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A B S T R A C T 

We investigate the relationship between the baryonic angular momentum and mass for a sample 
of 36 isolated disc galaxies with resolved neutral hydrogen (H I) kinematics and infrared 

Wide-field Infrared Survey Explorer photometry drawn from – and representative in terms of 
morphologies, stellar masses, and H I -to-star fraction of – the carefully constructed Analysis of 
the interstellar Medium in Isolated GAlaxies (AMIGA) sample of isolated galaxies. Similarly 

to previous studies performed on non-isolated galaxies, we find that the relation is well 
described by a power law j bar ∝ M 

α
bar . We also find a slope of α = 0.54 ± 0.08 for the AMIGA 

galaxies, in line with previous studies in the literature; ho we ver, we find that the specific angular 
momenta of the AMIGA galaxies are on average higher than those of non-isolated galaxies 
in the literature. This is consistent with theories stipulating that environmental processes 
involving g alaxy–g alaxy interaction are able to impact the angular momentum content of 
galaxies. Ho we ver, no correlation was found between the angular momentum and the degree 
of isolation, suggesting that there may exist a threshold local number density beyond which 

the effects of the environment on the angular momentum become important. 

K ey words: galaxies: e volution – galaxies: fundamental parameters – galaxies: kinematics 
and dynamics – galaxies: spiral – dark matter. 
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.  I N T RO D U C T I O N  

iewed as a basic property of galaxies, the angular momentum holds
n important place in constraining theories of galaxy formation and
volution (Fall 1983 ; Fall & Romanowsky 2013 ). Initial analytical
tudies on the subject proposed that angular momentum is acquired
y the dark matter (DM) halo through tidal torques, during the
roto-galactic formation phase (see e.g. Peebles 1969 ; Fall &
fstathiou 1980 ; White 1984 ). Additionally, since the baryonic
atter in galaxies is thought to experience the same torque, its

ngular momentum is expected to follow the same distribution as
he DM halo (e.g. Mo, Mao & White 1998 ). 

On the other hand, one of the most important aspects of the
ngular momentum in the context of the galaxy evolution study
ies in its relationship with the mass. In the framework of the
old dark matter (CDM) cosmology, the angular momentum of the
M halo (characterized by the global spin parameter) is predicted

o approximately be independent of the mass (e.g. Barnes &
 E-mail: asorgho@iaa.es 
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fstathiou 1987 ), leading to a power-law relation between the DM’s
pecific angular momentum j DM 

(i.e. the angular momentum per
nit mass) and its mass M DM 

: j DM 

∝ M 

α
DM 

, with α ∼ 2/3. This
elation also holds for the baryons within the DM halo, since
hey are expected to follow the DM in the angular momentum
istribution. 

The total budget of a galaxy’s baryonic angular momentum is
ssentially provided by the stellar and gas components making
p the galaxy. The initial observational study of the j –M relation
n the stellar component (Fall 1983 ) found a slope similar to
he theoretical prediction, but also revealed that at given stellar

ass, disc galaxies have higher specific angular momenta than
arly type galaxies. Subsequent and more comprehensive studies
efined these results, demonstrating the dependency of the angular
omentum on galaxy morphological type (Romanowsky & Fall

012 ; F all & Romanowsk y 2013 ). More recently, sev eral studies
ave included the gas component in the e v aluation of angular mo-
entum, providing a more complete estimate of the total baryonic

ontent (e.g. Obreschkow & Glazebrook 2014 ; Obreschkow et al.
016 ; Elson 2017 ; Hardwick et al. 2022 ; Romeo, Agertz & Renaud
023 ). Although the emerging relation of the total baryonic angular
© 2024 The Author(s). 
l Society. This is an Open Access article distributed under the terms of the 
.0/ ), which permits unrestricted reuse, distribution, and reproduction in any 

medium, provided the original work is properly cited. 
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omentum does not largely differ from that of the stellar compo-
ent, the emerging picture suggests that complex mechanisms are 
esponsible for the observed angular momentum content of galaxies. 
 or e xample, the retained angular momentum fraction (i.e. the ratio
etween the baryonic and DM angular momenta) is presumably 
igher for galaxies with higher baryon fraction, suggesting that 
hese galaxies conserve better their angular momentum during their 
ormation phase (e.g. Posti et al. 2018a ; Romeo et al. 2023 ). 

Numerous theoretical studies have also attempted, over the 
ecent years, to provide a complete description of how the angular
omentum of the baryonic component varies o v er a galaxy’s

ifetime. Today, the generally accepted picture is that both internal 
nd external processes (such as star formation, stellar feedback, 
as inflow and outflow, and merging) are capable of affecting the
ngular momentum of galaxies (e.g. Danovich et al. 2015 ; Jiang
t al. 2019 ). This in turn can alter the position of individual galaxies
n the j –M plane. 

While the occurrence and importance of internal mechanisms 
re independent of the environment, the external processes are 
ignificantly impacted by local density in the medium around 
alaxies. In fact, several studies on galaxy formation and evolution 
ave shown that environment plays an important role in shaping 
he physical properties of galaxies (e.g. Dressler 1980 ; Haynes, 
iovanelli & Chincarini 1984 ; Cayatte et al. 1990 ; Goto et al.
003 ). From a morphological point of view, the neutral hydrogen
H I ) content is arguably among the most important parameters in
racing environmental processes, since it constitutes the envelope 
hat is most affected by said processes (see e.g. Chung et al.
007 ) and the reservoir of gas out of which stars are formed (via
olecular gas). Galaxies evolving in dense environments tend to be 
ore H I deficient than their counterparts in low-density regions 

e.g. Giovanelli & Haynes 1985 ; Solanes et al. 2001 ; Verdes-
ontenegro et al. 2001 ; Boselli & Gavazzi 2006 ). On the other

and, galaxies residing in the lowest density environments are less 
xposed environmental processes: Their H I content is higher than 
he average, while their H I distribution is more orderly (Espada
t al. 2011 ; Jones et al. 2018 ). 

