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ABSTRACT

Resolved rotation curves (RCs) are our best probe of the dark matter distribution around individual galaxies. However
their acquisition is resource-intensive, rendering them impractical for large-scale surveys and studies at higher redshift.
Spatially integrated H 1 flux profiles on the other hand are observationally abundant and also probe dynamics across the
whole H1 disc. Despite this, they are typically only studied using the highly compressed linewidth summary statistic,
discarding much of the available information. Here we construct a Bayesian model to infer halo properties from the full
shape of the spatially integrated 21-cm line profile of a galaxy, utilizing all the available information. We validate our model
by assessing the consistency of halo parameters obtained from the flux profile with those obtained from RC fits for a sample
of 20 galaxies where both are available, finding good agreement provided the profile is not strongly asymmetric. We study
the relative constraining power (quantified using the Kullback-Leibler divergence of the posterior from the prior), finding
the flux profile inference recovers posteriors on generalized Navarro-Frenk-White halo parameters on average three times
tighter than those from the linewidth, and in some cases as tight as those from resolved RCs. Finally we introduce and
validate a probabilistic empirical model for the spatial distribution of H1, enabling our model to be applied to data sets
for which no spatially resolved H 1 information is available. As the next-generation of H1 observatories comes online, our
framework will enable mass modelling in new regimes, with particular utility for constraining the dark matter content of

galaxies across cosmic time.
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1 INTRODUCTION

In the standard model of cosmology, galaxies form from the con-
densation of baryons in the centre of dark matter haloes. In heavy
enough haloes, the baryon density at the centre of the halo be-
comes high enough to form stars and eventually the luminous
galaxies we observe today (S. D. M. White & M. J. Rees 1978).
Galaxies then grow through the continuous formation of stars
from gas (in situ) and through the mergers of their dark mat-
ter haloes (ex situ) under hierarchical structure formation. This
suggests that the internal properties of galaxies and their spatial
distribution should be closely related to the properties and dis-
tributions of the underlying dark matter haloes. The relationship
between galaxies and their haloes has been termed the galaxy-
halo connection (reviewed in R. H. Wechsler & J. L. Tinker 2018),
and constraining it is a key problem in modern astrophysics.
There are numerous ways to constrain dark matter halo prop-
erties and the galaxy-halo connection more generally. These in-
clude empirical methods such as abundance matching (R. Wech-
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sler et al. 2000) and halo occupation distribution modelling (A.
Cooray & R. Sheth 2002), and dynamical methods using the
kinematics of stars and gas (Y. Sofue & V. Rubin 2001) as well
as weak (R. Mandelbaum 2014) and strong (M. Limousin et al.
2008) lensing. Of these, the dynamics of neutral hydrogen H1,
found predominantly in late-type galaxies, is particularly pow-
erful: it forms a dynamically cold rotating disc, resulting in a
relatively simple connection between the observed velocity of
the gas and the underlying circular velocity tracing the gravita-
tional potential. HI discs also extend far out beyond the opti-
cal radius of the galaxy and into the region where dark matter
is most apparent. This is particularly important for constrain-
ing global properties of haloes, which are much larger than
galaxies.

Data from spatially resolved spectroscopic studies of H1can be
used to derive rotation curves (RCs), the rotation speed of the gas
as a function of radius from the galaxy centre. This enables rela-
tively tight constraints on dark matter halo properties demanding
both high resolution and sensitivity. The largest collations of HI
RC observations today number in the 100s (F. Lelli, S. S. McGaugh
& J. M. Schombert 2016), which is set to expand to thousands
over the coming years with the arrival of instruments such as the

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and

reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1093/mnras/stag574
http://orcid.org/0000-0002-6314-1607
http://orcid.org/0000-0003-0685-9791
mailto:tariq.yasin@physics.ox.ac.uk
https://creativecommons.org/licenses/by/4.0/

2 T. Yasin and H. Desmond

Square Kilometer Array and its precursors (B. S. Koribalski et al.
2020).

Dark matter halo properties are typically constrained in dy-
namical studies by assuming a parametrized halo density pro-
file, which is combined with mass models describing the mass
distribution of baryons to forward model the gravitational poten-
tial. The parameters of the halo (and auxiliary galaxy parameters
such as mass-to-light ratios, distance and inclination) can then be
constrained by observational data. Foremost among the density
profiles is the Navarro-Frenk-White profile (NFW, J. F. Navarro,
C. S. Frenk & S. D. M. White 1997), which is an approximately
universal two-parameter function describing haloes in cold dark
matter-only simulations of structure formation. However, obser-
vations of dwarf galaxies have found some galaxies are better
described by a central core in the dark matter density (W. J. G.
de Blok, S. S. McGaugh & J. M. van der Hulst 1996), inspiring an
array of different halo profiles inspired by baryonic interactions
with dark matter (which may flatten cusps, e.g. A. Burkert 1995)
or exotic dark matter models (D. Yang et al. 2024). Typically halo
profiles are described by a total halo mass and a concentration
parameter (describing how spatially concentrated the dark matter
is), as well as potentially additional parameters governing the
profile shape.

While rotation curves can give strong constraints on halo pa-
rameters, they suffer from a number of limitations. Observations
need both sufficient spatial resolution to resolve the H1 disc and
long integration times to achieve adequate signal-to-noise in each
radial bin, rendering them extremely expensive to obtain for large
samples, small and faint galaxies, and those at high redshift (due
to the loss of spatial resolution, and the rapid decline in the
surface-brightness sensitivity of interferometers with increasing
angular resolution). Although upcoming surveys such as Apertif-
Medium deep on the Westerbrook Synthesis Radio Telescope (W.
A.van Cappellen et al. 2022), MIGHTEE on MeerKat (N. Maddox
et al. 2021), and the Square Kilometre Array (SKA) will provide
dramatic improvements in instrumental resolution and sensitiv-
ity, deriving RCs will remain challenging or impractical in many
regimes of scientific interest. For example, HI RCs will still only
be accessible out to z~0.5 (S. Blyth et al. 2015), even with the un-
precedented capabilities of the SKA. Similarly, while it is possible
to resolve the RCs of the most nearby low-mass dwarf galaxies,
this comes at great observational cost, requiring deep interfero-
metric follow-up on candidate galaxies with the VLA, Meerkat
or the SKA, severely limiting sample sizes (P. E. Mancera Pifa
et al. 2022; M. P. Rey et al. 2024). These limitations prevent us
from leveraging RCs to statistically probe critical aspects of galaxy
formation, especially its faint end and redshift evolution.

