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Ben Danzer 1. Introduction

1 Introduction

Deriving the kinematics of distant galaxies at high redshifts, and their implementation into
fundamental scaling relations is essential to construct a coherent evolutionary picture of galactic
systems across the history of the Universe. Some authors propose that there has been little
development in galactic kinematics over the last 10 Gyr (to redshift z ~ 2), and that present-day
disc galaxies are already kinematically mature and rotation dominated by z ~ 1, with no signifi-
cant evolution of key scaling relations in this time-frame (Portinari and Sommer-Larsen 2007; Di
Teodoro et al. 2016; Marasco et al. 2019). Furthermore, some research claims that even by z ~ 2
star forming galaxies already display ordered rotation, but with velocity dispersions higher by a
factor of up to five than local equivalents (Forster Schreiber et al. 2006; Ubler, H. et al. 2019).
Most agree that in general, galaxies in the local universe are less turbulent, and more rotation-
dominated that their high-redshift counterparts (Wisnioski et al. 2015; Ubler, H. et al. 2019).
Concerning the shape of rotation curves, the scientific community is also not in consensus. Some
authors report findings of rotations curves decreasing with radius at high redshift, possibly due
to pressure from the large velocity dispersions, or the fact that baryon fractions in the universe
were higher than dark matter fractions at these high redshifts, sufficiently so to not provide the
gravitational support that creates a flat rotation curve (Genzel et al. 2017). In contrast, other
authors find rotation curves flat out to large radii, at least up to z ~ 1 (Di Teodoro et al. 2016).

Galaxies can emit several different emission lines, and by taking advantage of the Doppler
effect we can reconstruct and visualise their rotation. The Doppler effect is a phenomenon by
which radiation emitted by a moving body is compressed or stretched, due to a relative motion
between the source and the observer. Velocity fields are constructed by measuring the Doppler
shifts of a rotating galaxy at different locations. Unlike for local systems, neutral hydrogen (HI)
observations become unfeasible at redshifts greater than z > 0.2 due to the low sensitivity of
modern day instrumentation, and so Ha observations start to take precedence. Belonging to the
so-called Balmer series of hydrogen emission lines, the Ha line is observed as a consequence of
an electron falling from the level n = 3 to n = 2, and has a well-established rest-wavelength
of 656.28nm. It makes for an excellent means of tracing ionised hydrogen in interstellar gas, as
the line is commonly observed during the recombination of an electron with the nucleus after
photo-ionisation as it cascades downward.

In the case of recombination lines, a robust method of measuring the relative motion of gas is
Integral Field Spectroscopy (IFS), which allows us to obtain 3-dimensional data cubes of spectra
from 2-dimensional fields of view (FOV) on the sky; signal from each pixel across the FOV is fed
into a spectrograph, and the resulting images are stacked into the layered FITS file known as a
data cube, where each channel contains the emission of the galaxy at a different wavelength. A
data cube consists therefore of two spatial axes, and one spectral axis. The powerful tool that is
spectroscopy, using the latest generations of Integral Field Units (IFU) allows therefore for the
derivation of kinematic information on distant bodies in the universe through the measurements
of the Doppler shifts of known spectral features on galaxies’ emission spectra, for instance the
Ha emission line.

As with low redshift galaxies, we can ultimately determine from the gas kinematics the mat-
ter components of high redshift galaxies, by modelling rotation curves and thus infer dark matter
content (Begeman 1989; Ubler, H. et al. 2019). In principle, both data cubes and velocity fields
allow for the derivation of rotation curves. A rotation curve is simply a visualisation of how
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the rotational velocity varies with distance from the centre of a galaxy, which directly reflects
the mass distribution in the galaxy, including that of the dark matter halo, since rotation is
governed by gravitational potential (Haynes 1999). By classical Newtonian mechanics, in the
regions where mass contribution becomes negligible, the rotational velocity should drop off with
the square root of radius; what is known as Keplerian fall. Yet, we commonly observe the rota-
tion velocities in massive spiral galaxies to become constant, often beyond relatively low radii.
A flat rotation curve can only imply therefore that there exists additional non-luminous mass at
larger radii (Shostak et al. 1973; Rubin et al. 1980; van Albada et al. 1985).

Furthermore, from derived rotation curves we can study the evolution of fundamental scaling
relations such as the Tully-Fisher (TF) relation between stellar mass and rotation velocity (Ver-
heijen 2001; Reyes et al. 2011; Di Teodoro et al. 2016; Ubler, H. et al. 2019), and the so-called
'Fall relation’ between stellar mass and stellar specific angular momentum (Fall 1983; Posti et al.
2018; Marasco et al. 2019). Some studies find evolution of the zero-point of the stellar mass
Tully-Fisher relation in different high-redshift regimes (Tiley et al. 2016; Ubler et al. 2017), and
explain such a phenomenon with varying ratios of dark matter to baryonic mass in the early
universe. Other authors find evolution in the more local universe, with shallower slopes of the
Tully-Fisher relation found at redshift z ~ 0.5 compared with z ~ 0 (Boehm et al. 2004), while
others find little or no significant evolution out to z ~ 1 (Di Teodoro et al. 2016; Marasco et al.
2019).

At low redshifts, determining accurate and high-resolution rotation curves and relations is
usually not a problem, using the 21cm emission line of cold, neutral hydrogen (Verheijen 2001;
Ponomareva et al. 2017). The main limitations of studying high-redshift galaxies manifest them-
selves as particularly low spatial resolution and low surface brightness in observations due to
their great distance from us, with consequences including beam smearing (Bosma 1978), and the
fore-mentioned in-applicability of HI observations.