Most observational investigations since the original Fall ( 1983 ) 
tudy have focused on either providing a better constraint of the
 –M relation with respect to morphological type and gas fraction, or
econciling measured the retained fraction of angular momentum 

ith the numerical predictions (see abo v e references, but also Posti
t al. 2018b ; Mancera Pi ̃ na et al. 2021a , hereafter MP21 ). Ho we ver,
ittle attention was given to the environmental dependency of the 
ngular momentum distribution (the few available studies include 
urugeshan et al. 2020 , hereafter M20 ); in particular, no existing

tudy provides analysis on galaxies selected in extremely low- 
ensity environments. 
In this work, we investigate the specific angular momentum of 

 subset of the Analysis of the interstellar Medium in Isolated
Alaxies (AMIGA) sample (Verdes-Montenegro et al. 2005 ), the 
ost carefully constructed sample of isolated galaxies available 

o date. The degree of isolation of galaxies in the catalogue was
 v aluated based on two main criteria: the local environment number
ensity ηk and the total force Q e x erted on the galaxies by their
eighbours (Verley et al. 2007b ; Argudo-Fern ́andez et al. 2013 ).
ore isolated than most of their field counterparts, the galaxies 

n AMIGA were found to be almost ‘nurture free’, exhibiting 
xtremely low values for parameters that are usually enhanced 
y interaction (e.g. Lisenfeld et al. 2007 , 2011 ; Espada et al.
011 ; Sabater et al. 2012 ). Therefore, the sample provides, by
efinition, a good reference for e v aluating the j bar −M bar relation
the angular momentum–mass relation for the baryonic component) 
n interaction-free galaxies in the local Universe. The aim of
his investigation is to e v aluate ho w the environment impacts the
ngular momentum of disc galaxies. Indeed, how environmental 
rocesses affect the angular momentum content of a galaxy is
ot straightforward, with the change in j being dependent on the
pecifications of the interactions. Ho we ver, current simulations tend 
o agree that processes such as mergers could potentially redistribute
he stellar angular momentum from the inner regions of galaxies out
o their outer parts (e.g. Navarro et al. 1994 ; Hernquist & Mihos
995 ; Zavala, Okamoto & Frenk 2008 ; Lagos et al. 2017 , 2018 ).
t is therefore possible that galaxy interactions transfer part of
he (stellar and gas) disc angular momentum into the DM halo,
f fecti vely reducing the ‘observable’ angular momentum content. 
o we ver, no observ ational study, to date, has conclusi vely sho wn

vidence of this effect. If these theoretical predictions are correct, 
e then expect isolated galaxies to have retained a larger fraction of

heir initial angular momentum – resulting in these galaxies having 
igher j values. We therefore make use of the AMIGA sample to
nvestig ate this h ypothesis, which is undoubtedly the best existing
ample candidate for the study. 

The paper is organized as follows: In Section 2 , we describe the
MIGA sample, the H I , and mid-infrared data used in the analysis.
ext, we present details on the measurement of the specific angular
omentum in Section 3 . The relation between j and the mass is

hen presented and analysed in Section 4 , with a discussion within
he context of galaxy evolution in Section 5 . Finally, we summarize
nd layout the future prospects in Section 6 . 

.  DATA  

.1 The AMIGA sample of isolated galaxies 

he AMIGA (Verdes-Montenegro et al. 2005 ) galaxies were se-
ected from the 1050 isolated galaxies of the catalogue of isolated
alaxies (CIG, Karachentse v a 1973 ). The original study of Verdes-
ontenegro et al. ( 2005 ) found that the AMIGA sample has

roperties as close as possible to field galaxies, with an optical
uminosity function representative of the lower density parts of 
alaxy environments. The study also performed a completeness 
est and concluded that the sample was o v er 80 per cent complete
or objects with B -band magnitudes brighter than 15.0 and within
00 Mpc. The morphological study of the sample revealed that 
t contains 14 per cent of early-type (E/S0) galaxies, with a vast
ajority of the galaxies (82 per cent) ranging from Sa to Sd Hubble

ypes (Sulentic et al. 2006 ). Several multiwavelength studies have 
ince then refined the AMIGA sample to ensure that it is as ‘nurture-
ree’ as possible, by eliminating galaxies that are suspected to have
ndergone recent interaction. In particular, Verley et al. ( 2007a )
apped the projected neighbours of 950 CIG galaxies with systemic

elocities higher than 1500 km s −1 , down to a B-magnitude limit of
7.5, and within a radius of 0.5 Mpc around each of these galaxies.
he velocity cut ensures that nearby galaxies – i.e. those closer 

han 20 Mpc – are not included in the AMIGA sample since their
ow distance would result in impractically large searching areas for
otential neighbours during the e v aluation of the isolation degree.
n their study, the authors identified only 636 galaxies that appeared
o be isolated. Subsequently, Verley et al. ( 2007b ) estimated the
nfluence of their potential neighbours on the CIG galaxies by 
MNRAS 528, 1630–1654 (2024) 
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Figure 1. The samples’ selection process, from the o v erall CIG sample to 
the angular momentum sample (or j -sample). 
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easuring their local number density ηk 
1 and the tidal strength

 to which they are subject, providing a tool for quantifying
he degree of isolation of the sample galaxies. These isolation
arameters allowed the authors to (i) find that the 950 galaxies
f v > 1500 km s −1 presented a continuous spectrum of isolation,
anging from strictly isolated to mildly interacting galaxies, and to
ii) produce a subsample of the 791 most isolated AMIGA galaxies.
hese isolated galaxies were selected such that ηk < 2.4 and Q <