An alternate probe of H1 dynamics is spatially integrated 21-
cm flux profiles, which are observationally cheap and available
for large samples of galaxies (M. J. Meyer et al. 2004; M. P. Haynes
et al. 2018; C.-P. Zhang et al. 2024). Typically flux profiles are
compressed to the linewidth summary statistic, defined as the
width of the profile at some fraction of its mean or peak flux.
Linewidths have been shown to give interesting constraints on
the halo properties of galaxies (L. Leisman et al. 2017; T. Yasin
et al. 2023a, b), and are also widely used in dynamical tests such
as Tully-Fisher studies (F. Lelli et al. 2019; A. A. Ponomareva
et al. 2021; R. A. N. Brooks, K. A. Oman & C. S. Frenk 2023;
A. Sardone et al. 2024). As highlighted in T. Yasin et al. (2023a),
while the linewidth can be relatively constraining at low mass
where the dark matter halo is dominant at all radii, for high mass
baryon-dominated galaxies there is a degeneracy in the linewidth
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between galaxies with and without flat RCs. For these galaxies
the peak circular velocity is due predominantly to the mass of the
stellar disc, and so the flux profile is similarly wide irrespective of
whether the RC then declines in the outskirts. Particularly in this
regime, analyses that simply use the linewidth are prone to lose a
lot of information. This is especially pertinent when attempting
to probe out to higher redshift, as it is the massive late-type spirals
that are seen to the greatest distances.

Ideally the full information content of the H 1 flux profile would
be used to constrain halo properties, without compression into
a linewidth. The shape of the full flux profile has previously
been highlighted as a potentially powerful probe of the dynam-
ics through studies based on semi-analytical models and cosmo-
logical simulations (A. Paranjape et al. 2021; K. El-Badry et al.
2018). Previous work has sought to use simple physical models
to constrain galaxy properties such as H1 mass (I. M. Stewart, S.-
L. Blyth & W. J. G. de Blok 2014) and the velocity of the flat part
of the RC (B. Peng et al. 2023) from integrated flux profiles. In T.
Yasin & H. Desmond (2025), we took the first steps towards using
the information of the full profile to constrain detailed galaxy
dynamics by demonstrating good consistency between RCs and
integrated flux profiles under basic modelling assumptions.

In this contribution we study the power of flux profiles to con-
strain the dark matter distribution around galaxies by fitting dark
matter halo models, comparing and contrasting the constraining
power with that of RCs. In particular, we ask

(i) Are the constraints obtained by integrated flux profiles and
RCs on halo properties consistent?

(ii) What is the relative information content on halo parame-
ters of integrated H I flux profiles compared to RCs?

In Section 2 we describe the observational data used. In Sec-
tion 3 we describe our method. In Section 4 we present our
constraints on halo properties from integrated flux profiles. In
Section 5 we discuss our findings, and we conclude in Section 6.
Throughout the paper we assume Hy = 70 km s~ Mpc™t.

2 DATA

2.1 SPARC

We utilize the SPARC data base,! which offers HI rotational
curves for a selection of 175 late-type galaxies (F. Lelli et al. 2016).
We also use the azimuthally averaged HI surface density profiles
of the SPARC galaxies (F. Lelli, private communication). The
data base is a compilation of rotation curves gathered over mul-
tiple decades, and primarily consists of HI data, supplemented
by Ha observations for the inner regions of some galaxies. The
SPARC galaxies are diverse, featuring 3.6 um luminosities from
107 L, to 1012 Ly, surface brightness values between about 5 and
5000 L, pc—2, and HI masses ranging from 107 to 101 M. They
also display a diverse array of galactic morphologies. We use only
galaxies with quality flag 1 (high) and 2 (medium).

2.2 ALFALFA

Integrated flux measurements were taken from the ALFALFA?
(M. P. Haynes et al. 2018), a blind survey with the Arecibo tele-
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scope across approximately 7000 deg® of the Northern sky. AL-
FALFA is able to detect sources up to a redshift of ~ 0.06. The
complete «.100 catalogue lists around 31500 extragalactic ob-
jects, spanning H1 masses from 10° to 10!! M. For each object,
the provided data includes a spectrum with the baseline removed,
segmented into velocity bins of approximately 5 kms™!.

Cross-referencing was conducted with optical positions from
SPARC, sourced from the NASA/IPAC Extragalactic Database,?
using a 4-arcmin matching criterion. This crossmatch revealed
40 galaxies common to both data sets, which were checked by
comparing HI masses and linewidths between SPARC and AL-
FALFA. During this process, we excluded NGC4214 as the H1
mass reported by the SPARC and THINGS surveys is approx-
imately 10 times greater than the ALFALFA value (assuming
consistent distance measurements), and there is also milder dis-
agreement with the ALFALFA linewidth.

The standard ALFALFA pipeline is designed to accurately re-
cover flux profiles for unresolved sources. However, many SPARC
galaxies are relatively nearby, resulting in angular sizes signifi-
cantly larger than the ALFALFA beam width. This can lead to an
underestimation of flux from the outer regions of these galaxies,
potentially causing one or both horns of the flux profile to appear
artificially diminished.

To address this issue, G. L. Hoffman et al. (2019) developed
an alternative ALFALFA analysis pipeline to enable precise flux
extraction for galaxies spanning more than a few arcminutes on
the sky. Through visual inspection, we confirmed that this reanal-
ysis successfully captured more flux from the galactic outskirts,
resulting in more prominent horns for many of the reexamined
galaxies. However, the complete spectrum data was not retained
for all galaxies reanalysed using this alternative method, which
primarily focused on total flux measurements. Consequently, our
final sample comprises 20 galaxies, evenly split between two cat-
egories: 10 galaxies for which the reanalysed spectra were avail-
able (L. Hoffman, private communication), and 10 galaxies with
angular extents small enough that the reanalysis pipeline was
unnecessary. This is the same sample as used in T. Yasin & H.
Desmond (2025).

3 METHODS

3.1 Dynamical modelling

3.1.1 Rotation curve model

We wish to constrain dark matter halo properties using both
SPARC rotation curves and ALFALFA flux profiles. Both of these
first require that we forward model the projected rotational ve-
locity as a function of radius vp;(r) for each galaxy.