Beam smearing is a phenomenon by which the size of the point-spread function (PSF) ad-
versely affects the extraction of kinematic maps from the data cubes. The effects of beam
smearing are greater exerted on galaxies where the PSF is of comparable size to the extension of
the galaxy emission in the cube. Extracting kinematic parameters from beam-smeared velocity
fields leads to a consequent degeneracy between rotation velocity and velocity dispersion, causing
their under- & over-estimation respectively, and can be so severe as to misrepresent rotation-
dominated galaxies as being dispersion dominated (Di Teodoro et al. 2016). At z ~ 1 — 2
galaxies typically have diameters of 1 — 2 arcseconds, yet have very few resolution elements along
the disc. The use of Adaptive Optics (AO) to overcome beam smearing (Forster Schreiber et al.
2018) is sometimes a viable option for studying high redshift galaxies, but the loss of signal that
would come with it would not allow us to trace rotation at large radii.

In this study, we will use the software 3 BAROLQO; an open-source software, designed and
optimised to rather uniquely reconstruct and derive the kinematics of distant galaxies, particu-
larly those with poor spatial resolution, provided that the signal-to-noise ratio of the data cube
is sufficient (Di Teodoro and Fraternali 2015). The software ultimately derives a number of
kinematic parameters for the data cubes, primarily the rotation curves and velocity dispersions
out to different radii, by iteratively fitting three-dimensional tilted-ring models to the emission
line observations. By such a model, multiple rings of different inclinations are generated, assum-
ing that all emitting material at the given radius is confined to a thin disk. These concentric



Ben Danzer 1. Introduction

rings may have their own rotation velocities, inclinations and positions angles, among other pa-
rameters, depending on which the user specifies to fit, and which to fix. The reader can find
more information about the performance of 3 BAROLO in Di Teodoro and Fraternali (2015),
and examples of the reliability of the kinematic parameters derived with 3 BAROLO using low
resolution data can be found in Di Teodoro et al. 2016; Iorio et al. 2017; Mancera Pinia et al. 2020.

Throughout this study, we adopt a flat ACDM cosmology with €, = 0.27, Q59 = 0.73
and Hyp = 70 km s=! Mpc~! (Ade et al. 2016), as in Di Teodoro et al. 2016 for consistency.
Consequently for this configuration, 1" on the sky corresponds to 8.16 kpc at z = 1, with a
look-back time of 7.8 Gyr.
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2 Data Sample

In this thesis we use a small sample of four high-redshift galaxies; two at z ~ 1, and two
at z ~ 2. The data cubes are taken from the K-band Multi-Object Spectrograph (KMOS3D,
Wisnioski et al. 2015) and SINS/zC-SINF Spectrograph for INtegral Field Observations in Near
Infrared (SINFONI, Forster Schreiber et al. 2018) galaxy surveys. A collection of both ground
and space based observations, the KMOS3D survey released 739 unique data cubes of a homo-
geneous sample of galaxies around the peak of cosmic star formation (see Madau and Dickinson
2014), observed over almost a month using the Very Large Telescope (VLT), along with a cat-
alogue containing some basic derived properties for each one. The SINS survey is the product
of over 280 hours of observations at the VLT, primarily tasked with investigating the dynamics
and properties of Active Galactic Nuclei host galaxies, through multiple emission lines including
Ha. Tt is the largest survey of gas kinematics in the region z ~ 2 — 3; only approximately 30%
of this sample had been observed in the Near Infrared (NIR) previously.

The two galaxies at redshift z ~ 1 are taken from KMOS3D, while the other two at redshift
z ~ 2 is taken from SINS. All four have F160W HST images' corresponding to rest-frame I-band
at z ~ 1, and rest-frame V-band at z ~ 2. Figure 1 shows the HST images of the galaxies, with
contours overlaid at multiples of the rms noise in the image (Table 2). The galaxies were chosen
because while they are poorly resolved, they seem to have a sufficient signal-to-noise ratio that
we may confidently identify emission regions and study them. The size of the PSFs are roughy
equal to their respective extensions on the semi-major axes, and so beam smearing is a significant
hindrance to two-dimensional modelling, highlighting the importance of our three-dimensional
approach. The galaxies COS3 18434, GS4 37124, and ZC407302 were chosen because they
appear to have a signal-to-noise ratio sufficient to the requirements for the kinematic modelling,
and earlier inspection of previous studies (Genzel et al. 2017; Forster Schreiber et al. 2018; Ubler,
H. et al. 2019) confirmed that they appear to show the kinematic qualities of rotating discs. Un-
like the other three galaxies in the sample, U3 5138 has been modelled using *? BAROLO in
an earlier study (Di Teodoro et al. 2016), and thus will serve as a control to this study.

Table 1 gives some of the main properties of the sample. The values used for stellar mass
have been taken from Wuyts et al. 2011 for COS3 18434, GS4 37124 & U3 5138, and Forster
Schreiber et al. 2018 for ZC407302. In some cases, varying masses were found between different
literature (Wisnioski et al. 2015; Rodrigues et al. 2016), and the differences between them have
been interpreted as the respective errors (Table 1). For the two galaxies at redshift z ~ 2 we
used a standard error of 30% in the mass, as none was given in the literature.

'Publically available from the Hubble archive: https://archive.stsci.edu/pub/hlsp/
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Sample Properties

Galaxy ID Field RA[hms] | DEC[°""] Log(%—g) z

COS3_ 18434 || COSMOS | 150:04:18.34 | 02:21:39.67 | 10.59 £0.18 | 0.907243
U3 5138 UDS 34:14:58.35 | -05:15:07.6 9.72£ 0.47 | 0.80905
GS4 37124 || GOODS-S | 53:11:34.47 | -27:44:18.09 | 10.49 £ 0.15 | 2.43241
2C407302 SINFONT | 09:59:56.00 | 02:56:51.00 | 10.39+ 0.15 | 2.18190

Table 1: Core properties of the galaxy sample.

