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Motivation

• Synthetic data products for next-gen HI galaxy surveys 
will be useful in many respects:

• Source-finding algorithms

• Visualisation methods

• Source completeness checks

• Quantify cosmic variance effects
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Simulations

• Pipeline converts a catalogue of galaxy parameters into 
a realistic synthetic HI data cube.

• Obreschkow & Meyer (2014) catalogues: 

• Based on S3-SAX (Obreschkow+, 2009)

• Physical models tracing evolution of HI and H2 in     
+/- 3e7 galaxies.

• Used as basis for SKA performance calculations.
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Figure 1: Representation of the five statistically independent mock cones of galaxies. The cones are centred on the
coordinates RA = 36/108/180/252/324� and Dec = �30�.

Figure 2: Redshift distribution of galaxies, where the y-axis shows dN/dz per square degree, averaged from the 100
square degree field of view. The five colours represent the five cones shown in Fig. 1. LEFT: all galaxies in the full
(Speak

H I � 1µJy) cones. RIGHT: all galaxies with Speak
H I � 100µJy (thin lines) and subsamples of these galaxies (thick

lines) with an apparent R-band magnitude mR  20 and an e↵ective radius re � 100, as an example of matching H i
data to a GAMA-like optical survey to derive approximate stellar mass and inclination measurements.

Col Symbol Unit Description

1 ID – Unique galaxy identifier in the Munich Semi-Analytic Model “DeLucia2006a”

2 RA deg Right ascension of galaxy centre

3 Dec deg Declination of galaxy centre

4 z –
Apparent redshift of galaxy centre, including the Doppler component due to
peculiar motion relative to the Hubble expansion

5 i deg
Galaxy inclination defined as the smaller angle (0� � 90�) between the
line-of-sight and the rotational axis of the galaxy

6 T –
Numerical Hubble type (�6...0 for ellipticals, 0...10 for spirals, 99 for
morphologically unresolved objects, mostly dwarfs)

7 M⇤ M� Stellar mass

8 MH I M� Mass of neutral atomic hydrogen H i, without helium

9 MH2 M� Mass of molecular hydrogen H2, without helium

10 Sint
H I Jy km s�1 Velocity-integrated flux of the redshifted 21 cm H i emission line, with velocity

units defined in the galaxy rest-frame

11 Speak
H I Jy Peak flux density of the H i emission line; typically the flux density of the ‘horns’

12 Sint
CO Jy km s�1 Velocity-integrated flux of the redshifted 115.27GHz 12CO(1–0) emission line,

with velocity units defined in the galaxy rest-frame

13 Speak
CO Jy

Peak flux density of the 12CO(1–0) emission line; typically the flux density of
the ‘horns’

14 W 50
H I km s�1 Width of the H i emission line, in galaxy rest-frame velocity units, measured at

50% of the peak flux density

15 W 20
H I km s�1 Width of the H i emission line, in galaxy rest-frame velocity units, measured at

20% of the peak flux density

16 redgeH I arcsec
Apparent H i radius along the major axis out to a H i disk surface density of
1M�pc�2, corresponding to a face-on column density of 1.25 · 1020cm�2

17 rhalfH I arcsec Apparent H i half-mass radius along the major axis

18 MR mag
Absolute Vega R-band magnitude, corrected for intrinsic dust extinction; 99 if
stellar mass and star formation history are insu�ciently resolved to compute MR

19 mR mag Apparent Vega R-band magnitude; value 99 if no absolute magnitudes available

20 re arcsec
E↵ective radius, here approximated as the radius containing half the stellar
mass if the galaxy were viewed face-on

Table 1: Description of the columns of mock catalog in ASCII format.
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Synthetic HI line data cube based on input galaxy catalogue:

RA

Dec

Freq
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• 3D model generated for each 
galaxy in galaxy catalogue.

• Unique HI mass distribution, 
rotation curve, incl, PA, etc.

• Fully automated using custom 
scripts.