This is done by combining a parametrized halo profile with
mass models describing the distribution of baryons in the galaxy
to forward model the circular velocity profile. The total circular
velocity is

ch(r) = VDZM + Y\bulgeVbzulge + Tclichdzisc + Vgas|Vgas|a (1)

where Vyuige, Viise, and Vg are the circular velocity contributions
of the bulge, disc, and gas, respectively (the latter can be negative
due to holes in the centre of the gas distribution). We calculate the
total gas mass from the measured H1mass using Mg, = 1.33M4yy,

3https://ned.ipac.caltech.edu
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which accounts for the contribution from helium (we ignore the
contribution from molecular gas). These are calculated from pho-
tometry and are tabulated in the SPARC data base. The mass-to-
light ratios Yyuge and Ygisc are free parameters in the inference
(although only a fraction of galaxies have a bulge), with lognor-
mal priors based on the fiducial SPARC model of pipyige = 0.5 and
Hdgise = 0.7, each with 0.1 dex scatter.

For the dark matter we assume a generalized NFW (gNFW)
profile (J. S. B. Wyithe, E. L. Turner & D. N. Spergel 2001)

G

This reduces to NFW for « = 1. For lower values of « the inner
region becomes cored, which is found to be a better match to many
SPARC galaxies (P. Li et al. 2020). The mass enclosed is given by

)

pgNFW(r )=

Mpu(r) = 4m pgr? [Bex/(1 +x), 3 — &, 0)], (3)

where B(z; a, b) = [; u®~'(1 — u)*"'du. This gives a circular ve-
locity contribution of

Vom(r)  [Mpm(r) Rhalo @
Vhalo Mhalo r '

where M., is the total halo mass, Ry, is the virial radius and
Vhalo 1s the circular velocity at the virial radius.

We then assume that the rotational velocity is equal to the
circular velocity (i.e. that we ignore pressure support of the gas),
which is expected to be a good assumption for these galaxies,
which have gas dispersions oy of around 10 kms=! (K. M.
Mogotsi et al. 2016), much lower than typical rotation velocities.
Then v is projected along the line of sight by the inclination to
get the projected rotation velocity

Vproj = Vcirc sini, (S)

where i is inclination (i = 0° face on; i = 90° edge on).

The circular velocity contribution of the baryonic components
and the observed radius scales with the assumed distance (which
is a free parameter in the fit) as

Vdisc,bulge,gas(r) X \/B, (6)
and the physical radius scales with the assumed D
r o D. @)

When using the observed rotation curve to constrain halo prop-
erties, Vproj can be compared to the observed data (D) to infer
halo and nuisance parameters (0) describing the galaxy with the
likelihood

1—[ exp{_(vi,obs - vpmj(ri))z/(Z(SVii)m + 0{3)}

i 2 ((SVLZObs +02)

Ly(DI9) = ®

where V; o is the ith observed velocity, 8V s its observational
uncertainty and oy is an additional uncorrelated Gaussian noise
term which is a free parameter in our model. This is necessary
because some SPARC RC uncertainties are underestimated (P.
Li et al. 2020; J. A. Sellwood, K. Spekkens & C. S. Eckel 2021;
A. Zentner et al. 2022), leading to extremely tight constraints
(despite poor model fits) that are likely biased. The introduction
of oy effectively broadens the uncertainties to allow the model to
fit the data well, helping to make the analysis conservative.
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3.1.2 Integrated 21-cm model

To use the HI flux profile to constrain halo profile parameters
instead of the RC, the model vy is combined with a surface
density as a function of radius Xpy; under the assumption of
axisymmetry to calculate a model flux profile W,.q. We utilize
the method of D. Obreschkow et al. (2009), modelling the H 1 gas
disc as a set of concentric, infinitely thin rings, each rotating with
a circular velocity v.(r) and having a surface density Xy;(r). The
normalized flux emitted at a specific velocity from a single ring is

—Lif|v] < Vpro
T (02 Vprog) = § V' il = ,

0 otherwise

where v, represents the velocity relative to the galaxy’s barycen-
tre, corresponding to an observed wavelength A, and the nor-
malization ensures that [ ydv = 1. To account for the random
motion of the gas, we introduce a velocity dispersion oy, which
also smooths out the singularity that occurs when vp; = v,. The
resulting normalized flux from each ring is

1 e (v, — VY
Vi, Vproi ) = ——— dVexp| ————
¢( ’ p”) ouIvV 21 ﬁw p|: 207,

where oy is the Gaussian dispersion width. The total flux per unit
velocity for the entire galaxy is obtained by integrating v over the
radial extent of the galaxy, weighted by the surface density

|7 00,

Yo 1) = ;—’; /0 PP (v, ey (P) d.

with normalization ensuring f Yiotdv = 1. We convolve the
model spectrum with a Gaussian kernel of ¢ = 5km s}, chosen
to approximate the effective spectral resolution of the ALFALFA
data after Hanning smoothing in the pipeline (M. P. Haynes
et al. 2018). Although a Hann filter would match the pipeline
smoothing kernel more exactly, the modelled profile is already
broadened by the intrinsic H1 velocity dispersion (~ 10kms™1),
which dominates the total broadening. We therefore adopt the
Gaussian approximation for simplicity and computational speed.

We calculate the observed 21-cm integrated flux using the stan-
dard z ~ 0 conversion (M. P. Haynes et al. 2018):

ot 1 Mu\ ( D\ ©
Jykms—! = 2356 x 105 \ Mg / \Mpc /)

where Wi, is the integrated flux and D is the assumed distance.
H1 observations typically have a calibration uncertainty of 10
per cent in flux (M. P. Haynes et al. 2018), which we account for
by multiplying the predicted flux by a new parameter C, which we
give a Gaussian prior with mean 1 and width 0.1. The likelihood
is then

n

Ly(DI) =[]

J

€xXp { - (\Ilj,obs - C"I”pred (Vx.j ) vproj ))2/(20}%“ )}

, (10)
A/ Zﬂatot

where W ops is the observed flux in bin j, Wpreq is the predicted flux
assuming perfect calibration, and oio; = /02, + 0§ With oyms the
spectrum RMS noise and oy an additional noise term analogous
to oy, which we again leave as a free parameter in the infer-
ence. As C is perfectly degenerate with My we can analytically
marginalize over it to give

n

Ly (D) =[]
J
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eXp{_("llj,obs - \ijred(vk,j» Vproj))z/(zarﬁ)}

N2 o, ’

an

with

Om = (0.1Wpreq)* + 02 + 0g- (12)

3.1.3 Fitting procedure

Bayes theorem gives the posterior probability on model parame-
ters given some set of data D and the prior 7

L(D|6)r (6
p(oip) = LPITO) 13)
Z
The normalization factor Z is the Bayesian evidence
Z = /E(Dl@)n(@)d@, (14)

which is the probability for the data D under a chosen model.
The Bayes factorZ,/Zp, where A and B are two separate models
constrained using the same data set, is the relative probability of
the two models and hence compares them on the data. We use
the Multinest algorithm (F. Feroz, M. P. Hobson & M. Bridges
2009; F. Feroz et al. 2019) to sample model parameters and calcu-
late the evidence with 500 live points, a sampling efficiency of 0.3,
and an evidence tolerance of 0.5. We find our results are robust to
increasing the live points, and reducing the evidence tolerance.