We use a software known as kvis, a division of the Karma software package (Gooch 1995) to
view the galaxies for the first time, inspect the quality of the data cube, and derive some basic
statistical information from them. The kvis package allows us to overlay axes and contours on
the data cube, and cycle through the channel maps too see how the emission from the galaxy
moves through different channels. This will be of further use when constructing masks for the
channels, as we describe in section 3. In section 4 we provide the modelled channel maps for
all of the galaxies. Note the pixel scale of the KMOS cubes is 0.2 arcseconds per pixel, whereas
the SINS data set uses 0.05 arcseconds per pixel. All of the HST images have a scale of 0.05
arcseconds per pixel.
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Figure 1: HST images of the four galaxies in my sample, with red contours overlaid at levels of

20, 40, 80 etc. up to 640, with one white contour plotted at —20. The upper two panels show
the galaxies at z ~ 1, and the lower two at z ~ 2.
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3 Methods

Prior to the kinematic modelling, it is necessary to perform a number of tasks to derive some
basic geometric parameters to prepare the data, such as inclinations and position angles for the
galaxies. 2P BAROLO can estimate these parameters automatically, but for low-resolution data
cubes such as those in this sample it is not always accurate.

3.1 Data Cube Inspection and Manipulation

The primary task performed in kvis was to identify the channels containing Ha emission.
Typically this will consist of about 10-15 channels, and the rotation of the galaxy can be clearly
traced when cycling through them (Figure 2b). It is essential to differentiate this region of Ha
emission from the two adjacent regions in wavelength often visible either side of the Ha emission,
in which you can observe the [NII| forbidden line emission (Figure 2c). The resolution between
adjacent channels in the data cubes is given in Table 2.

(a) A channel containing only  (b) A channel showing the  (c¢) A channel showing emission
noise. galaxy in Ha emission. of the [NII] forbidden line.

Figure 2: Images taken from the kvis image viewer window of COS3 18434, overlaid with
contours at multiples of 20, including one negative contour (grey contour) at —2o.

Correctly chosen, contours help us to visualise the boundaries between galaxy emission and
noise. The rms noise o is calculated as the standard deviation of the brightness in an emission-
free region. If we plot contours at multiples of 20 for the galaxy COS3 18434, we can see it
clearly on several channel maps (Figure 2b). Figure 2a shows a channel containing no Ho emis-
sion, and only noise.

Metadata stored in the FITS file headers needs to be manipulated to provide 3? BAROLO
with the information it requires to build the models. The headers of the cubes need to contain
information on the PSF, namely the beam FWHM for both the major and minor axes, and its
position angle. It was necessary to add to the header of the FITS file the name of the object
that we are modelling for use in output plots, a rest frequency/wavelength of the spectral feature
with which we are concerned (He), and the name of the telescope used.

Given that the data cubes contain over 2000 channels and our galaxies were emitting in 15-20
on average, we sliced the data cubes so that they spanned approximately +10 channels either
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Data Cube Information
Galaxy o [10729m=2um~'W] | Channel Spacing [km s~1] | Scale [kpc / "]
COS3_ 18434 8.4 27 - 46 7.943
U3 5138 2.2 27 - 46 7.65
GS4 37124 2.2 27 - 46 8.35
7C407302 3.6 30-71 8.507

Table 2: Information derived using kvis on each of the data cubes in my sample.

side of those containing the galaxy emission. A cube with around 40 channels can be modelled
in 3? BAROLO in under 30 seconds, whereas the whole cube would have taken several minutes.
Accurate kinematic modelling requires many iterations with fine tuning and adjustment, and so
an efficient program is essential. The above-mentioned procedures were carried out in Python
using the package spectral cube in conjunction with Astropy (Price-Whelan et al. 2018).

3.2 The Point Spread Function

Information on the PSF size for each of the data cubes could be found in the headers of the
first extensions of each of the FITS files, and could be read using Astropy routines. Prior to
publication of the data cubes, the PSF for each pointing had been modelled by the survey teams
with both a two-dimensional Gaussian and Moffat distribution, and the major & minor FWHM
values (BMAJ/BMIN), as well as position angles (BPA), had been encoded into the headers
of the data cubes. To confirm the accuracy of the PSF sizes given, we fitted two-dimensional
Gaussian distributions to these PSFs using Python, and found results comparable to those given
in the headers, as shown in Table 3. The PSFs found in our models are not too dissimilar to
the values given in the cubes, yet they seem to be marginally, systematically smaller. For the
galaxies U3 5138 and ZC407302, where the beams are almost circular, the BPA values differ
more between the given and fitted values as the angle is harder to constrain. The BPA is much
better constrained for the other two PSFs, with more elliptical shapes. We assume our methods
to be less robust however, and will therefore use the survey parameters in our kinematic models.
Figure 3 shows the PSF models plotted with the corresponding data, and residuals, with the
modelled PSFs overlaid as black ellipses.

10
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3.3 Isophote Modelling

PSF Information
Given Fitted
Galaxy BMAJ ["] | BMIN ["] | BPA [deg|] | BMAJ ["| | BMIN ["] | BPA [deg]
COS3_ 18434 0.7615 0.6073 -8.0026 0.7296 0.5386 -7.5723
U3 5138 0.7930 0.7094 0.0041 0.5921 0.5198 27.5601
GS4 37124 0.7234 0.6126 -90.0 0.5959 0.4546 -90.0
7C407302 0.1600 0.1600 0.0 0.2055 0.1831 76.7243

Table 3: Information on the PSF, given in the header objects of the galaxy FITS files and those
derived in this study by fitting two-dimensional Gaussian functions.