Modelling the HI line emission
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MHI & Vcirc profiles
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These models all emphasise the crucial role played by H � in
galaxy formation and evolution. In order to fully utilise their predic-
tive power, they need to be converted into a format that can be treated
and handled in the same ways as real data. To this end, we have de-
veloped a set of tools that use an input catalogue of evaluated galaxy
properties to generate synthetic data cubes for large cosmological
volumes. The data cubes contain detailed models of the spectral
and spatial distributions of H � in galaxies. Such synthetic products
can be used to guide the planning of radio and supporting multi-
wavelength observations for future H � galaxy surveys, as well as
guide development of calibration, imaging and analysis methods. In
this work, we present the techniques used to construct our synthetic
data products. We also present an application of them in the form
of mock H � stacking experiments for both low- and high-redshift
galaxy samples.

The next generation of large H � galaxy surveys aims to track the
cosmic evolution of H � over large areas and/or out to z > 1. How-
ever, much like current-generation surveys at intermediate redshifts,
all of them will struggle to directly image high-redshift galaxies in a
reasonable amount of time. H � spectral line stacking is the preferred
method for measuring the total H � content of populations of galax-
ies that are too faint to detect individually. The process uses known
spatial locations and redshifts of a sample of galaxies to extract
their H � spectra from an H � data cube. The individual H � spectra
are aligned and then co-added to yield a single (stacked) spectrum
that is representative of the H � line emission from the entire galaxy
sample.

An unappreciated shortcoming of the H � stacking method is
that of source confusion (e.g. Jones et al. 2015, 2016). Depending
on the level of source crowding in the data cube, as well as the
volume over which a subset of the data cube centred on a particular
target galaxy is extracted, emission from many other galaxies can
easily contribute to the final co-added spectrum. For their Parkes
observations of galaxies spanning the redshift range 0.04 < z <
0.13, for example, Delhaize et al. (2013) estimate any one galaxy to
be confused, on average, with seven others in the 2dFGRS optical
sample. This is primarily due to the large angular size of the Parkes
beam, 15.5 arc min. More recently Jones et al. (2015, 2016) used
the ALFALFA correlation function to develop an analytic model to
predict the amount of confused flux in a stacked H � spectrum. For a
Parkes stacking experiment their model predicts the average amount
of confused H � mass per galaxy to be ⇠ 1.3 ⇥ 1010 h�2

70 M� for
a beam size of 15.5 arc min.

Our synthetic H � data cubes are ideally suited for carrying out
mock experiments that allow us to accurately and reliably quantify
the inherent uncertainties of the H � stacking method. We use the
results from the stacking experiments presented in this work to
quantify the rates of source confusion in a series of low-redshift
H � stacking experiments, as well as several high-redshift stacking
experiments that may be carried out with the Square Kilometre
Array (SKA) and its precursors.

The layout of this paper is as follows: In Section 2, we present
the details of converting mock galaxy catalogues into synthetic H �
data cubes. We show in Section 3 how our simulations can be use
to precisely decompose the flux in a sub-volume of a synthetic
cube into contributions from a target galaxy of interest, as well as
contributions from other non-target galaxies. In Section 4, we carry
out and present the results of a suite of low-and high-redshift H �
stacking experiments. For each experiment we study the breakdown
of the co-added H � mass into contributions from target and non-
target galaxies. We discuss our results and the insights gained from
our mock experiments in Section 5, and in Section 6 we present

our conclusions. Throughout this work we have assumed a ⇤-CDM
cosmology with a Hubble constant H0 = 67.3 km s�1 Mpc�1,
⌦⇤ = 0.685 and ⌦M = 0.315.

2 SIMULATIONS

The simulated data products presented and used in this work
are based on the catalogue of evaluated galaxy properties from
Obreschkow & Meyer (2014). The catalogue spans a sky area of
10-by-10 degrees and the redshift range z = 0 � 1.2. For several
millions of galaxies, it presents detailed H � properties as well as
auxiliary optical properties. For 21 cm peak flux densities above
1µJy, it is complete down to an H � mass of 108 M�. The catalogue
is based on the SKA Simulated Skies semi-analytic simulations
(S3-SAX), delivered in 2009 as part of the European SKA Design
Studies (SKADS), and therefore on the physical models described
in Obreschkow et al. (2009a,b,c). These models are able to assign
realistic masses and sizes to H � discs, and evaluate the characteristic
properties of their H � emission lines.