2. Although the isolation criteria were later revised by Argudo-
ern ́andez et al. ( 2013 ) who further reduced the sample size to
26 galaxies 2 based on photometric and spectroscopic data from
he SDSS (Sloan Digital Sk y Surv e y) Data Release 9, there is
greement that the Verley et al. ( 2007b )’s sample of 791 galaxies
rovides a suitable nurture-free baseline for ef fecti vely quantifying
he effects of galaxy interactions (Leon et al. 2008 ; Sabater et al.
008 ; Lisenfeld et al. 2011 ; Jones et al. 2018 , also see discussion in
ection 4.2 ): We will hereafter refer to this sample as the Verley07b
ample. 

From the initial sample of 950 galaxies, we selected 38 galaxies
or which high-quality H I data are available (see Section 2.2 ).
mong these, 36 galaxies (except CIG 587 and 812) were further
etected in mid-infrared (see Section 2.3 ): Only these galaxies will
e considered in the angular momentum analysis below, and will
e referred to as the angular momentum sample (or j -sample).
rom this sample, 24 meet the isolation criteria of Verley et al.
 2007b ), while the remaining 12 were classified by the authors as
on-isolated. A closer look at the distribution of the j -sample’s
solation parameters reveals that the groups of 24 and 12 galaxies
re rather separated by the tidal force Q (left panel of Fig. 2 ): We will
herefore refer to them as the low- and high- Q samples, respectively,
n the next sections. 

To assess ho w representati ve the j -sample is of the larger AMIGA
ample of isolated galaxies, we further constrain the AMIGA sample
o those galaxies for which we can reliably determine both the stellar
nd H I properties. Among the 791 galaxies in the Verley07b sample,
nly 587 galaxies have both their H I masses and Wide-field Infrared
urvey Explorer ( WISE , Wright et al. 2010 ) infrared photometry
vailable (see Section 2.3 ). We refer to these 587 galaxies as the
erleyWISE sample. The different samples are summarized in the
iagram of Fig. 1 . In Fig. 2 , we compare the distribution of the
solation parameters, distance, and morphologies in both the angular
omentum and VerleyWISE samples. In terms of isolation, the

alaxies in the low- Q sample occupy the same parameter space as
he VerleyWISE sample although their values of the Q parameter
end to be on the upper end of the VerleyWISE sample. Furthermore,
he distances and morphologies of the low- Q sample appear to be
istributed similarly to those of the VerleyWISE sample. On the
ther hand, while the high- Q sample’s morphologies are distributed
oughly similar to those of the VerleyWISE sample, its distance
istribution is skewed towards the lower limit: 7 out of the 12
alaxies in the sample are closer than 40 Mpc, while the median
istances of the other two samples are in the range of ∼60–80 Mpc.
As for the trends of the stellar and H I masses, Fig. 3 shows that

he isolated j -sample follows the distribution of the VerleyWISE
ample. In fact, the H I -to-stellar mass fractions of the galaxies in
oth the low- and high- Q samples are distributed uniformly across
NRAS 528, 1630–1654 (2024) 

 By definition, ηk can only be determined for galaxies having at least two 
eighbours. 
 The authors end up with a smaller sample because not all CIG galaxies are 
n the SDSS footprint. 
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he stellar mass range, residing together with the majority of the
erleyWISE sample galaxies in the parameter space. Moreover,
nlike the distance parameter, the H I mass fractions of the high-
 sample present no discrepancy with those of the low- Q sample,

lthough the high- Q galaxies tend to have higher H I mass fractions
han those in the low- Q sample. 

Compared with existing samples of non-isolated disc galaxies,
he j -sample isolated galaxies are located in the high-stellar mass
nd of the spectrum. This is shown in Fig. 4 where we compare the j -
ample to the medians of other large galaxy samples in the literature:
he H I flux-limited ALF ALF A-SDSS sample of 9153 galaxies
Maddox et al. 2015 ; cyan circles), the HICAT-WISE sample of
158 galaxies (Parkash et al. 2018 ), and the xGASS sample of 1179
alaxies (Catinella et al. 2018 ). We also include in the figure two
 I -selected, relatively smaller samples of resolved galaxies from
20 (114 galaxies) and MP21 (157 galaxies), which we describe
ore e xtensiv ely in Section 4 . The higher masses of the j -sample

alaxies is caused by the velocity cut (threshold systemic velocity
f 1500 km s −1 ) imposed to isolated galaxies during the selection
rocess, which systematically excludes low-mass galaxies. 

.2 H I data 

he measurement of the specific angular momentum requires good
inematic information of the candidate galaxies, i.e. reasonable
patial and spectral resolution data. Of the 587 galaxies making
p the AMIGA VerleyWISE sample, we obtained good quality H I

ata for 38 galaxies, compiled from various archival sources mainly
btained with the VLA (Very Large Array), WSRT (Westerbork
ynthesis Radio Telescope) , and GMRT (Giant Metrewave Radio
elescope) telescopes. Particularly, eight galaxies were detected and
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Figure 2. Comparison between the VerleyWISE and angular momentum samples. Left panel: The local number density as a function of the tidal forces 
parameter; the bracketed numbers in the legend indicate the sample sizes. Middle panel: Distribution of the heliocentric distances. Right: Distribution of the 
RC3 (Third Reference Catalog; de Vaucouleurs 1991) morphologies. The histograms of the middle and right panels were normalized per sample , and are 
therefore not indicative of the relative sizes of the individual samples. For reference, the numbers above the first two bars of the middle panel represent the 
counts of the low- Q sample in the corresponding bins. 