3.3 Isophote Modelling

Essential to the kinematic models are the position angles and the inclinations of the galaxies.
The inclination is of greater concern, as small errors at low inclinations ¢ < 30° can propagate to
much greater uncertainties in the rotation curves, as rotation is corrected by a factor sin (i)_l.
At low inclinations there is a smaller rotational component along the line of sight (Di Teodoro
et al. 2016). 3P BAROLO is capable of estimating these parameters, yet again due to the poor
resolution in the cubes we decided to estimate these parameters ourselves, making use of the
HST images of the galaxies.

Position angles and inclinations of the galaxies are estimated by fitting a series of elliptical
isophotes to the HST images of the four galaxies as shown in Figure 4. The Python module
Photutils provides methods to fit concentric ellipses to a FITS image, provided with an initial
ellipse guess, and determine best-fit parameters for ellipticity, and position angle, to name a
couple. The ellipticity of an ellipse is related to the ratio between major and minor axes by
e=1- %, where e is the ellipticity, and b & a are the major and minor axis lengths respectively.
Figure 5 shows a graphical representation of the parameters derived, where black lines represent
the outer ellipses, green horizontal lines show values given or guessed from literature, where
applicable, and horizontal red lines present the median values of the outer ellipses. The inclination
can then be estimated using the equation:

(2) ~ o

205 _
cos (i) = a2

(1)
where « is the intrinsic axial ratio, for an edge-on system. Across different studies, authors have
used a range of values for a depending on the assumptions made about the galaxy sample. If
one were to assume infinitely thin disks, a value of a = 0 should be used. In reality discs have
non-zero scale heights and consequently a value of @ = 0.2 is often used, as will be adopted in
this thesis.

Shown in Table 4 are the results for the isophote models made with the HST images of
the galaxies. For fitting inclination, we are more concerned with the outer rings of the ellipse

11
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Figure 3: Two-dimensional Gaussian functions fitted to each PSF. The PSF FWHM obtained
from the model is plotted as the black ellipse.
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models. The inner regions are dominated by very bright emission, some of which may just be
bright star-forming regions and thus we derived these geometric properties from models of the
outer rings that should be free of such a bias. In each case, the point beyond which the ellipses
were considered to be ’outer’ ellipses was determined manually, by visually inspecting the HST
images with ellipses overlaid, and deciding where the emission was sufficiently dim. The errors in
position angle and inclination are taken as half of the fitted range, in the outer ellipses (Figure 5).

Isophote Modelling
Literature Fitted
Galaxy PA [deg] | i [deg] PA [deg] i [deg] sin(7) Rg[kpc]
COS3_18434 25 - 11.8+11.2 | 35.7+£3.5 | 0.58410020 || 1.71 + 0.03
U3_5138 -14 62 | —11.5+7.0 | 53.6+3.4 | 0.8057005% || 2.97 + 0.04
GS4_37124 250 - 249.6 +12.0 | 57.0 £ 7.9 | 0.8397005% | 2.19+ 0.04
Z.C407302 56 65.5 || 44.6+4.7 | 63.7+£1.1 | 0.896709% | 3.33+ 0.20

Table 4: Parameters derived by the fitting of elliptical isophote models to the HST images of
the four galaxies, and where applicable, corresponding literature values for PA and i. Position
angles from literature were guessed from the velocity field output plots (as no values were given
in tables) in Ubler, H. et al. 2019 for COS3 18434 & GS4 37124, Di Teodoro et al. 2016 for
U3 5138, and Forster Schreiber et al. 2018 for ZC407302. Scale lengths were derived assuming
exponential surface brightness profiles.

The above procedure was found to be more effective for galaxies at higher inclinations, which
is apparent for the galaxy COS3 18434. Figure 4a shows how the galaxy appears to be almost
face-on, and the elliptical model generated by the program is actually almost circular. Conse-
quently, the estimates for the position angle vary massively between the ellipses.

13
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Figure 4: Elliptical isophote models fitted for each galaxy in the sample. The fixed centres are
shown by the black crossed. The panels from left to right show the HST image, overlaid with
contours at multiples of the signal-to-noise ratio and the closest ellipses, the elliptical model
built, and the residual between them.
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3.4 Surface Brightness Profiles
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Figure 5: Graphical representation of the parameters obtained from the fitted isophote models.
Where applicable, green horizontal lines represent literature estimated values for the parameter,
and red lines horizontal lines the median value of the outer ellipses (black lines).

3.4 Surface Brightness Profiles

An exponential profile shows how the surface brightness of a galaxy varies with radius from the
centre, and has the following general form:

(2)

where 7 is the radius, Iy is the central surface brightness, and Ry is the scale length of the
disc. Figure 6 shows an exponential profile fitted to the surface brightness profile along the
semi-major axis of each galaxy as solid coloured lines. The surface brightness profile along the
semi-major axis is obtained through the HST isophote models. The dotted lines show the data
points, extracted from the elliptical isophote models (section 3.3). The vertical lines, and the
bars around them show the scale length from the fitted profiles, and their statistical errors. The
exponential surface brightness models follow the data well in general, and the derived values
can be found in Table 4. The profile for the galaxy ZC407302 does not drop off as quickly as
the data does, and does not appear to be an ideal fit considering the data profile seems very
similar to that of GS4 37124; hence the larger error for its scale length. Note that the cen-
tral surface brightness for the galaxy COS3 18434 is around one magnitude higher than that
of the other three, as given in the HST image. The errors in surface brightness are also taken
straight from the isophote models, and are present in Figure 6, just too small to see in most cases.
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Figure 6: Exponential surface brightness profiles fitted to the surface brightness along the semi-
major axis of each galaxy. Vertical lines and the bars around them represent the scale lengths
and their statistical errors derived from the fitted profiles.