Our simulation method involves realistically modelling, in a
fully three-dimensional manner, the spatial and spectral distribu-
tion of the H � line emission for any galaxy from the Obreschkow
& Meyer (2014) catalogue. In the sections that follow, we describe
how we create these models, as well as how they are brought to-
gether to produce bespoke artificial H � data cubes representing large
cosmological volumes.

2.1 Galaxy models

A rotation curve (circular velocity profile) and a parameterisation
of the radial distribution of H � mass for a galaxy are the main
requirements for generating a full three-dimensional model - i.e. a
mini data cube - of the spatial and spectral distribution of its H � line
emission.

2.1.1 HI mass profiles

Our adopted parameterisation for the azimuthally-averaged radial
distribution of HI mass follows closely that of Obreschkow et al.
(2009a):

⌃HI(R) =
A exp(�R2/2h2)

1 + � exp(�1.6R2/2h2)
. (1)

A is a normalisation factor used to control the total H � mass.
The numerator is a two-dimensional Gaussian with standard devi-
ation h. The � parameter in the denominator controls the central
concentration of H �. Values of � > 0 yield central H � depressions.
Equation (1) is capable of matching H � distributions observed in
nearby galaxies (e.g., Bigiel & Blitz 2012; Martinsson 2011).

To construct an H � mass profiles for a galaxy in the Obreschkow
& Meyer (2014) catalogue we convert its evaluated apparent H �
half-mass radius along the major axis, Rhalf

HI , into an exponential
disc scale length, Rh. We then use h = Rh in equation (1). � is
set equal to Rc

mol, which is the extrapolated central H2/H � mass
ratio for an exponential disc. The first panel in Fig. (1) shows the
H � mass profiles for three galaxies from the catalogue. In this work,
all galaxies are modelled out to a radius R = 3.5h.

MNRAS 000, 1–17 (2015)
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Figure 1. Panel (a): H � mass profiles for parameter pairs
(h,�) = (Rh, 0.0), (Rh, 10.0) shown as red dashed and blue dot-
dashed curves, respectively. Both mass profiles have been scaled to have a
maximum value of unity, for the sake of clarity. R is shown in units of Rh.
FIX THESE ROTATION CURVES, THEY’RE NOT QUITE CORRECT.
Panel (b): Polyex model fits to template rotation curves parameterised as
functions of optical radius. The mean I-band magnitudes of the various
models (from top to bottom) are given in the first column of Table 1. All of
the 3D galaxy models we generate in this work are based on these model
rotation curves.

2.1.2 Circular velocity profiles

Circular velocity profiles of galaxies (rotation curves) are modelled
using the template rotation curves for disc galaxies presented in
Catinella et al. (2006), who use a homogeneous sample of ⇠ 2200
low-redshift disc galaxies to construct average rotation curves in
separate I-band luminosity classes. Their template rotation curves
are fitted with the analytic function:

VPE(R) = V0

⇣
1� e�R/RPE

⌘✓
1 +

↵R

RPE

◆
. (2)

This is the so-called Polyex model from Giovanelli & Haynes
(2002). V0, RPE and ↵, respectively, determine the amplitude, the
exponential scale of the inner rotation curve, and the slope of the
outer rotation curve. Catinella et al. (2006) point out that the Polyex
model is an empirical expression nicely fits a large variety of rotation
curve shapes, including those declining at large radii.