Figure 3. H I -to-stellar mass fraction as a function of the stellar mass for 
the AMIGA VerleyWISE ( contours ) and sub-( stars ) samples. 

Figure 4. Comparison of the isolated j -sample’s H I -to-stellar mass fraction 
with existing samples in the literature. 
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etrieved from the First Data Release (DR1) 3 of the Aperture Tile
n Focus (Apertif, Adams et al. 2022 ) survey. 

The resolutions of the H I data for each of the individual
alaxies, as well as their noise levels and references are given in
able 1 . 18 of the 38 galaxies were published in the literature:
e have obtained their reduced H I data cubes [either through

ri v ate communications or through the Westerbork H I Surv e y
f Spiral and Irregular Galaxies (WHISP) data base 4 ], on which
e performed the rotation curve modelling described in the last
aragraph of this section. Additionally, data for 12 galaxies were 
etrieved from the VLA archive (their references are given in 
able 2 ); for these, we proceeded to calibrate and image the data
sing a standard data reduction procedure 5 in Common Astronomy 
oftware Applications (McMullin et al. 2007 ). Furthermore, data 
or 10 galaxies were retrieved from the Apertif Data Release, but
hose of CIG 468 and CIG 571 were discarded because the former
acked sufficient angular resolution and VLA data exist for the 
atter. For each of the remaining eight galaxies, we downloaded 
he spectral line data for the Apertif compound beam whose centre
as closest to the galaxy of interest and which co v ered the correct

requency range, including the corresponding synthesized beam 

ube. The image cubes available in the archive are dirty cubes that
ave been output by the Apercal pipeline (Adebahr et al. 2022 ).
e performed spline fitting on the dirty cubes along the spectral

xis to remo v e an y additional continuum residuals, and conducted
utomated source finding using SOFIA (Westmeier et al. 2021 ) to
dentify and mask emissions from the galaxy of interest. The data
ere then cleaned within the mask down to 0.5 σ using standard
iriad tools (Sault, Teuben & Wright 1995 ), and the clean cubes
ere primary beam corrected using the recommended Gaussian 
rocess regression models released with Apertif DR1 6 (D ́enes et al.
022 ; Kutkin et al. 2022 ). The properties of the H I data for all
alaxies in the j -sample are given in Table 1 , and their moment
aps and position–velocity diagrams in Appendix D . Their physical 

esolutions range from 1.3 to 22.9 kpc, with 32 out of the 38
MNRAS 528, 1630–1654 (2024) 

 Data available through https://vo.astron.nl . 
 https:// www.astro.rug.nl/ ∼whisp/ 
 Adapted from https:// github.com/ AMIGA-IAA/ hcg hi pipeline . 
 https:// www.astron.nl/ telescopes/ wsrt-apertif/ apertif-dr1-documentation/ 
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M

Table 1. Properties of the H I data for galaxies in the AMIGA angular momentum sample. The columns, respectively, list the CIG number, the NED name, 
the telescope used to observe the source, the size of the beam along the major and minor axes, the physical size of the beam along the major axis, the position 
angle of the beam, the velocity width of the cube, the 1 σ noise of the data as well as the corresponding 3 σ column density o v er a 20 km s −1 velocity width, 
and the reference of the data. 

CIG ID Other name Tel. θmaj × θmin θmaj , kpc θPA �v rms 1 σ log (N HI , 3 σ / cm 

−2 ) Ref. 
(arcsec) (kpc) (deg) (km s −1 ) (mJy beam 

−1 ) (dex) 

85 UGC 01547 GMRT 22.6 × 18.8 3.9 24.2 13.4 0.62 20.0 S12 
96 NGC 0864 VLA 16.8 × 15.6 1.7 −30.1 10.4 0.24 19.8 RM18 
102 UGC 01886 WSRT 29.5 × 24.5 9.5 0.0 17.0 0.05 18.6 WHISP a 

103 NGC 0918 VLA 52.9 × 45.5 5.3 8.7 3.3 0.65 19.3 VLA archive 
123 IC 0302 VLA 17.6 × 15.7 6.7 −34.4 10.7 0.23 19.7 VLA archive 
134 UGC 02883 VLA 68.1 × 52.5 22.6 24.6 10.7 0.05 17.9 VLA archive 
147 NGC 1530 WSRT 33.1 × 23.5 5.8 0.0 16.8 0.04 18.6 WHISP a 

159 UGC 03326 WSRT 29.7 × 23.0 8.2 0.0 16.9 0.04 18.6 WHISP a 

188 UGC 03826 GMRT 43.1 × 36.6 5.1 −22.1 3.5 1.10 19.7 CS 
232 NGC 2532 WSRT 32.9 × 19.6 11.0 0.0 4.3 0.08 18.9 WHISP a 

240 UGC 04326 VLA 62.1 × 54.4 19.4 −56.8 10.6 0.51 19.0 VLA archive 
292 NGC 2712 VLA 46.6 × 42.1 5.3 −42.3 3.3 0.75 19.4 P11 
314 NGC 2776 WSRT 28.0 × 27.7 4.6 0.0 4.2 0.09 18.9 WHISP a 