We summarize the model parameters and their priors in Ta-
ble 1. The halo parameters (M, ¢, @) and galaxy parameters
(Ygisc/buige, D and i) are present in all models. My; and oy are only
included when constraining with the flux profile. In particular
My dictates the normalization of the flux profile. Throughout
this work we fix Vias to the values tabulated in SPARC, indepen-
dent of the My inferred from the flux profile.

In Section 3.3 we introduce a new probabilistic model for Xy
(as an alternative to assuming the SPARC Xy;). This introduces
two new parameters X, and 7, which are only included for in-
ferences where the probabilistic model is used. The additional
RC (flux profile) noise term oy (o) is only included when the
inference is constrained with the RC (flux profile) data.

3.2 Assessing consistency

As a test of our flux profile model, we wish to assess whether
the rotation curve data and the integrated flux profile data are
consistent with a model in which they both have the same dark
matter halo. We use the independence of the data sets to construct
the total likelihood L = Ly x Ly, which we use to constrain
two models with both the rotation curve and flux data simultane-
ously:

(i) Joint halo model: The flux profile and RC data are described
by a shared set of halo and galaxy parameters.

(ii) Separate halo model: The flux profile and RC data are de-
scribed by a shared set of galaxy parameters, but each of the two
forward models has its own set of halo parameters, giving six halo
parameters in total.

We reject the separate halo model unless there is sub-
stantial evidence in its favour according to the Jeffreys scale
(log(zseparate/zjoint) > 05)

3.3 A probabilistic model for Xy

When fitting halo models to galaxies without resolved H1 data,
it is necessary to model Xy;, which will introduce an additional
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Table 1. The free parameters needed for the rotation curve and flux profile fits, their physical definitions
and their Bayesian priors. The uniform priors on non-halo properties are chosen to be uninformative. The
first 7 parameters are used in all fits. My and oy are only included for flux profile fits. Additionally X,
7p are included when using the probabilistic model for Xy; to calculate the observed flux (Section 3.3).
The additional noise parameters are included in all fits with their corresponding data. Except for the halo
parameters, all uniform priors are uninformative. N't(u, o; a, b) denotes the normal distribution N (u, o)

truncated at a and b.

Parameter Units  Definition Prior
Mot Mo Total mass Mot = Mhalo + Mpar Loguniform
(log(Mpar), log(15.5))
c - Halo concentration Loguniform (0,2)
o - Inner slope of halo density U(0, 2.5)
Ydisc Mg/Le Disc mass-to-light ratio Lognormal (—0.72346, 0.24622)
Thulge Mgy/Le Bulge mass-to-light ratio Lognormal (—0.38699, 0.24622)
D Mpc  Physical distance to galaxy Nt(D, 8D; 0, 00)
i deg Inclination (0° face on; 90° edge on) Nt(i, 8i; 0, 180 deg)
My, Mg H 1 mass (constrained by the flux profile) U(0.5M, 1.5M)
oHI kms~!  H1velocity dispersion U(0, 100)
o Mg pc—? Maximum H surface density U(0, 25)
I - Core size normalized by ry; u(,1)
oy Jy Additional Gaussian noise on measured flux (0, 100)
oy kms~! Additional Gaussian noise on measured Vps U(0, 20)

source of uncertainty. To this end we develop a probabilistic
model based on the SPARC H1 surface density profiles, which
can then be applied to larger samples. We do this by fitting a
parametrized Yy to the SPARC galaxies, and fitting a Gaussian
Mixture Model to the distribution of parameters.

A.R. H. Stevens et al. (2019), in exploring the origin of the H1
mass-size relationship, tested three analytic profiles for the H1
surface density on a sample of 110 galaxies from the THINGS,
LITTLE THINGS, LVHIS, and Bluedisk surveys, finding all three
were a good fit to observations. We adopt their ‘model 2’, which
was found to be the best-fitting to the most galaxies. Towards the
centre the profile has a core with variable size, and at large radius
it falls off exponentially with radius squared (a Gaussian),

%o, F<r

Soexp [—rgi(r—n)]. r > 1 (15)

Z(r ) = {
where % is the central surface density, 7 is the core size, and 7
is the scale length of the exponential decline. We follow A. R. H.
Stevens et al. (2019) in defining normalized lengths and surface
densities

Ty = Iy/TH1, (16a)
Sy =3%/(1Mgpc?) , (16b)

where ry; is the radius at which the gas drops to 1 Mg pc—2. The
radius ry; can then be written (A. R. H. Stevens et al. 2019) as

M
T = — — (17a)
7w To [P+ Fs (Fs + /TF)]
and
Fg = i (17b)

VIn(Zo)

We fit equation (15) to the H1 surface density profiles of the
SPARC galaxy, and find a similar distribution in model param-
eters to A. R. H. Stevens et al. (2019, their fig. 5). Following A.
R. H. Stevens et al. (2019) we assume X, and 7, are independent
of other galaxy properties (i.e. self-similar density profiles). We
check this is a reasonable assumption using SPARC, finding the

strongest correlation is a weak (Pearson correlation coefficient of
0.26) and not quite statistically significant (p-value 0.08) correla-
tion between ¥, and My;. We make X, and 7, free parameters in
the inference, with a prior given by the 2D distribution of (%o, )
for the SPARC galaxies, which together with the observed My of
each galaxy specifies the HI surface density in full. To smooth
and interpolate the parameter distribution we fit a Gaussian Mix-
ture Model. We adopt the number of Gaussians that minimizes
the Bayesian Information Criterion (BIC; G. Schwarz 1978), an
approximation to the Bayesian evidence.