For various luminosity classes, Table 2 from Catinella et al.
(2006) presents Polyex model fits to template rotation curves pa-
rameterised as functions of optical radii. It is this information that
we use to construct rotation curves for galaxies based on their eval-

Table 1. Polyex model fits to template rotation curves as functions of optical
radius for ten I-band defined luminosity classes, taken from Table 2 of
Catinella et al. (2006). Column 1 gives average I-band magnitude. Columns
2 - 4 give, respectively, the amplitude (in km s�1), the exponential scale of
the inner rotation curve (in units of optical radius), and the slope of the outer
rotation curve.

hMIi V0 RPE/Ropt ↵

-23.76 275± 6 0.126± 0.007 0.008± 0.003
-23.37 255± 2 0.132± 0.003 0.002± 0.001
-22.98 225± 1 0.149± 0.003 0.003± 0.001
-22.60 200± 1 0.164± 0.002 0.002± 0.001
-22.19 170± 1 0.178± 0.003 0.011± 0.001
-21.80 148± 2 0.201± 0.004 0.022± 0.002
-21.41 141± 2 0.244± 0.005 0.010± 0.003
-21.02 122± 2 0.261± 0.008 0.020± 0.005
-20.48 103± 2 0.260± 0.008 0.029± 0.005
-19.38 85± 5 0.301± 0.022 0.019± 0.015

uated absolute magnitudes. For the sake of convenience, a subset of
the information in Table 2 from Catinella et al. (2006) is reproduced
here in Table 1. Plots of the various Polyex model fits are shown in
the second panel of Fig. 1.

2.1.3 Three-dimensional modelling

To generate H � data cubes based on the radial profile parameteri-
sations presented in equations (1) and (2) we use our own routine
that assumes axisymmetry and distributes many H � clouds into a
set of concentric rings. For each galaxy, the inclination and posi-
tion angle of the H � disc must be provided together with a rotation
curve. Additional inputs required for the model are the H � velocity
dispersion and the H � mass profile as functions of radius. Assuming
an infinitely thin H � disc, the routine uses the H � mass profile and
rotation curve as probability density functions in order to generate
many random numbers representing the spatial and spectral coordi-
nates of individual H � clouds. A small random velocity is added to
each clouds galactocentric rotation velocity. These random veloc-
ities are extracted from a Gaussian centred at 0 km s�1 and with
a width equal to the specified H � velocity dispersion of the ring in
which the cloud is placed. Finally, the routine uses the position and
velocity of the cloud to place it at the appropriate location within
the data cube.

Figure 2 shows channel maps for a single galaxy model. This
galaxy has a redshift z = 0.10 and H � mass MHI = 108.16 M�,
with Rh = 1.13 arcsec and Rc

mol = 23.1 resulting in an H �
mass profile that has a pronounced central depression. The I-band
magnitude of the galaxy is MR = �18.7; its rotation curve is
represented by the bottom curve in Fig. 1. The H � disc is inclined
at 75.1 degrees. All galaxy models are created with a position angle
of �90 degrees¶ and channel dimensions of 101-by-101 pixels.
A common channel width of 5 km s�1 is used for all models.
Each model has a number of channels equal to 2Vmax sin(i)/5,
rounded up to the nearest integer, where Vmax is the maximum
circular rotation speed (in km s�1) given by the rotation curve
of the galaxy. For completeness, Fig. 3 shows the following data
products generated from the Fig. 2 data cube: a) total intensity map,
b) intensity-weighted mean velocity field, c) major axis position-
velocity slice, and d) global profile (H � spectrum).

¶ Measured anti-clockwise from north to the receding major axis.

MNRAS 000, 1–17 (2015)

Polyex model: Giovanelli & Haynes 2002

Template rotation curves: Catinella + (2006) 

-23.7
-23.3

-22.9

-19.3



4 E. C. Elson et al.

Figure 2. Channel maps from an H � data cube model for a single galaxy in the Obreschkow & Meyer (2014) catalogue. The model has a centrally-depressed
H � mass distribution and has its rotation curve represented by the bottom curve in Fig. 1. Channels in the cube are 5 km s�1 wide; every second channel is
shown here. This model has not been flux-calibrated, colours in the maps represent only the relative distribution of H � flux in a particular channel.

MNRAS 000, 1–17 (2015)

HI channel maps
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Figure 3. H � data products generated from the model cube shown in Fig. 2. Panel (a): total intensity map showing the spatial distribution of (uncalibrated) H �
flux. Panel (b): intensity-weighted mean velocity field. Iso-velocity contours are spaced by 20 km s�1. Panel (c): position-velocity slice extracted along the
major axis of the galaxy. Panel (d): global profile showing the total (calibrated) flux density in each channel. The galaxy has a redshift z = 0.10, H � mass
MHI = 108.16 M� and inclination i = 75.1 degrees. Its rotation curve is represented by the bottom curve in Fig. 1.