329 NGC 2862 VLA 13.9 × 13.5 3.5 −22.8 21.2 0.17 19.8 SG06 
359 NGC 2960 VLA 65.9 × 60.8 19.6 −12.42 20.6 0.27 18.6 VLA archive 
361 NGC 2955 VLA 16.3 × 13.5 7.2 −87.1 21.6 0.22 19.8 SG06 
421 UGC 05700 VLA 56.3 × 50.0 24.5 44.7 10.8 0.34 18.9 E06 
463 UGC 06162 VLA 45.6 × 42.5 6.3 75.1 10.5 0.33 19.1 E06 
512 UGC 06903 GMRT 17.3 × 13.3 1.7 −49.6 13.9 0.47 20.1 S12 
551 UGC 07941 VLA 47.6 × 43.1 7.2 58.6 10.5 0.29 19.0 E06 
553 NGC 4719 Apertif 25.2 × 12.8 11.2 2.2 8.3 1.14 20.4 Apertif b 

571 NGC 4964 VLA 67.2 × 52.3 10.8 18.1 20.9 0.76 19.2 VLA archive 
581 NGC 5081 Apertif 30.8 × 14.5 12.8 −2.3 8.3 1.14 20.2 Apertif b 

587 UGC 08495 Apertif 25.1 × 17.9 12.3 −3.1 8.3 1.25 20.3 Apertif b , c 

604 NGC 5377 WSRT 33.2 × 28.7 3.7 0.0 8.3 0.02 18.1 WHISP a 

616 UGC 09088 VLA 64.5 × 58.1 25.5 −15.6 10.7 0.37 18.8 VLA archive 
626 NGC 5584 GMRT 30.0 × 30.0 2.6 45.0 3.5 1.66 20.1 P16 
660 UGC 09730 VLA 58.8 × 46.3 8.6 66.6 10.5 0.67 19.2 VLA archive 
676 UGC 09853 Apertif 17.3 × 13.2 6.6 0.0 8.3 1.51 20.6 Apertif b 

736 NGC 6118 VLA 61.5 × 44.6 5.7 −52.6 10.4 0.23 18.8 VLA archive 
744 UGC 10437 VLA 67.2 × 55.7 11.5 74.7 10.5 0.31 18.7 VLA archive 
812 NGC 6389 VLA 53.7 × 46.5 11.0 65.5 10.5 0.28 18.9 E06 c 

983 UGC 12173 Apertif 24.5 × 13.6 7.9 −1.7 8.3 1.08 20.3 Apertif b 

988 UGC 12190 Apertif 29.7 × 13.4 14.2 1.5 8.3 1.32 20.3 Apertif b 

1000 UGC 12260 Apertif 23.5 × 13.5 8.7 −1.6 8.3 1.08 20.4 Apertif b 

1004 NGC 7479 VLA 130.0 × 48.9 20.5 1.7 3.4 0.85 18.9 VLA archive 
1006 UGC 12372 Apertif 25.0 × 14.0 9.1 0.5 8.3 0.76 20.2 Apertif b 

1019 NGC 7664 VLA 56.4 × 47.9 13.1 8.7 3.4 0.68 19.2 VLA archive 

Notes. References: CS: Courtesy of Sengupta; E06: Espada & Espada ( 2006 ); P16: Ponomare v a, Verheijen & Bosma ( 2016 ); P11: Portas et al. ( 2011 ); 
RM18: Ram ́ırez-Moreta et al. ( 2018 ); S12: Sengupta et al. ( 2012 ); SG06: Spekkens & Giovanelli ( 2006 ). 
a Data from the WHISP surv e y (Swaters et al. 2002 ). 
b Data from the Apertif DR1 (Adams et al. 2022 ). 
c Galaxy excluded from the isolated j -sample because of a non-detection in the WISE bands. 
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alaxies having synthesized beam sizes of < 10 kpc. Furthermore,
he column density sensitivities in the data range from 3 × 10 17 

for CIG 134) to ∼1 . 5 × 10 20 cm 

−2 (for CIG 676), estimated o v er
 20 km s −1 linewidth. With the exception of the Apertif galaxies
hose 3 σ detection levels lie in the range of ∼1 −3 . 5 M � pc −2 , the
 I in all galaxies in the sample is mapped to lower column density

evels, reaching up to two orders of magnitude. This ensures that
he full extent of the gas rotating with the discs is traced in most
alaxies. 

The H I masses of a total of 844 AMIGA galaxies were measured
n Jones et al. ( 2018 ) using data from single-dish telescopes (namely
he Green Bank Telescope, the Arecibo, Effelsberg and Nan c ¸ay
elescopes), including 587 galaxies of the Verley07b sample. All
 -sample galaxies, except CIG 571, are comprised in these 587
NRAS 528, 1630–1654 (2024) 
 alaxies. For this g alaxy, we derived the H I mass from the
nterferometric data cube and the optical distance. The downside
f this method is the underestimation of the H I mass since, by
esign, interferometers are poor at reco v ering the total H I flux
f galaxies. The H I masses of the j -sample isolated galaxies
o v er the range of 9 . 27 〈 log ( M H I / M �) 〈 10 . 48, with a median of
.93 ± 0.05. 

From the H I data cubes of the isolated galaxies in the j -sample,
e made use of the 3D BAROLO package (Di Teodoro & Fraternali
015 ) to model their rotation curve. The package takes as input
he H I cube of the galaxy, and performs a three-dimensional (3D)
ilted-ring model fitting to determine the kinematic and geometrical
arameters. An advantage of the 3D (o v er the traditional 2D)
odel-fitting, specifically with the 3D BAROLO package, is the
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Table 2. References of the VLA archive data. 