3.4 Quantifying information content

We wish to compare how much information on halo properties
is obtained from using the full flux profile to constrain the infer-
ence versus the resolved RC or linewidth summary statistic. The
information gain achieved in an experiment when transitioning
from a prior to a posterior distribution can be quantified using
the Kullback-Leibler (KL) divergence (Dgy, S. Kullback & R. A.
Leibler 1951). This measure is expressed in bits and is defined as

Dxi(P || ) = fP(G)logz (@> de, (18)
7(6)
where P(0) represents the posterior distribution and 7 (6) the
prior distribution. The KL divergence assesses the dissimilarity
between these two distributions, effectively measuring the ad-
ditional information provided by the posterior compared to the
prior. This metric is particularly useful for evaluating the en-
hancement in constraint precision between different experiments
(J. Buchner 2022), as it takes into account the entire probability
distributions rather than relying on summary statistics like credi-
ble intervals. However, this can make interpretation less straight-
forward. A simple illustration of the KL divergence is an exper-
iment with a uniform prior that yields a uniform posterior with
a hypervolume k times smaller, resulting in a KL divergence of
log, (k). For our KL divergence calculations, we employed kernel
density estimation (KDE) to approximate the posterior probabil-
ity distribution. Specifically, we utilized the fastKDE algorithm
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(T. A. O’Brien et al. 2014, 2016), which determines the optimal
kernel and bandwidth based on established criteria (A. Bernac-
chia & S. Pigolotti 2011). To ensure the convergence of our KL di-
vergence values, we verified that the results remained consistent
across chains of varying lengths. The KL divergence is a prior-
dependent quantity. While our prior bounds are well-justified for
mass and the lower bound of concentration, the upper bound of
concentration is somewhat arbitrary. However, as our analysis
focuses on relative KL divergences between different measure-
ments, our conclusions remain robust to the specific choice of
prior.

3.5 Quantifying asymmetry

Our model assumes axisymmetry, and therefore model misspec-
ification may cause biased constraints in strongly asymmetric
galaxies. To study this we use the asymmetry statistic developed
in T. Yasin & H. Desmond (2025), which we summarize here.
We fit each flux profile using the ‘generalized busy function’ (T.
Westmeier et al. 2014), which is specifically designed to provide
excellent fits to observed flux profiles

B(x) = % X (erf[bl{w +Xx _xe}] + 1)
x (erf[by{w —x + X} +1) x (clx — x| +1),  (19)

where a, by, by, X, X, ¢, w, and n are free parameters, and erf rep-
resents the error function. The function is able to describe both
symmetric and asymmetric profiles, with symmetry imposed by
setting by = b, and x, = x,.

To quantify the degree of asymmetry, we estimate the evi-
dence ratio for the full eight-parameter model and restricted six-
parameter symmetric version, Zasym/Zsym, using the BIC of each
model. A larger Z,oym/Zsym value indicates a more pronounced
asymmetry in the flux profile. Adopting a similar criterion to T.
Yasin & H. Desmond (2025), we consider overwhelming evidence
for asymmetry if log(Zagym/Zsym) > 2.5.

4 RESULTS

4.1 Dark matter constraints

The main output of this work is the constraints on the circular
velocity profile and on dark matter halo parameters obtained
from the inference with the spatially integrated H1 flux profile.
We present the fits to the integrated flux profile and the projected
circular velocity for some example galaxies in Fig. 1. The left
column shows the flux profile data, with the best-fitting model
and its 1o confidence interval. The right panel shows the circular
velocity profile calculated from the a posteriori model parameters
of this inference (green). For comparison, we also show the best-
fitting circular velocity and its uncertainty when using the SPARC
RC to constrain the model instead (orange). The solid purple line
shows the H1 surface density profile £y (r), and the dashed line
shows rXyi(r), which is proportional to the amount of H1 flux
emitted from a given radius. This therefore shows which radii the
H1 flux profile is most sensitive to, which tends to peak roughly
where the observed RC becomes flat.

For all galaxies the best-fitting flux profile is a good approx-
imate visual match to the data. For the first four galaxies the
rotation curve inferred from the flux profile is also a good match
to the observed RC. As shown in T. Yasin et al. (2023a), for high
mass galaxies which are baryon dominated towards their centre
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(maximal discs), the same linewidth can be produced by both a
galaxy with dark matter in the outskirts (leading to a flat RC), and
a galaxy without any dark matter at all, because both have RCs
that peak at approximately the same value. However by using the
full flux profile this degeneracy is broken, as the full shape of the
flux profile gives information on the flatness of the RC at large
radii. In particular, a galaxy with a flat RC has a much greater
ratio between the peak of the horns and the depth of the central
trough compared to a galaxy lacking dark matter, which allows
the RC to be well constrained.

UGC05721 is an example of a galaxy with a heavily asymmetric
flux profile for which the model is unable to match the data.
While the inferred circular velocity still rises and flattens, the
detailed shape and velocity of the flat part are in strong disagree-
ment with the observational data.

Generally the constraints on the circular velocity from the RC
inference are tighter than from the flux profile, as expected from
spatially resolved data with independent data points at each ra-
dius, allowing the degeneracy between halo shape parameters to
be broken. This is especially true at low radius, where the flux
profile haslittle sensitivity, as shown by the dashed purple line. As
expected the green band is narrowest approximately at the point
where rXy; peaks.

For UGC11914 we see that the fit to the RC actually prefers a
rising circular velocity profile out to large radius (likely driven
by the outermost data point), while for the flux profile the RC
is constrained to remain flat. This shows how RC measurements
can commonly imply halo masses that are unexpected in the
standard model, and hence, although we are treating the halo
parameters obtained from the RC as a point of comparison, they
are not necessarily the truth.

In Fig. 2 we show the full posterior for one fit constrained by
the RC and one by the flux profile. Most parameters are well
constrained, other than the halo parameters which display some
strong degeneracies. The parameters describing the spatial distri-
bution of the H 1 gas follow the priors. The maximum a posteriori
Gaussian noise on the flux profile (oy) is in the range of 0-5
per cent of the peak flux (although higher values are preferred
for a couple of poorly fit galaxies). For the RC, oy is lower, with
a mean of ~0.5 per cent. The full posteriors for all galaxies are
available online.*

4.2 The consistency of RC and flux profile

To statistically assess the consistency between the halo parame-
ters obtained from fitting to the RC and flux profile, we constrain
two further models as described in Section 3.2. These are both
joint fits to both the RC and flux profile simultaneously, but for
the first joint model, a single set of halo parameters is shared
between both data sets, whereas for the separate model, each
data set constrains a different set of halo parameters. Both data
sets share a common set of galaxy parameters in both fits. The
evidence for a separate halo over a joint halo is then the evidence
ratio Zseparate/Zjoint-

We display this statistic for the sample in Fig. 3. We see
that for all galaxies that are not statistically certain to have a
very large asymmetry (10g(Zaym/Zsym) > 2.5), Zseparate/ Zjoint 1S
around 1 or less, showing a consistent RC is derivable from the
flux profile alone. The one exception to this is F565-V2, which