2.2 Lightcone models

The galaxy models described thus far serve as the building blocks
for our simulations. For a user-specified subset of a lightcone from
the Obreschkow & Meyer (2014) catalogue, we model each galaxy
in the ways described above. All of the models are then combined
to form the full-size synthetic cube.

As an example of this process, consider a particular catalogue
subset spanning 30 square degrees on the sky and the redshift range
z = 0.04 � 0.13‡. This volume contains 48 234 galaxies with a
total H � mass of 2.81 ⇥ 1013 M�. Some of the properties of this
galaxy sample are shown in Fig. 4, including all of the information
required to generate a three dimensional model of each galaxy.

Each model cube, which is created to have 101 by 101 pix-

‡ Corresponding to the luminosity distance range 183 Mpc - 633 Mpc.

els in right ascension and declination, is appropriately re-gridded
before being placed into the full-size synthetic cube at the (RA,
Dec) position specified by the catalogue. The Obreschkow & Meyer
(2014) catalogue provides an evaluation of the apparent H � radius
along the major axis of a galaxy out to an H � mass surface density
of 1 M� pc�2. This quantity together with a specified pixel scale
for the full-size cube determines the number of spatial pixels the
re-gridded model will span.

The galaxy models are created using a velocity axis with a
fixed channel of width dv = 5 km s�1, whereas the final full-size
cube has a frequency axis of fixed channel width, df , specified by
the user. The velocity interval, dv, corresponding to a frequency
interval, df , increases with redshift as follows:

dv =
df ⇥ c(1 + z)

femit
, (3)

MNRAS 000, 1–17 (2015)

a) HI total intensity (MHI=108.16Msun) 
b) HI intensity-weighted mean velocity field 
c) Major axis pv slice 

d) HI global profile (Sint=2.66 mJy km/s)

HI data 
products
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Simulated PSF
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HI total intensity of simulated cube 
(noise -free, spatially smoothed)

Simulated cube 
(noise-filled, spatially smoothed)
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User-specified inputs
Item Example

RA range 5 deg.
Dec range 5 deg.

z range 0.2 - 0.7
cosmology h=0.7, Ωm=0.3, Ω⌃=0.7

channel width 100 kHz
pixel scale 1 arcmin

BMAJ 4 arcmin
BMIN 3 arcmin

RMS noise 0.1 mJy/bm

+ optical magnitude cut 
+ Sint cut

• HI line cube (un-smoothed) 
• HI line cube, (smoothed) 
• HI + noise cube 
• Catalogue of true galaxy 

properties 
• Means of easily identifying each 

galaxy in a cube



Application: HI stacking

Unappreciated shortcoming of HI stacking method: 

source confusion



Application: HI stacking

Unappreciated shortcoming of HI stacking method: 

source confusion

• Galaxy volume density 

• Spatial resolution of observations



Application: HI stacking
• Generate noise-free cube with characteristics:

• sky area: 30 sq deg

• z = 0.04 - 0.13

• 48 234 galaxies (MHI = 2.81e13 M⦿)

• ⍬ = [0, 4, 15] arcmin.

• Extract spectra at (3583) galaxies with M* > 1010 M⦿

• How badly are our stacks affected by source 
confusion?



HI total intensity map  
 4-arcmin cube (noise-free) 

z = 0.04 - 0.13 
48 234 galaxies
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Figure 7. H � spectra and total intensity maps for the various flux components constituting a sub-cube extracted from the full-size cube described in Section 2
and presented in Figs. (4, 5, 6). The black crosses in Figs. (5, 6) mark the spatial location of the sub-cube in the full-size cube. The thick grey curve in panel
(a) represents the spectrum consisting of all the flux (7.34 ⇥ 109 M�) in the sub-cube. The corresponding total intensity map is shown in panel (c). The
green, blue, and red spectra in panel (a) represent, respectively, the flux in the sub-cube from the target galaxy (9.11 ⇥ 108 M�), nearby neighbours (NN,
5.44⇥ 109 M�), and distant neighbours (DN, 9.90⇥ 108 M�). The corresponding total intensity maps are shown in panels (d), (e), (f). The total intensity
map shown in panel (b) is that of the sub-cube before it is spatially smoothed. It represents the true brightness distribution of the flux in the sub-cube.