CIG ID VLA array Project ID Year Project PI 

103 D AE175 2010 L. Verdes-Montenegro 
123 C + D AV276 2004 L. Verdes-Montenegro 
134 D AV276 2004 L. Verdes-Montenegro 
240 D AV276 2004 L. Verdes-Montenegro 
359 D AG645 2003 J. Greene 
571 D AG645 2003 J. Greene 
616 D AV276 2004 L. Verdes-Montenegro 
660 D AV276 2004 L. Verdes-Montenegro 
736 D AV276 2004 L. Verdes-Montenegro 
744 D AV276 2004 L. Verdes-Montenegro 
1004 D AE175 2010 L. Verdes-Montenegro 
1019 D AE175 2010 L. Verdes-Montenegro 
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Table 3. The global results of the 3D BAROLO fitting procedure. The RA 

and Dec. columns represent the kinematic centre positions of the galaxies, 
v sys their systemic velocities, and the last two columns, respecti vely, gi ve 
their average inclinations and position angles. 

CIG ID RA (h:m:s) Dec. (d:m:s) v sys (km s −1 ) Incl. (deg) P. A. (deg) 

85 02:03:21.0 22:02:31.1 2655.5 15.9 151.8 
96 02:15:27.1 06:00:19.9 1537.7 51.4 28.2 
102 02:26:01.8 39:28:19.5 4870.0 34.8 23.0 
103 02:25:50.9 18:29:47.4 1508.3 59.9 327.0 
123 03:12:51.3 04:42:30.0 5872.7 51.6 218.4 
134 03:52:14.1 −01:30:29.0 5182.9 63.3 111.9 
147 04:23:27.5 75:17:58.7 2455.0 48.3 190.3 
159 05:32:09.0 77:17:00.0 4100.0 76.8 240.0 
188 07:24:28.6 61:41:38.0 1744.1 38.3 259.7 
232 08:10:15.1 33:57:16.7 5240.0 36.0 297.7 
240 08:20:35.2 68:36:01.0 4680.0 80.0 157.0 
292 08:59:30.6 44:54:35.0 1870.0 77.2 4.8 
314 09:12:15.1 44:57:09.3 2615.8 39.0 306.7 
329 09:24:55.2 26:46:25.0 4086.0 79.0 292.6 
359 09:40:35.7 03:34:37.0 4899.5 46.4 224.8 
361 09:41:16.8 35:52:58.1 7015.0 63.8 169.5 
421 10:31:15.1 72:07:35.0 6652.0 39.1 18.6 
463 11:06:54.6 51:12:12.1 2212.7 68.8 88.2 
512 11:55:37.1 01:14:14.1 1897.3 32.1 133.0 
551 12:46:00.7 64:34:21.8 2306.8 68.7 8.4 
553 12:50:08.9 33:09:23.2 7056.2 25.6 47.7 
571 13:05:26.1 56:19:29.0 2544.7 56.2 320.1 
581 13:19:08.3 28:30:29.1 6601.2 75.0 99.9 
587 13:29:56.6 50:52:52.1 7618.9 55.7 45.6 
604 13:56:16.2 47:14:14.5 1799.6 65.2 210.9 
616 03:12:50.3 04:42:26.0 5873.6 43.5 222.6 
626 14:22:23.4 −00:23:25.6 1618.4 47.5 150.9 
660 15:03:56.8 77:38:18.0 2136.7 44.6 45.2 
676 15:25:47.1 52:26:43.9 5817.5 75.0 271.3 
736 16:21:48.0 −02:17:03.0 1596.1 70.3 47.7 
744 16:31:07.0 43:20:47.5 2614.8 33.0 349.0 
812 17:32:39.1 16:24:06.0 3130.0 39.9 311.2 
983 22:43:51.8 38:22:40.6 4712.3 62.0 257.2 
988 22:48:06.6 28:17:36.0 7241.1 82.7 354.0 
1000 22:56:32.1 37:44:21.3 5537.6 75.8 30.5 
1004 23:04:57.2 12:19:13.7 2377.9 46.6 211.6 
1006 23:07:01.0 35:46:33.7 5454.9 43.0 30.1 
1019 23:26:40.0 25:04:51.4 3480.4 54.9 87.4 
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inimization of the beam smearing effects that arise when dealing 
ith low-resolution data – as is the case for some galaxies in
ur sample. For the algorithm to work efficiently one needs to
rovide initial guesses for the galaxy parameters; these are the 
inematic centre, the systemic velocity, the line-of-sight inclination, 
nd position angle. For each galaxy in the j -sample, we took the
ptical parameters to be the initial parameters of the galaxy. To
etter impro v e the fitting procedure, we pro vide a 3D mask for
ach of the galaxies to 3D BAROLO . Each mask is constructed
ith the smooth and clip algorithm of SOFIA at 4 σ , such that

t essentially only contains the H I emission of the corresponding
alaxy. The output of 3D BAROLO comprises the H I rotation curve
nd surface density profile of the galaxy, computed from concentric 
nnuli, each characterized by a set of geometrical parameters (such 
s inclination and position angle) and centred on the kinematic 
entre of the galaxy. In Fig. E1 , we show the variation of the
eometric parameters with the radius, as well as the resulting surface 
ensity profiles. The values of the average fit results are given in
able 3 . 

