which is in agreement with
Burkett et al. (2015). This indicates that
a galaxy’s spin receives contributions from
a wider array of sources, such as the dark
matter halo. There is significantly more
scatter in Fig. 20 than Fig. 18, indicat-
ing that in this case the suggested usage of
λR as a proxy j is limited. In addition, λR
does not appear to correlate with SFR nor
SSFR.

In the following section we shall calcu-
late the dynamical masses of our KMOS
observed galaxies using the dynamical in-
formation we have gathered in this section.

4.2.3 Dynamical Mass

Following the virial theorem we calculate a
galaxy’s dynamical mass as

Mdyn =
Rv2

obs

Gsin2i
+
cσ2R

G
, (15)

where R is the maximum observed radius,
v is the velocity at this radius, sin(i) is
the inclination correction, σ is median ve-
locity dispersion of the spatially resolved
velocity dispersion map and c is constant.
For rotation dominated systems we shall
take c = 5, which comes from assuming
isotropic velocity dispersion, and for the ro-
tationless dispersion dominated systems we
take c = 10. A source of error in this is
that the velocity dispersions aren’t neces-
sarily isotropic, which leads to significant
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Figure 20: An investigation of the relationship between spin parameter λR and stellar mass, SFR and
SSFR. We observe large scatter in all plots, indicating the lack of strong relationship between λR and
the stellar content of star forming galaxies.

uncertainty. R comes from the small an-
gle approximation, where the angle is the
spatial resolution (0.2”) multiplied by the
pixel separation of the galaxy centre and
the edge and the arc length is the angu-
lar distance, DA, which is related to DL

(Section 3.2.1) as DA = DL/(z + 1)2. Fig.
21 displays our plot relating the stellar and
dynamical masses of star forming galaxies
systems.

We find the median dynamical mass to
be (7.9±4.5)×1010M� for the well-defined
rotation curves, (3.5 ± 1.5) × 1010M� for
the poorly defined rotation curves and (5±
11)× 1010M� for the dispersion dominated
objects. The large errors in these calcu-
lations indicate significant scatter. These
masses are on average four times larger
than their corresponding stellar masses in-
dicating that a large fraction of a galaxy’s
mass in tied up in non-observable matter,
be it dark matter or dust. The lower limits
are considered such as their rotation curve
have a limited turnover. As these curves
cannot be completely traced with Hα ob-
servations, this indicates that the farthest
extents of baryonic regions in the galaxies
have no ongoing star formation. As such,
the matter we can observe only constitutes
part of the complete disk, which may be
observable in different wavelengths. Hence
our calculation of the mass is only a lower

Figure 21: The relationship between the stel-
lar and dynamical mass of our rotation domi-
nated galaxies and 12 dispersion dominated galax-
ies. Blue dots represent estimates of dynamical
mass using Eq. 15, where using an arctan fit-
ting for rotation curves we find v(Rmax) > 0.7vc,
red dots represent lower limits on dynamical mass,
specifically when v(Rmax) < 0.7vc and the black
dots represent the dynamical mass of the disper-
sion dominated systems. The black line represents
Mdyn = M? and the green bar represents the me-
dian error of our dynamical masses, 6 ∗ 1010M�.
We often find an order of magnitude difference
between the stellar and dynamical mass, indi-
cating that that stellar population contains only
a small fraction of mass in high redshift galax-
ies. We find the median dynamical mass to be
(7.9± 4.5)× 1010M� for the well-defined rotation
curves, (3.5 ± 1.5) × 1010M� for the poorly de-
fined rotation curves and (5±11)×1010M� for the
dispersion dominated objects. The large errors in
these calculations indicate significant scatter.

limit. We find significant scatter in the re-
lationship between dynamical and stellar
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mass, though this may be due to the un-
certainties in the measurement of the stel-
lar mass.

We calculated the baryonic gas fraction
as fgas = Mgas/(Mgas +M?) assuming that
Mdyn = MDM + M? + Mgas and that dark
matter constitutes 70% of the dynamical
mass. We take this value from Schaller
et al. (2015), which predicts through the
hydrodynamical simulations of EAGLE a
73 ± 6% dark matter fraction within the
central 9kpc of galaxies. This is an ap-
plicable value as the average radius at
which we calculate the dynamical mass is
5.9 ± 0.2kpc. These assumptions led to
fgas = 1−M?/(0.3Mdyn).