“https://github.com/tariqyasin/flux-profile-halo-posteriors
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Figure 1. Left panel: The measured ALFALFA flux profile (black), with the RMS noise shown by the errorbar. Green shows the best-fitting model flux
profile, with the shaded region the 1o confidence interval. Right panel: The observed SPARC RC and uncertainty (black), with the best-fitting RC obtained
from fitting to the RC shown in orange (with 1o confidence region shaded). In green is shown the best-fitting RC obtained from constraining halo and
galaxy parameters using the flux profile, without any information from the observed RC. The solid purple line is the HI surface density Xyj, and the
dashed purple line is o Xy, its product with radius. The latter is proportional to the HI flux at each radius, and hence shows which region of the
RC the line profile is sensitive to. For the first four galaxies the RC obtained from the flux profile is in good agreement with the observed RC, showing
the power of the integrated flux profile to constrain the shape of the RC, including its flatness at large radius corresponding to significant amounts of
dark matter in the galaxy outskirts. UGC05721 on the other hand has a heavily asymmetric flux profile which the model is unable to match, resulting in
an inferred circular velocity profile which is in disagreement with the observed RC, although the general shape is reproduced. We show the remaining
galaxies in the sample in Fig. Al.
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Figure 2. The full posterior on model parameters for galaxy UGC00634 for the inference constrained by the RC (orange) and integrated flux profile
(blue), using the probabilistic £j; model for the latter (see Section 3.3). The model parameters are described in Table 1. We show non-uniform priors
in green, in 2D for £ and 7, which have a correlated prior, and on the histogram only for the rest. The contours enclose 68.3 per cent and 95.5 per cent
of the probability mass. Auxiliary galaxy parameters are generally well constrained, following their priors for the flux profile. There are degeneracies
between halo parameters for both the RC and flux profile, with the RC providing improved constraints on the total mass My, compared to the flux

profile.

has a 1Og(z’za.sym/z’zsym) ~ —1.2, but 10g(Zseparate/Zjoint) > 2. We
identified this galaxy as having clear inconsistency between the
observed flux profile and RC (T. Yasin & H. Desmond 2025),
likely due to there being systematics in one of the two mea-
surements/derivations. We conclude that as long as a galaxy is
not strongly asymmetric (10g(Zasym/ Zeym) S 2.5) the flux profile
and RC haloes are consistent, providing evidence that for this
subsample of galaxies the constraints on the halo parameters
from the flux profile are unbiased. We then repeat this exercise
using the probabilistic model for ¥y, rather than the measured
SPARC value, finding the result is unchanged. This suggests that
the probabilistic model does not introduce biases into the inferred
halo parameters.

In Fig. 4 we show example posteriors on halo properties for
the fiducial models (where either the flux profile or the RC are
separately used to constrain halo and galaxy parameters). As is
typical for many galaxies in the sample, while the flux profile
is still informative, the strong degeneracy between the two halo
shape parameters and the total mass of the sample remains,
showing for most galaxies in our sample the flux profile alone is
not able to constrain the shape of the RC. However for UGC00634
the constraints on the halo parameters are in fact of similar
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strength to the RC, showing that using our assumptions a very
well-measured flux profile can provide comparable information.
As the RC and flux profile are independent, the two sets of con-
straints can be combined (see 3.2) to give an improved joint con-
straint on halo properties. Finally we show UGC05721, a galaxy
with an asymmetric flux profile for which the posteriors are
visibly (although not strongly) in disagreement, and which our
evidence-based metric identifies as preferring inconsistent halo
parameters for the RC and flux profile.

Another galaxy of note for which the rotation-curve and flux-
inferred halo parameters disagree is F568-V1, which exhibits
asymmetric wing features in its spectrum likely arising from dis-
turbed or merging gas (see T. Yasin & H. Desmond 2025). As our
model is not designed to capture such non-equilibrium compo-
nents, the fit effectively ignores them and focuses on the main
symmetric portion of the flux profile, which appears otherwise
normal. Nevertheless, the wings suggest that the gas disc may
be dynamically disturbed and not well described by the model,
potentially biasing the inferred halo parameters. Our asymmetry
statistic indeed identifies F568-V1 as strongly asymmetric, plac-
ing it outside the regime in which we consider flux-inferred halo
parameters to be reliable.
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Figure 3. A plot showing the evidence for inconsistency between the
flux profile and RC (quantified by the Bayes factor Zseparate / Zjoint» defined
in Section 3.2) against the evidence for asymmetry (quantified by the
Zasym/ Zsym statistic, defined in Section 3.5, and truncated to a maximum
of 4.2). The separate model has a different set of halo parameters for the
RC and flux profile, but the joint model has a single set. We reject the
null hypothesis of consistency between the halo parameters inferred from
flux profile and RC if log(Zseparate/ Zjoint) > 0.5, which corresponds to
substantial evidence. All galaxies except one (F565-V2) show consistency
as long as 1og(Zasym/Zsym) < 2.5, which corresponds to overwhelming
evidence for asymmetry. F565-V2 is a galaxy for which there are system-
atics either in the RC or the observed flux profile, as the two are clearly
inconsistent (Section 4.2).

4.3 The information content of the flux profile versus the
RC

We now wish to assess the information profile for the population.
In Fig. 5 we show the KL divergence of the three-dimensional
Mo, ¢, @ posterior from the prior for the RC fit, the fit to the
linewidth W5, and the fit to the full flux profile using the prob-
abilistic model for the H1 surface density, which we find does
not significantly alter the constraints compared to the SPARC
measured Xy;. As expected, the RC has the largest amount of
information. Going from W5, to the full flux profile results in
a shift in mean Dg;, of ~ 1.5, which corresponds to roughly a
three times smaller posterior. This shows that a large amount of
information is contained in the full flux profile relative to the
linewidth, although the tightest constraints on halo parameters
(DxL > 6) are still only available from well-measured RCs. We
attempt to measure correlation coefficients between the Dg;, and
galaxy/measurement properties. Although we find no statisti-
cally significant (p < 0.05) correlations due to the small sample
size, the strongest non-significant correlation is with the signal-
to-noise of the flux profile.

5 DISCUSSION

5.1 Overview

We have presented a Bayesian model to constrain halo properties
using the full shape of the spatially integrated H1 flux profile.
We find, for galaxies without strong asymmetries in their flux
profiles (defined using the objective Bayesian criterion described
in Section 3.5), we are able to obtain constraints on gNFW halo
parameters that are consistent with classic RC fitting. Specifically,
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we find that the full flux profile is able to constrain the flatness of
the RC out to similar radii as RC studies for most galaxies (Fig. 1).
This breaks the degeneracies in the constraints on halo properties
from W5, identified in T. Yasin et al. (2023a), which are especially
prominent in baryon-dominated high mass spiral galaxies.