.3 Mid-infrared data 

e use mid-infrared WISE (Wright et al. 2010 ) observations to trace
he stellar components of the AMIGA galaxies. More specifically, 
e refer to the WISE Extended Source Catalogue (WXSC, Jarrett 

t al. 2019 ) to obtain the photometric data of the AMIGA galaxies:
hese include the W 1 (3 . 4 μm) and W 2 (4 . 6 μm) fluxes – sensitive

o stellar populations – of the galaxies, the stellar surface brightness 
rofiles, and the W 1 − W 2 colours. The full source characterization,
ncluding the star-formation sensitive bands at 12 μm ( W 3) and
3 μm ( W 4), are available in Jarrett et al. ( 2023 ). 
The WISE photometries of the AMIGA galaxies were derived 

ollowing the method described in Parkash et al. ( 2018 ), Jarrett
t al. ( 2013 ), and Jarrett et al. ( 2019 ); first, image mosaics were
onstructed from single native WISE frames using a technique 
etailed in Jarrett et al. ( 2012 ), and resampled to a 1 arcsec pixel
cale – relative to the beam. Because of the modest angular size of
he AMIGA galaxies (their optical radii range from 10.8 arcsec to
.6 arcmin), the abo v e pix el scale was appropriate to accommodate
heir angular sizes and no extra processing step was needed as is the
ase for some large nearby objects processed in Jarrett et al. ( 2019 ).

Of the 791 galaxies in the Verley07b sample, infrared photome- 
ries of 632 galaxies were successfully and reliably extracted from 

he WXSC. Ho we ver, only 587 of those also happen to have H I

asses available. For each of those, the total flux was measured in
ach of the four WISE bands – including the W 3 (12 μm) and W 4
23 μm) bands. The W 1 and W 2 total fluxes were estimated using a
echnique developed for the Two Micron All-Sky Survey (2MASS, 
arrett et al. 2000 ), which consists of fitting a double S ́ersic profile
o the axisymmetric radial flux distribution. This way, both the 
tar-forming disc and bulge components are each represented by a 
ingle S ́ersic profile. Owing to the lo wer sensiti vity of the longer
avelength bands W 3 and W 4, the total fluxes of part of the sample
alaxies in these bands are obtained through extrapolation of their 
xtent to three disc scale lengths after fitting their light profiles with
he double S ́ersic function. Ho we ver, since these longer wavelength
uxes are not used in this work, it is not rele v ant to discuss their
easurements here. For a full description and discussion of their 

eri v ation, we refer the reader to Jarrett et al. ( 2019 ). 
Besides the total flux, the global stellar mass was also estimated

or each of the WISE detections. This was done by estimating the
ass-to-light ratio M / L W 1 in the W 1 band from the W 1 − W 2

olour , and con verting the W 1 flux density to the luminosity L W 1 .
s specified in Jarrett et al. ( 2019 ), this is based on the assumption

hat the observed W 1 light is emitted by the galaxy’s sole stellar
MNRAS 528, 1630–1654 (2024) 
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Figure 5. Angular momentum and morphologies of the galaxies in the 
isolated j -sample (including CIG 587 and 812). Top panel: Morphological 
distribution of the sample. Bottom panel: The specific angular momentum 

as a function of the morphological type, for the atomic gas and stellar discs. 
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opulation, and that the post-asymptotic giant branch’s populations
re not significantly contributing to the near-infrared brightness. To
 v aluate M / L W 1 , we make use of the new GAMA colour-to-mass
alibration method in Jarrett et al. ( 2023 ). The average M / L W 1 found
herein is 0.35 ± 0.05, about 30 per cent lower than the mass-to-
ight ratio value of 0.5 (in the 3 . 6 μm band) adopted in MP21 for
isc-dominated galaxies. As for M20 , the authors estimated their
tellar masses from K s magnitudes based on the calibration from
en et al. ( 2013 ). 
Additionally to these parameters, we have also measured the W 1

nd W 2 light profiles – the surface brightness at different radii – of
 subset of 449 galaxies, including the 36 isolated galaxies in the
 -sample (except CIG 587 and 812). These light profiles, presented
n Fig. E1 , provide information on the distribution of the stellar
ensity as a function of the radius, necessary for measuring the
tellar specific angular momentum (see Section 3 below). 

.  T H E  SPECIFIC  A N G U L A R  M O M E N T U M  

he specific angular momentum of a disc galaxy is defined as j ≡
 / M , where J is the orbital angular momentum of the galaxy and
 its total mass. More explicitly, the specific angular momentum

arried by a galaxy’s component i of radius R can be written as 

 i ( < R) = 

∫ R 
0 r 2 � i ( r ) v i ( r ) d r ∫ R 

0 r � i ( r) d r 
, (1) 

here � i ( r ) and v i ( r ) are, respectively, the surface density and
elocity of the component i at radius r . The errors associated with j i 
re estimated following Posti et al. ( 2018b ) and approximating the
isc scale length R d to ∼30 per cent the radius at the 25th magnitude
 25 (e.g. Korsaga et al. 2018 find R d ∼ 0.35 R 25 ): 

j i = 0 . 3 R 25 

√ √ √ √ 

1 

N 

N ∑ 

n 

δ2 
v n 

+ 

(
V flat 

tan (incl . ) 
δincl . 

)2 

+ 

(
V flat 

δD 

D 

)2 

, 

(2) 

here the distance D , inclination incl. , and radius R 25 are taken from
isenfeld et al. ( 2011 ), and the flat velocity V flat e v aluated from

he rotation curve (see Section 5.1 ). For all galaxies, we assume
 ∼20 per cent uncertainty on the distance (for reference, Posti
t al. 2018b find the distance errors of the Spitzer Photometry and
ccurate Rotation Curves (SPARC) galaxies to fluctuate between
0 −30 per cent ); furthermore, the error associated to the inclination
s taken to be the difference between the inclinations of the H I and
tellar discs. Finally, the error δv n associated to the rotation velocity
s estimated at each point n of the rotation curve, and N represents
he number of radii at which j i is e v aluated. We note that, since
quation ( 2 ) uses the optical disc scale length for both the stellar
nd gas components, and given that the H I usually extends further
han the stars in disc galaxies (e.g. Broeils & Rhee 1997 ), δj gas 