3.5 Kinematic Modelling with 3? BAROLO

To run 3P BAROLO, it is necessary to write a parameter file, in which users can specify
certain parameters to fit or fix, provide initial guesses for others, and customise the way the
program runs. *? BAROLO uses a three dimensional source-finding algorithm to automatically
find the source in a data cube, which it then uses to construct a mask, and identify a centre if
one has not been specified in the parameter file, using flux-weighted averages (Di Teodoro and
Fraternali 2015). The source detection can be manipulated by specifying parameters THRESH-
OLD and GROWTHRESHOLD in the parameter file, in the same units as the flux in the data
cube. Setting the MASK parameter to SEARCH tells the program to construct a mask using
the detection from the source finding algorithm; if nothing is specified, the program will use
all pixels with a flux greater than zero. If no parameter file is used, 3’ BAROLO can be run
automatically on data cubes, but this procedure is often inaccurate for low-resolution cubes.

An issue encountered earlier on whilst attempting to fit particularly noisy galaxies with
3DBAROLO was that the low signal-to-noise ratio in the data meant that much of the noise
surrounding the galaxy emission was being interpreted as genuine galaxy emission by the pro-
gram. Unable to resolve the issue by varying the source-finding or mask-making parameters
fore-mentioned, the problem was overcome by manually constructing a mask to cut off the
noise-dominated regions surrounding our galaxies in the data cubes. This was done by visually
analysing each channel and identifying the areas that could be regarded as genuine emission.
The concept of a mask is very simple. It is a FITS file of the same dimensions as the data cube,
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in which pixels that correspond to noise pixels in the data are set to zero and thus excluding
them from the model, whereas the pixels containing genuine emission in the data cube have
corresponding values of one in the mask. The original data cube, and the mask cube are then
multiplied together. The purpose of a mask is simply to exclude regions of noise from the fitting,
so they are not misinterpreted as real emission.

We re-edited some masks during kinematic modelling, for instance enlarging them by a pixel
if they are too tight. Masks can be visualised in the position-velocity and channel map plots of
3DPBAROLO, if the PLOTMASK parameter is set to TRUE. The mask boundary is plotted as a
thick black line around the data. Models were improved further where possible, by adjusting and
fixing the systemic velocity found by the source detection algorithm, after visually inspecting the
P-V plots. Upon inspecting the moment maps of the output files, it was sometimes necessary to
go back and readjust the coordinate centre points of the kinematic fits, from the estimates made
by 3P BAROLO by amounts smaller than the resolution of the images.

Initial estimates for the disc scale height parameter Z0 were taken to be zero at first, on the
grounds that we assume our galaxies to be infinitely thin, with the low spatial resolution domi-
nating over any intrinsic thickness (Di Teodoro et al. 2016). At a later point it was found that
the models improved marginally by assuming a scale height of ~ 300 parsec, which corresponds
to approximately 0.035" z ~ 2.
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4 Results & Discussions

In this section we present the kinematic models built by 3 BAROLO for our galaxy sample.
Multiple iterations were endured to improve the robustness and accuracy of the models, so that
they follow the data as closely as possible. The blue contours in the position-velocity (P-V)
plots (Figure 7) represent the data, and the red contours the model. The yellow dots on the
diagrams represent the projected rotation velocities. The number and separation of the rings
is given in Table 6. 3°? BAROLO offers two different methods of normalisation of the surface
brightness, one being LOCAL in which the model is normalised pixel-by-pixel, and the second
being AZIM, in which an azimuthal symmetry is forced upon the models. The models described
in this section have been normalised locally. For reference the reader may see the azimuthal
models in the appendix (Section 7).

In the channel maps, the thicker black line surrounding the emission shows the mask used in
each case. Some masks are more constricting than others. For example, the mask for U3 5138
leaves more space around the emission, than the mask for GS4 37124. The galaxies with a lower
signal-to-noise ratio required a tighter mask, to allow 3? BAROLO to constrain the emission re-
gions more reliably. Moment maps (see Figure 8) display the intensity of emission, the velocity
field, and also the velocity dispersion in three rows of panels for the data, the model and the
residual for each galaxy. The black dashed line in these diagrams represents the kinematic axis,
and reflects the position angle of the galaxy. For all galaxies in the sample, both the approaching
and receding sides are fitted together, which gave mostly good results for all galaxies in the
sample. For the galaxy ZC407302, there is more of an asymmetry between each half (so-called
lopsidedness), and so I fitted them separately to compare the fits. Section 7 shows the models
made using the approaching and receding sides of the galaxy separately.

The models achieved are very realistic and allow for the recovery of meaningful kinematic
information in most cases. Note that due to the low resolution of high-redshift imaging, where
we find flat rotation curves these are only indicators, and not proof, that the galaxy has a
rotation curve flat for all intermediate and larger radii. Below we address and discuss each
model individually.