Restricting our sample to our rotation
dominated systems, we find an average
fgas = 0.2± 0.1, However when we restrict
our sample further to those with a positive
fgas, possibly indicating a general underes-
timation of the dynamical mass, we find an
average fgas = 0.51 ± 0.06. Both of these
values are in agreement with previous re-
sults that find fgas = 0.2−0.8 for star form-
ing galaxies at high redshift (Daddi et al.
2010; Tacconi et al. 2010). While the er-
rors in each individual stellar mass is such
that commenting on fgas for each individ-
ual galaxy would be overly ambitious, we
can say that the population on the whole
appears to have a significant amount of gas
with which to form stars. Similarly for the
dispersion dominated galaxies with posi-
tive fgas, we find the average to 0.8 ± 0.3
which leads us to the same conclusions as
in the previous case. In the local universe
the SFR per unit area is directly related
to the Schmidt Law, ΣSFR ∝ ΣN

gas with
N ranging from 0.9-1.7 (Kennicutt 1998).
Tracing this relationship leads to a greater
understanding of the conversion and effi-
ciency of molecular gas to stars, with anal-
ysis at high redshift constraining this pro-
cess at the epoch of peak formation. As
the timescale of gas depletion is relatively
short (compared with the Hubble time) on-
going star formation indicates a continuous

stream of gas being accreted onto the disk.
Investigation of the Schmidt law requires
knowledge of the spatial variation of stel-
lar and gas mass across a galaxy, which
is beyond the scope of this report. How-
ever this is a potential area for future study,
as the spatial variation in the relationships
between SFR and fgas provide vital con-
straints into models of galaxy formation.

In future studies we would like to use
less assumptions in the calculation of fgas,
perhaps by calculating Mgas separately
through observations of the CO J(1→0)
transition which serves as a tracer to molec-
ular hydrogen gas (Young & Scoville 1996).

5 Conclusion

We have presented AO-assisted, spatially
resolved spectroscopy of 102 galaxies at
z = 0.78− 1.04, selected from the HiZELS
(Sobral et al. 2012) and COSMOS surveys
and observed with the KMOS instrument
at the VLT. Of these, 72 were found to be
actively star forming. Our main results are
summarised as follows:

1) Using integrated measurements of
Hα flux, we find a median SFR of
5.2 ± 0.8M�yr−1, with a maximum of
29 ± 8M�yr−1 and a minimum of 0.8 ±
0.3M�yr−1. This appears to match previ-
ously derived values for galaxies at simi-
lar redshifts (Swinbank et al. 2012). We
then calculated the SSFR of these galaxies
and found that they lie on the galaxy main
sequence by comparing them with results
published in Feulner et al. (2005). This in-
dicates that our galaxies are not starbursts,
but are being continuously fuelled by gas
accretion from the halo and cold streams
from the IGM. This suggests that star for-
mation within the ISM of these galaxies are
driven by internal dynamical processes and
not by extra-galactic interactions.
2) Using integrated measurement of the ra-
tio [NII]λ6584/Hα and the N2 index pro-
posed by Pettini & Pagel (2004) we find
a an average 12 + log(O/H) = 8.52±0.03.
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This fits well with previous measurements
for galaxies at similar redshift (Swinbank
et al. 2012) and with the metallicity-
redshift relationship described in Yuan et
al. (2013), which finds a strong increase in
galaxy metallicity after the time of peak
formation, indicating that gas accretion
has reduced or grown less efficient. We also
find evidence for a linear fitting between
stellar mass and metallicity, indicating that
as star formation continues the short lived,
massive stars of the population are con-
tinuously produced and continuously pol-
lute the ISM with heavy elements dur-
ing their supernova phase. Using the spa-
tially resolved variations of [NII]λ6584/Hα,
we calculate an average metallicity gradi-
ent of ∆log(O/H)/∆R = -0.026±0.019 dex
kpc−1. The large error is likely due to
the lack of inclination correction in our ap-
proach, though we have confidence in the
value itself due to agreement with previous
results (Swinbank et al. 2012). Our result
fits well with the GIMIC simulation which
measures ∆log(O/H)/∆R as a function of
redshift. GIMIC finds that metallicity gra-
dient peaks at z ∼ 3, where gas accretion
from the IGM is at its most efficient, and
then grows shallower by a factor of 2 by
z = 0. This takes place as gas accretion
becomes less efficient and the outer disk be-
comes polluted with heavier elements.
3) Using Hα emission line dynamics, we
find that the ratio of rotational support
and thermal pressure is vmaxsin(I)/σ =
0.47− 3.21 with a median of 2±0.2, which
is slightly higher than other studies of
star forming galaxies at a similar redshift
(Daddi et al. 2010; Tacconi et al. 2011),
though as our redshift range is more re-
cent this could be seen as an indication
of star forming galaxies having lower ve-
locity dispersions at lower redshift. This
ratio is much reduced from the ∼10-20 ob-
served in local spirals, indicating a higher
gas fraction. At least 60 of our galaxies
are found to have velocity fields consistent
with having their ionised gas in a large ro-