MNRAS 000, 1–17 (2015)
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Figure 7. H � spectra and total intensity maps for the various flux components constituting a sub-cube extracted from the full-size cube described in Section 2
and presented in Figs. (4, 5, 6). The black crosses in Figs. (5, 6) mark the spatial location of the sub-cube in the full-size cube. The thick grey curve in panel
(a) represents the spectrum consisting of all the flux (7.34 ⇥ 109 M�) in the sub-cube. The corresponding total intensity map is shown in panel (c). The
green, blue, and red spectra in panel (a) represent, respectively, the flux in the sub-cube from the target galaxy (9.11 ⇥ 108 M�), nearby neighbours (NN,
5.44⇥ 109 M�), and distant neighbours (DN, 9.90⇥ 108 M�). The corresponding total intensity maps are shown in panels (d), (e), (f). The total intensity
map shown in panel (b) is that of the sub-cube before it is spatially smoothed. It represents the true brightness distribution of the flux in the sub-cube.

MNRAS 000, 1–17 (2015)

15 arcmin
15

 a
rc

m
in



Velocity [km/s]

<M
H

I>
 [M

⦿
]

600 km/s

Mock Parkes co-add:

N=3583 
z=0.04 - 0.13

30

<MHI> = 5.84 x 1010 M⦿ ❌ <MHI> = 2.08 x 109 M⦿ ✔



Velocity [km/s]

<M
H

I>
 [M

⦿
]

600 km/s

Typical Parkes co-add:

N=3583 
z=0.04 - 0.13

31

~ 5.63 x 1010 M⦿ contaminant mass per galaxy



Velocity [km/s]

<M
H

I>
 [M

⦿
]

600 km/s

Typical Parkes co-add:

N=3583 
z=0.04 - 0.13

32
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Typical Parkes co-add:

N=3583 
z=0.04 - 0.13

<MHI> = 6.62 x 109 M⦿

mock
<MHI> = (6.93 +/- 0.17) x 109 M⦿

Delhaize + (2013), 3277 2dFGRS galaxies



High-z mock stacking experiment

• Generate high-z synthetic cube:

• 0.7 sq deg

•  z = 0.7 - 0.758

• 19 922 galaxies (1.03 x 1013 M⦿)

• Spatial resolution ⍬ = 20 arcsec.

• Extract spectra at (1035) galaxies with M* > 1010 M⦿

34



HI total intensity map  
 20 arcsec cube (noise-free) 

19 922 galaxies 
z = 0.7 - 0.758
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Noise-free LADUMA co-add

Velocity [km/s]

<M
H

I>
 [M

⦿
]

Fractional mass contribution from target galaxies: 0.73 
Average confused mass:  1.03 x 109 M⦿

600 km/sN=1035 
z=0.7 - 0.758

36
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Summary
• We have the methods & machinery to produce realistic 

synthetic HI data cubes.
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Summary
• We have the methods & machinery to produce realistic 

synthetic HI data cubes.

• Synthetic products will be useful to MeerKAT survey teams.
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Summary
• We have the methods & machinery to produce realistic 

synthetic HI data cubes.

• Synthetic products will be useful to MeerKAT survey teams.

• Mock HI stacking experiments show high levels of source 
confusion in low-z stacking experiments. 
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Summary
• We have the methods & machinery to produce realistic 

synthetic HI data cubes.

• Synthetic products will be useful to MeerKAT survey teams.

• Mock HI stacking experiments show high levels of source 
confusion in low-z stacking experiments.  

• Are current ΩHI measures too high?

• Source confusion will not dominate LADUMA data, 
especially if we know how to correct for it.
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