Sample Kinematics
Galaxy ID Log(f\‘/[/[—(’;) Viiat[km s71] | Average o [km s71] @
COS3_ 18434 || 10.59 + 0.18 182716 2518 74417
U3 5138 | 972+ 047 1307 24% 5.5777%
GS4 37124 || 10.49+ 0.11 17812 6917 2.6703
7C407302 || 10.39 £ 0.11 17472 61+1 2.9707

Table 5: Information on the galaxy sample that I have used in my scaling relations. Stellar mass
has been taken from literature, whereas Vy;,; and o have been derived from the models.
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Figure 7: Position - velocity plots from the 3’ BAROLO models, extracted along the major
(upper panels) and minor (lower panels) axes. Grey-scale pixels show the emission, blue and

grey contours show the data, and red contours the model, at levels of 2"¢ with grey showing the
negative contours. Yellow points represent the projected rotation velocities.
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Figure 8: Moment map plots from the 3? BAROLO models. The top panels show the Oth
moment intensity map, the second row shows the 1st moment velocity map, and the third row
shows the 2nd moment dispersion map.
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Figure 9: Channel map plots from the 3? BAROLO models, where upper panels with blue and
grey contours show the data, and the lower panels with red contours show the corresponding
model. Contours are plotted at levels of 2"¢, with grey contours being negative. The green cross
shows the kinematic centre, and the thick black line shows the mask boundary.
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Parameters
Galaxy N | RADSTEP ["| | Side fitted
COS3_18434 | 3 0.35 B
U3_5138 3 0.40 B
GS4 37124 | 2 0.38 B
2C407302 3 0.26 B, AR

Table 6: Key parameters used in the models. *’ BAROLO fits N rings, each separated by
RADSTEP. The side fitted is either the approaching (A), receding (R), or both together (B).

4.1 COS3 18434

Looking first at COS3 18434, it can be seen from the points in the P-V diagram (Figure
7a) that we find a rotation curve already flat by ~ 0.1" | or 0.8 kpc from the kinematic centre,
suggesting it rises very steeply in the inner parts of the galaxy before reaching a plateau at
Vitat = 182Jjg km s~!. Velocity dispersion oscillates marginally around the relatively low value
of o = 25Jj2 km s~!, and very low residuals in the moment maps imply accurate models. In
these moment maps one can observe a small region on the left-hand side, where noise has been
included in the mask by the program. As it does not affect the body of the model it poses
little issue. In the channel maps, one may observe that the model does not extend over perhaps
one channel at either end of its emission spectrum, but this is no issue as the emission there is
particularly faint, and hard to distinguish from the noise. Increasing the mask further in this
case just allows unwanted noise into the data. The relatively low velocity dispersion leads to a
fairly high V/o ratio of over 7, implying this galaxy is highly rotation dominated.

4.2 U3 5138

Similarly for the second galaxy at z ~ 1, U3 5138, we find an indication of a flat rotation
curve at Vi = 130f§ km s~!, and a consistently low average velocity dispersion of o = 24f2
km s~!. This was the galaxy that has already been modelled using 3’ BAROLO (Di Teodoro
et al. 2016), where a rotation velocity Ve = 128 & 14 km s! and an average velocity disper-
sion <opa> =244+ 6 km s~ were found, with a consequent V/o ratio of ~ 4.9; reassuringly
comparable to and within the errors of the values found in this study. The mask used for this
fit is a little looser than in the previous galaxy, and consequently some regions that we would
assume to be noise have been interpreted as emission. Again though, this is no issue as the
model does not include these regions. In the channel maps (Figure 9b) there are a couple of
channels in which the model has not perfectly reproduced the data at either side, yet the mask
allows a small region in which there is no significant emission; not significant enough to meet the
threshold for genuine emission.

4.3 GS4 37124

With GS4 37124, we only use two rings in the model. This was because there is not really
room to use a third point, without severely oversampling the galaxy. A third point was tested,
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which lay very close to the centre and thus gave an unreliable rotation velocity close to zero.
Regardless, this galaxy was found to have a possibly flat rotation curve at Vy;,; = 1781%% kms™!,
and a roughly constant velocity dispersion at approximately o = 69f; km s~!. The dispersion
is notably higher than in the galaxies at z ~ 1 and this causes the ratio V/o to be the lowest of
the four galaxies. However, as I only used two points it would be unreasonable to claim that the
dispersion would be constant at other radii around the points, and so it may be overestimated.
The channel maps in Figure 9c¢ show how the model extends over all channels in which emission

is present.

4.4 7C407302

The galaxy ZC407302 presented more problems than the others during the modelling. First
note the bright region above the main body of the galaxy in the moment maps (Figure 8d),
possibly a merger or a bright star-forming region and not to be included in the model. Although
not using *? BAROLO, this galaxy has been modelled in previous literature (Forster Schreiber
et al. 2018) and found to have a rotation velocity of V,.o; = 204fg km s~!, and an average velocity

~1. We found a lower outer rotation velocity of Vit = 174f§i km

dispersion o = 561@% km s
s~!, but a similar average velocity dispersion o = 611’% km s~! in the outer rings. The channel
maps, and P-V diagram appear noisier than the other plots, but this is likely due to the fact
that in *? BAROLO we used a lower threshold to better constrain the emission of the galaxy.
The noise varies channel-by-channel, and is possibly a consequence of sky subtraction. It is also
worth noting that this galaxy was taken from a different data set than the first three (see Section

2) and so the output plots may not look quite the same as the others.

The channel maps for this galaxy (Figure 9d) show that the receding side of the galaxy model
does not produce the emission of the blue contours as the approaching side does, and so we model
the approaching and receding sides independently (see Section 7). Figures 15 and 17 show the
P-V diagrams and moment maps, and in these you can see that the model finds indications of
a flat rotation curve for the approaching side, yet a continuously rising curve for the receding
side with greater velocity dispersions overall. It is clear that the approaching side models the
galaxy more accurately, finding an outer rotation velocity of Vi, = 17538 km s~!, and an
average velocity dispersion among the rings of o = 651“51%2 km s~!. These values are very similar
to, and within the errors of those found by the model that utilises both sides of the galaxy, and
so the values in Table 5 are extracted from the first model (Figure 7d). The reasons for the more
problematic model could be related to the intrinsic dynamical state or properties of the galaxy.
One possibility is that the galaxy has a strong bar and the line-of-sight velocities in the central
regions are not fully representative of the rotation, or bright star-forming regions with outflows
that are offsetting the velocities from the rotation of the galaxy.