tating disk. Of these, we detect a turnover
in the rotation curve of 24. For galax-
ies with derivable rotation curves, we cal-
culate the inclination corrected velocities.
Galaxies with noticeable velocity gradients
were classed as rotation dominated, galax-
ies without were classed as dispersion dom-
inated. We find that dispersion dominated
galaxies have a greater median stellar mass
than the rotation dominated systems, in
agreement with studies that suggest that
lower stellar mass systems have higher gas
fractions and negligible rotation (Förster-
Schreiber et al. 2009; Law et al. 2009).
4) We find evidence for a clumpy morphol-
ogy in our galaxies, though the realness of
this is hard to determine without compar-
ison images in the optical.
5) We calculate the specific angular mo-
mentum of our galaxies and find that they
match well with the j − M? relationship
from Fall & Romanowski (2013), which
suggests that this parameter space can be
used as a physics based alternative to the
Hubble tuning fork diagram in galaxy mor-
phology classification. We find that the
parameter space that our galaxies occupy
is comparable with known S type galaxies,
providing further evidence that our galax-
ies are rotating disks.
6) Using spatially resolved Hα dynamical
measurements, we calculate the value of the
spin parameter λR for our galaxies and find
a median of 0.55±0.04. We also find that
λR has little relationship with stellar mass,
agreeing with Burkett et al. (2015). The
amount of scatter in λR−M? compared to
j −M? suggests that λRs usage as a proxy
for j is limited.
7) Using the previously derived rotation
curves for our galaxies, we use the virial
theorem to calculate the dynamical masses
of our galaxies. We find a median of
(7.9 ± 4.5) × 1010M� for the well-defined
rotation curves. Assuming that dark mat-
ter constitutes 70% of each galaxy’s mass,
we calculate a median fgas of 0.2 ± 0.1.
When we remove the galaxies which had
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fgas < 0, possibly caused by underestima-
tions of the stellar mass, this value rises
to 0.51 ± 0.06. Both of these results are
in good agreement with previous studies
which find fgas = 0.2 − 0.8 for star form-
ing galaxies at high redshift (Daddi et al.
2010; Tacconi et al. 2010). These high gas
fractions indicate that there are substantial
gas reservoirs available to fuel star forma-
tion at this redshift.

In conclusion, we have demonstrated
that integral field spectroscopy of the Hα
line emitted by high redshift galaxies can
be used to prove that a large fraction
of these star forming galaxies have large
amounts of neutral hydrogen gas avail-
able to fuel star formation, and that their
ionised gas is in large, rotating disks. Dy-
namical observations can be used to con-
strain the evolutionary models which are
explored in numerical simulations.
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7 Appendix
In this Appendix we present additional material to the main report. These include the

full set of derived maps, and images which, while are not strictly necessary, can aid in the
reader’s understanding of the content covered.2

Figure 22: An artistic impression of a data cube. The 3D array is composed of two spatial axes and
one of wavelength, allowing for the analysis of integrated and spatially resolved galaxy properties by the
construction of an emission spectrum for a chosen group of pixels in the spatial axes. Fixing these pixels,
we measured how the observed flux changeed with wavelength to construct this spectrum.

2Data cube image is taken from lsiit-miv.u-strasbg.fr/paseo/cubevisualization.php.
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Figure 23: Optical image of a high-redshift star forming galaxy taken by the Hubble Space Telescope.
Observable is a clumpy morphology, which we believe to see in our Hα derived dynamical fields. Com-
paring optical and Hα images could allow us to comment on the realness of the clumps that we believe
to be able to see beyond the main star forming bodies of our galaxies.
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Figure 24: Metallicity gradients for the 55 galaxies for which spatially resolved measurements could be
made. (Left) Hα flux maps. The solid white circle represents the area from which the [NII]/Hα ratios
were extracted, the radius being determined by the maximum observed radius during our measurement
of a 1D integrated rotation curve in Section 4.1. (Right) The ratio [NII]λ6583/Hα plotted against the
physical radius. The blue line represents the linear line of best fit. Only half of the gradients were
negative, as would be expected for growth starting at the bulge and working outwards. Positive gradients
could be accounted for by the effects of inclination.
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Figure 25: (Left to right) Raw Hα narrowband image, Hα flux field, two dimensional velocity field,
velocity dispersion field and integrated one dimensional rotation curve. The black marker in the rotation
curve represents ±20kms−1. The error bars in the curve have been removed to improve clarity.
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