Initially, we used the resolved H 1 surface density measured by
SPARC in the forward model of the flux profile. However the
overall goal of this project is to provide a method to constrain
dynamics using HI even in regimes where no resolved obser-
vations are available, such as at high redshift or in low angular
size galaxies. Therefore we developed an empirical probabilistic
model for the HT surface density, which generalizes H1 scaling
relationships such as the mass-size relationship, to produce a
full probabilistic model for the distribution of H1 given the mass.
We find that replacing the measured SPARC Xy; for each galaxy
with the probabilistic model in the inference does not lead to
biased constraints and does not degrade the information content
significantly, paving the way for application to data sets without
resolved H I observations. We find the flux profile inference with
probabilistic Xy produces posteriors around three times tighter
than when the linewidth summary statistic W5, is used as the
observable.

The potential of mass modelling using integrated flux profiles
has been only briefly explored in the literature. A. Paranjape
et al. (2021) applied a similar flux profile model to extract halo
parameters for a pair nearby galaxies, using scaling relation-
based models for the stellar and gas distribution and a simple
chi-squared minimization inference. They found halo mass and
concentration parameters that they deemed plausible. We have
conducted a rigorous study using state-of-the-art mass models
and a full Bayesian inference over model parameters, along with a
study of consistency with resolved rotation curves. Furthermore,
we have introduced a probabilistic Xy; model that better captures
the diversity of H1 distributions observed in real galaxies.

5.2 Limitations

We have assessed the accuracy of our integrated model by study-
ing the consistency between the halo parameters inferred from
RCs and flux profiles of a small sample of galaxies for which both
measurements are available. The validity of our assessment there-
fore relies on both types of data being accurate. HI astronomy
is notoriously challenging, and it is possible that systematics are
present in one or both data sets.

We obtained RCs from the SPARC data base, the current state-
of-the-art compilation of H1 RCs and mass models. However, it
is still a compilation of inhomogeneously measured and analysed
RCs from the literature. With future large surveys obtaining large
homogenous samples of RCs (N. Deg et al. 2022; N. Maddox
et al. 2021), it is likely that future data sets will be both larger
and more reliable. We utilized flux profiles from the ALFALFA
survey. The main limitation here is that the SPARC galaxies are
nearby and have large angular size on the sky compared to the
majority of the ALFALFA sample. As reconstructing the entire
flux profile from galaxies with larger angular size was found to be
inaccurate using the standard ALFALFA pipeline, we used data
from the ALFALFA reanalysis pipeline of G. L. Hoffman et al.
(2019), that was designed to best reconstruct the flux profile for
extended galaxies. However, G. L. Hoffman et al. acknowledge
that the upgraded pipeline is likely still not able to reconstruct
flux perfectly.
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Figure 4. The posteriors on halo properties for three example galaxies (from top) 1C4202, UGC00634 and UGC05721 for the inference constrained by
the RC (orange) and flux profile with probabilistic £y model (blue). The contours enclose 68.3 per cent and 95.5 per cent of the probability mass. For
1C4202 the flux profile provides interesting constraints on the three-parameter space, but is not informative enough to break the degeneracies between
total mass and shape parameters, unlike the RC. For UGC00634 the constraining power on halo properties is comparable between the flux profile and
the full RC. For UGC05721, an example asymmetric galaxy for which the model cannot fit the flux profile well, the constraining power is comparable
but the two posteriors are in disagreement, with the flux profile constraints likely biased.
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Figure 5. A plot showing the distribution of KL divergences Dk, of the
posterior of halo properties from the prior when constrained using the
RC, the integrated flux profile (with probabilistic ¥y; model, described
in Section 3.3) and the W5 linewidth summary statistic. The ticks on
the x-axis show the separate galaxies in the sample, while the curves
are the KDE-smoothed probability distributions. Only galaxies matching
our non-asymmetry criterion are included, which guarantees the RC and
flux profile are consistent. On average the mean Dy, increases by about
1.5 from the linewidth to flux profile, corresponding to about a three
times tighter posterior. However, the tightest constraints are still only
obtainable from the RC.

In the future it would be optimal to use galaxies with well-
measured RCs using next-generation interferometers that will
be able to measure RCs at cosmological distances. Pan et al.
(in preparation) test the flux profiles obtained from MIGHTEE
against FAST, finding on average that FAST galaxies have 7 +
2 per cent higher HI mass. This suggests pipelines for current
and future instruments are also better at reconstructing the flux
profile even when the galaxy is larger than the beam size.

In the future, repeating this experiment with larger data sets
will allow a more detailed study of both the consistency of RCs
and flux profiles. For example, it is likely that at fixed profile
asymmetry, different flux profile phenomenology (such as horned
vs. non-horned profiles) will be more or less susceptible to sys-
tematic effects or failure in model assumptions. This could al-
low the construction of more elaborate criteria than a simple
asymmetry cut for deciding which galaxies return consistent con-
straints under axisymmetric modelling of the flux profile.

5.3 Model improvements

An important future direction will be to modify the model to
allow for asymmetry. This could include allowing an inclination
warp, or angular variations in the H I surface density. To construct
parametrized asymmetric models, it will be useful to look at the
2D H 1 surface density distribution in real galaxies, as well as the
distribution of inclinations across the disc. B. Peng et al. (2023)
constructed a simple physical model for asymmetric linewidths
by assuming the projected surface density varied with constant
angular gradient across the sky. In the context of our approach,
an asymmetric model for the intrinsic H 1 distribution would have
to be developed, with its parametrization and orientation con-
strained as part of the inference. The kinematic model of B. Peng
etal. (2023) is relatively simple, assuming the RC is deconstructed
into a rising part giving a Gaussian profile, and a flat part giving
the double-horned shape. In our model we allow the detailed RC
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shapes obtained by varying the distribution of baryons and dark
matter.

It should also be possible to use optical data on the 2D distri-
bution of stars/gas to inform the distribution of HI in galaxies.
This would be similar to the method of D. Scholte & A. Saintonge
(2023), who use optical emission lines and photoionization mod-
els to reconstruct the cold gas surface density.