The azimuthal plots in Section 7 are not largely dissimilar to the locally-normalised ones we
present in this section for the first three galaxies. The azimuthal model for ZC407302 however
does appear less accurate, and we attribute this to the asymmetry between its approaching and
receding sides. For the rest, the best-fitting parameters reach similar values, and the P-V plots
are almost identical.
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4.5 Rotation Curves

Figure 10a shows the rotation curves derived by 3’ BAROLO for the galaxies in this study.
All rotation curves appear to reach a flat plateau at low radii, with the exception of ZC407302 for
which the curve increases steadily from ~ 1 kpc to ~ 5 kpc, with higher uncertainties than the
others. Figure 10b shows the velocity dispersions at the same radii, and the reader may note that
most appear to be approximately constant, with no apparent trend with radius. The dispersion
for ZC407302 on the other hand decreases with radius, but we may assume that dispersion in
the outer ring may have a higher degree of uncertainty due to poorer resolution in the region.
Using the kinematic information presented in this section, we can move on to study the galaxies
in the context of scaling relations, and derive some more intrinsic properties.
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Figure 10: Rotation velocity and velocity dispersions derived by 3? BAROLO. The left panel
shows the derived rotation curve, and the right panel shows the corresponding velocity disper-

sions, with their respective errors. The values of the parameters and their errors can be found
in Table 6.

4.6 The Tully-Fisher Relation

Scaling relations for galaxies show trends between various physical properties of galaxies, and
provide an insight into galaxy evolution and formation processes. One of the most prominent
scaling relations for galaxies is the Tully-Fisher relation (Tully and Fisher 1977) between rotation
velocity and intrinsic luminosity or stellar mass. Following Di Teodoro et al. 2016, the charac-
teristic velocities of the flat part of the rotation curve, Vy;,, are calculated by taking the average
value of the rings modelled using *? BAROLO in the flat part of the curve. A Tully-Fisher
best-fit relation follows the general form:

M., Vitat
log [ =) = log  —Llat__
Og(M@> a+b0g<[kms—1])’ ®)

where the free parameters a & b represent the intercept and the slope of the best fit line. Figure
11 shows the stellar mass Tully-Fisher relation for the galaxies in this study. Figure 11a contains
the two galaxies at z ~ 1, and Figure 11b those at z ~ 2. The grey points and their respective
errors in Figure 1la are taken from Di Teodoro et al. 2016 and represent a galaxy sample at
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Figure 11: The stellar mass Tully-Fisher relation including our points at z ~ 1 in the left
panel with points from Di Teodoro et al. 2016 in grey, along with their best fit line in solid red
(parameters a = 1.88,b = 3.80). The right panels shows our sample at z ~ 2, with a best-fit line
for a sample at z ~ 2.3 is taken from Reyes et al. 2011 and plotted as the solid red (parameters
a = 1.93,b = 3.60) line, with its intrinsic scatter in grey. In both panels, the dashed red line
represents the sample in Reyes et al. 2011 at z ~ 0 (parameters a = 2.39,b = 3.59).

z ~ 1, with the solid red line showing their best fit (parameters a = 1.88,b = 3.80). For compar-
ison we show the best fit line from Reyes et al. 2011 for a study of galaxies at z ~ 0, shown as
the dashed red line in both panels (parameters a = 2.39,b = 3.59). Also in Figure 11b, we plot
the best-fit line for a galaxy sample at z ~ 2.3 (parameters a = 1.93,b = 3.60), also taken from
Ubler et al. 2017, where the grey bar represents an intrinsic scatter of 0.26 dex; the reader can
clearly see that the two galaxies in our sample at z ~ 2 lie much closer to the z ~ 0 line that
that at z ~ 2.3, suggesting no evolution of the TF relation with redshift.

As we only modelled four galaxies, we do not attempt to calculate a best-fit line for our
sample, to try to infer any evolution of the zero point of the Tully-Fisher relation. The points
from this study fall within reasonable bounds of the errors of the literature values, and on initial
inspection it does seem to reflect no significant evolution of the Tully-Fisher relation from redshift
z ~ 0 to z ~ 2. The larger error bar for the galaxy U3 5138 is due to the large discrepancy
between values found in different literature for the galaxy’s mass (See section 2).

4.7 Effective Radius and the Fall Relation

By definition, the scale length of an exponential surface profile of a galaxy is the radius at
which the surface brightness has decreased by a factor e. From the scale length (See section 3.4),
we can estimate the effective radius R.; for an exponential disc using:

Resy =~ Ry (1.687) (4)

As in Kirby et al. 2008, equation 7; this is the radius at which the luminosity of the galaxy is
half of the maximum value, and the values found are shown in Table 7. Figure 12a shows a
plot of Vi vs Reyy for the galaxy sample. Sharma et al. 2020 found in their study that in the
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z ~ 0 regime, there was a distinct proportionality between Vi vs Repp, yet at z ~ 1, Ry
was approximately constant for all values of Vi, up to ~ 220 km s~!. In our study, we find no
such relation, and no apparent correlation between redshift, effective radius and rotation velocity.

Parameters derived from Surface Brightness Profiles and Kinematic Models
Galaxy ID R |kpc] R, [kpc| 4« [kpc km s71]
COS3_ 18434 | 2.90+ 0.06 | 1.71 + 0.03 371773
U3 5138 | 5.01+ 0.07 | 297+ 0.04 460735
GS4_37124 | 3.70+ 0.07 | 2.19+ 0.04 465130
7C407302 || 5.61+ 0.34 | 3.33+ 0.20 6901165

Table 7: Information on the galaxy sample derived from the fitted exponential intensity profiles.
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Figure 12: Relations for the galaxy sample in this study, including a plot of effective radius
versus rotation velocity as in Sharma et al. 2020, and the Fall relation.

The relation between the specific stellar angular momentum and stellar mass (Fall 1983; Posti
et al. 2018; Marasco et al. 2019), sometimes called the Fall relation, is a very important scaling
relation involving fundamental parameters of galaxies, and is a benchmark of galaxy evolution
models. For an exponential disc with flat rotation curve, the stellar specific angular momentum,
Js, is given, to a very good approximation (Posti et al. 2018), by:

(5)
Figure 12b shows the galaxy sample from this study plotted in a Fall relation, with a line of
best fit from Posti et al. 2018 for spiral galaxies at z ~ 0, with the grey bar representing the 1o

j* =2x Rd * Vflat-
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orthogonal intrinsic scatter of 0.17 dex. The figure shows two of the four galaxies in this sample
lie well within the bounds of the best-fit line, including their errors. The other two lie below the
0.17dex intrinsic scatter, one at z ~ 1 and the other at z ~ 2, so we cannot draw any conclusions
concerning redshift evolution.

29



5. Conclusions Ben Danzer

5 Conclusions

This study saw the application of the relatively new code >’ BAROLO to four low-resolution
Ha emission-line data cubes, taken from the KMOS3D and SINS galaxy surveys, at redshifts
ranging between z ~ 0.8 and z ~ 2.4. Advantageous to our method, the three-dimensional tilted
ring approach overcomes the influence beam smearing exerts on traditional two-dimensional
models, which generally causes the under- and over- estimation of rotation velocity and velocity
dispersion respectively. We have demonstrated the capabilities of 3? BAROLO to model pai-
ticularly poorly resolved cubes, in scenarios where two-dimensional models would likely fail to
accurately derive intrinsic kinematics.

Prior to the kinematic modelling of the sample, we derived the parameters of the PSF of
each of the data cube, by fitting two-dimensional Gaussian functions to the PSF images and
extracting position angles and FWHM values along each axis. We fitted elliptical isophote mod-
els to the HST image of each of the galaxies, and thus determined their position angles and
inclinations. Information from the same profiles was used to construct surface brightness profiles
for the sample, from which further parameters including scale length and effective radius were
derived.

We derived rotation curves and intrinsic velocity dispersions for our sample, and showed that
the morphological properties of the galaxies are similar to those of galaxies in the local Universe.
Rotation curves appear to rise sharply in the inner regions before flattening off around a maxi-
mum rotation velocity. However, we remind the reader that due to the low-resolution of the data,
the derived curves are quite uncertain. Regardless, all of the galaxies appeared to display the
properties of rotation-dominated discs with V/o ratios greater than 2.5, with velocity dispersions
higher for galaxies of higher redshift.

We report no significant evolution of the stellar mass Tully-Fisher relation, in gradient or
zero-point, at all redshifts, yet with only four galaxies in the sample it would be unfair to draw
any strong conclusions on scaling relation evolution. All four lay within acceptable error bounds
of the line found for z ~ 0 by Reyes et al. 2011. Similarly, we placed our sample in a Fall relation
and found that two of our galaxies lie within the error of the best-fit line found for z ~ 0 in
Posti et al. 2018, and the other two lie just outside; more evidence for little evolution with redshift.
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7 Appendix

In this section we give additional figures, in support of the previous sections. First, we show
the P-V diagrams for all four galaxies modelled in 3? BAROLO using the azimuthal surface
brightness normalisation, followed by the models made for the approaching and receding sides
of the galaxy ZC407302 (see Section 4.4).
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Figure 13: Position - velocity plots from the azimuthally normalised 3 BAROLO models, ex-
tracted along the major (upper panels) and minor (lower panels) axes for the two galaxies in this
sample at z ~ 1. Grey-scale pixels show the emission, blue and grey contours show the data,
and red contours the model, at levels of 2"¢ with grey showing the negative contours. Yellow
points represent the projected rotation velocities.

34




AVLOS (km/s)

AVLQS (km/s)

Ben Danzer

7. Appendix

GS4 37124

$=250°

300

200

100

-100-

—200

-300

300

200

100

-100

-200-

-300-

Offset (arcsec)

(a) GS4_ 37124

AVLOS (km/s)

AVLOS (km/s)

400

300

200

100

—100F

-200

-300

—400k

400

300

200

100

-100

-200

-300

-400

ZC407302
’;1D -0.5 0.0 0.5 1.0
Offset (arcsec)

b=145"

5 |
° Q 0(

1%

F'—r !; (
0 | [ . g ﬂ A
-1.0 -0.5 0.0 0.5 1.0 1.5

Offset (arcsec)

(b) ZCA407302

Figure 14: A continuation of the previous figure, for the two galaxies in this sample at z ~ 2.
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Figure 15: Position - velocity plots from the approaching and receding sides of the galaxy
ZC407302, extracted along the major (upper panels) and minor (lower panels) axes. Grey-
scale pixels show the emission, blue contours show the data, and red contours the model, at
levels of 2"¢ with grey showing the negative contours. Yellow points represent the projected
rotation velocities.
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Figure 16: Channel maps for the approaching and receding sides of ZC407302, where upper
panels with blue and grey contours show the data, and the lower panels with red contours show
the corresponding model, at levels of 2”0 with grey showing the negative contours. The green
cross shows the kinematic centre, and the thick black line shows the mask boundary.
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Figure 17: Moment maps for the approaching and receding sides of ZC407302. The top panels
show the Oth moment intensity map, the second row shows the 1st moment velocity map, and
the third row shows the 2nd moment dispersion map.
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