5.4 Application

The framework we have developed here can now be applied to
samples of galaxies for which only spatially unresolved HI ob-
servations are available. A particularly important use case will
be extending the redshift range in which halo properties can
be constrained with HI1. The FAST Ultra-Deep Survey recently
measured flux profiles of six galaxies at z > 0.38 (H. Xi et al.
2024). Although typical galaxies at cosmological distances will
have lower flux profile SNR than many of the galaxies we have
studied, future surveys such as MIGHTEE (N. Maddox et al. 2021;
A. A. Ponomareva et al. 2021) will dramatically improve sensi-
tivity and bring better control of systematic noise. Programmes
are also underway to further extend the maximum distance H1
is detected to using gravitationally lensed sources (R. Deane, D.
Obreschkow & 1. Heywood 2016; T. Blecher et al. 2024).

Due to the lack of sensitivity to the flux profile for the inner
parts of the RC, we found the constraints on the halo shape
parameters « and c are weak, and sometimes biased in galaxies
with asymmetric profiles. A powerful use of our method would
be to combine integrated H I with optical IFU data from surveys,
such as MaNGA (K. Bundy et al. 2015) and WEAVE (S. Jin et al.
2024), that can provide constraints on the inner part of the RC.
Furthermore, the stellar kinematics can also provide a constraint
on the galaxy inclination, another property that is typically mea-
sured from resolved HTI in current analyses. This is the subject
of an upcoming study. Alternatively, high-resolution data from
instruments such as Euclid (A. Troja et al. 2023) can be used to
constrain the inclination from the optical disc.

Many studies are underway using IFU data to constrain dy-
namics at around redshift 1 (e.g. J. P. Stott et al. 2016), using trac-
ers that are limited to the inner regions of galaxies. Our method
can also be adapted to model the integrated flux profiles of emis-
sion lines from other tracers of rotation, such as molecular gas,
that can be observed at very high redshift using instruments such
as ALMA.

A caveat to applying our method to new data sets is that the
probabilistic Xy; model is derived from SPARC RCs, and it is
possible a different H 1 sample would have somewhat different H1
properties. However scaling relationships such as the HI mass-
size relation have been studied in various samples, suggesting this
should not be a significant problem. Despite the A. R. H. Stevens
et al. model being relatively simple (and not able to capture the
full complexity of the H 1 surface density), our probabilistic model
is successful because the flux profile is relatively insensitive to
the inner regions of the galaxy (see Section 4.1). Given the rela-
tive simplicity of measuring flux profiles compared to RCs (e.g.
F. A. Roper et al. 2023), assessing the consistency of constraints
obtained from well-measured flux profiles with their RC counter-
parts could be a good way to identify potentially unreliable RCs
for particular galaxies of interest. As the two sets of observations
are fully independent, they can also be combined to obtain im-
proved constraints, as done in our joint inference (Section 3.2).
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The methods developed in our mass modelling approach could
also be repurposed for forward modelling of galaxy populations.
Historically forward modelling has been carried out using sum-
mary statistics of scaling relations (e.g. H. Desmond & R. H.
Wechsler 2015). A model with galaxy-by-galaxy predictions for
the full flux profile would likely be highly informative at higher
redshift. While our study has primarily targeted dark matter
haloes, it would also be possible to constrain other dynamical
models such as modified gravity using this method for which
there is interest in redshift evolution (e.g. S. Hossenfelder & T.
Mistele 2018; A. P. Naik et al. 2019; P. Brax et al. 2021; R. G.
Landim et al. 2024).

While we have only applied the inference pipeline to a small
galaxy sample, it is computationally cheap enough to apply to
large samples such as ALFALFA (~30000 galaxies). Each like-
lihood evaluation takes ~ 10~*s, resulting in around one minute
to complete the inference per galaxy.

6 CONCLUSIONS

We introduce and validate a framework to constrain dark matter
halo properties using the full shape of the spatially integrated
H1 flux profile, as an alternative to RCs which are expensive to
obtain and completely inaccessible in some regimes (particularly
high redshift and low mass). Our Bayesian method consists of
a full forward model for the spatially integrated H1 flux profile
from parameters describing the halo and baryonic mass distribu-
tions, via a model circular velocity curve and H1 surface density
distribution. We obtain halo constraints by applying the model
to a sample of 20 galaxies (7.4 < log(M,/My) < 11) with both
ALFALFA integrated flux profiles and SPARC resolved RCs, and
test their relative information content and consistency. We sum-
marize our conclusions as follows:

(i) For galaxies without significant asymmetries in their flux
profiles, the inferred dark matter halo parameters from the flux
profiles are statistically consistent with those obtained from RCs,
as quantified by Bayesian evidence ratios. This validates the use
of integrated flux profiles as a reliable tool for mass modelling in
such cases.

(ii) For strongly asymmetric profiles, the flux profile-inferred
halo parameters are no longer consistent, which we attribute to
the flux profile model assuming axisymmetry of the disc. We
use the asymmetry statistic developed in T. Yasin & H. Desmond
(2025) to quantify the level of asymmetry beyond which the flux
profile-inferred halo parameters are no longer reliable.

(iii) The full flux profile provides significantly more informa-
tion on halo properties than equivalent use of the linewidth sum-
mary statistic (Wsp). On average, using the full profile tightens
the constraints on halo parameters by approximately three times
compared to Wsy. The RC still offers the most detailed informa-
tion (particularly for constraining the inner regions of haloes),
although this is rivalled by the full flux profile in some cases. For
some galaxies however, especially those with lower SNR, there is
strong degeneracy between NFW halo mass, concentration and
inner slope due to the global nature of the flux profile.

(iv) We introduce a probabilistic model for the H 1 surface den-
sity profile, which can be applied to galaxies without resolved
H1 observations. This model does not significantly degrade the
information content of the flux profile or introduce biases into
the inferred halo parameters, making it suitable for application
in various contexts, including high-redshift studies.
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(v) Future work should exploit forthcoming large samples of
homogeneously measured rotation curves and flux profiles from
surveys such as MIGHTEE and Apertif, and eventually SKA, to
characterize the model’s accuracy as a detailed function of galaxy
properties such as gas/stellar mass, inclination, and asymmetry.

The method we develop holds promise for extending dynam-
ical studies of galaxies into regimes that are currently impos-
sible to explore with traditional RC-based approaches due to
limitations in sensitivity and resolution. In particular, as next-
generation facilities such as the SKA come online, our framework
can be applied to constrain the dark matter content of galaxies
across cosmic time and to conduct statistical tests of the faint
end of galaxy formation. We also show that H1 flux profiles
contain significant complementary information to RCs and other
dynamical probes. In upcoming work we explore the potential of
combining flux profiles with IFU stellar kinematics to maximize
leverage on galaxies’ dark matter distributions.
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Figure Al. As Fig. 1, but for the other galaxies not shown there.
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