ould somewhat be underestimated. As such, it must be regarded
nly as an indication of the uncertainties on j gas . Furthermore, we
onsider that the baryonic mass of a galaxy is distributed among
ts two major constituents: the stellar and gas components. In the
ollowing, we denote the specific angular momenta of these two
omponents as j � and j gas , respectively. Therefore, the total baryonic
ngular momentum can be expressed as 

 bar = f gas j gas + (1 − f gas ) j � (3) 

here f gas = M gas /( M gas + M � ) denotes the galaxy’s gas fraction. 
NRAS 528, 1630–1654 (2024) 
The gas surface densities in equation ( 1 ) are obtained by applying
 factor of 1.35 to the H I surface densities (i.e. � gas = 1 . 35 � H I )
o account for the helium. We ignore the molecular component
f the gas since no CO observations could be found for the
alaxies. Also, the contribution of the molecular gas to the baryonic
ngular momentum is expected to be negligible based on previous
tudies (see e.g. Mancera Pi ̃ na et al. 2021b , in their appendix). We
ompute j gas by simply substituting the H I rotation velocities and
he gas surface densities in equation ( 1 ). Because of the difficulty
ssociated with correctly determining the velocities of the stars,
e approximate these to the gas velocities – i.e. v � ( r ) ≡ v gas ( r )
and therefore determine j � using equation ( 1 ) with the stellar

urface densities derived from the WISE 3 . 4 μm band photometry
see Sorgho et al. 2019 for how the 3 . 4 μm photometry is used
o trace the kinematics of the stellar disc). This approximation
olds for massive disc galaxies whose stellar components exhibit
egular rotational motions, unlike dwarf galaxies in which random,
on-circular motions are significant. On the other hand, since the
MIGA galaxies were selected to have velocities greater than
500 km s −1 , very fe w lo w-mass galaxies were included in the
ample. Specifically for the j -sample, Fig. 4 shows that all 36
alaxies have stellar masses higher than 10 9 M �, which makes
he approximation suited for this study. 

.1 The specific angular momentum of the atomic and stellar 
iscs 

athematically, the specific angular momentum is a combined
easure of how large a galaxy is and how fast it rotates. Therefore,

arge and fast-rotating galaxies are expected to possess a higher
pecific angular momentum than small, slow-rotating galaxies. On
he other hand, early-type spirals are known to be larger and have
igher circular velocities than their late-type counterparts, which in
urn rotate faster than irregular galaxies. 

The isolated j -sample is constituted of 36 galaxies of mostly
ate morphological types (Sa to Irr), dominated by Sb and Sc

orphologies (see top panel of Fig. 5 ). For each of the atomic
as and stellar components of the galaxies in the sample, we
how in the bottom panel of the figure the median specific angular
omentum plotted as a function of the morphological type T. The
 morphologies are referenced from the RC3 scale (de Vaucouleurs
t al. 1991 ), where T values increase from early- to late-type
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Figure 6. Same as Fig. 5 , but as a function of the optical radius. 
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7 Since the isolation parameters ηk and Q were not determined for the galaxies 
making up these samples, we only consider them non-isolated in a statistical 
sense: The samples may include a few isolated galaxies, but the majority are 
not more isolated than field galaxies. 
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orphologies, such that T = 0 corresponds to an S0a type and
 = 10 indicates an Irr galaxy. As expected, the angular momentum

s highest for early-type spirals and decreases towards the late-types, 
ntil about T ≈ 6 −7. The mean j values at the later morphological
ypes (T = 8 and 10) increase, but since they only contain one galaxy
ach, it is not clear what the actual trend is at these morphologies.
 reverse correlation is seen when the specific angular momentum 

s plotted against the optical radius ( B -band isophotal radius at the
5th magnitude taken from Fern ́andez Lorenzo et al. 2012 ), as seen
n Fig. 6 . As expected, j gas is systematically higher than j � ; this
s because, on average, the gas is distributed at larger radii than
he stars (e.g. Broeils & Rhee 1997 ; Swaters et al. 2002 ), and is
herefore expected to carry more angular momentum. 

.  T H E  SPECIFIC  A N G U L A R  

O M E N T U M – M A S S  RELATION  

he current galaxy formation paradigm predicts that both the DM 

alo and baryonic disc acquire their angular momentum through 
ravitational torques, during the proto-galaxy formation phase (e.g. 
eebles 1969 ; White 1984 ). The resulting disc, formed via the
ollapse and condensation of cold gas within the potential wells of
he parent halo, ends up with the same specific angular momentum
s the halo (e.g. Fall & Efstathiou 1980 ; Mo et al. 1998 , although the
atter predicts the possibility that a fraction of the initial mass and
ngular momentum will not settle into the disc). As a result, it should
e expected that the baryonic j behaves as j bar ∝ M 

2 / 3 
bar , similarly

o the DM halo. Ho we ver, current observ ations are not consistent
ith this prediction. As pointed by some studies, not all the baryons

arrying angular momentum may condense into the galaxy disc, 
 xplaining the discrepanc y with the e xpectation (e.g. Kassin et al.
012 ). Furthermore, with numerical simulations becoming more 
vailable, it has become evident that more mechanisms are at play
n the angular momentum acquisition and conservation of discs 
hroughout their lifetime; e.g. the different interactions that galaxies 
ndergo with their environment, such as mergers, are capable of 
ffecting their total baryonic angular momentum (e.g. Danovich 
t al. 2015 ; Lagos et al. 2017 ; Jiang et al. 2019 ). In this section,
e investigate the Fall relation ( j bar versus M bar ) for the isolated
alaxies in the j -sample and perform a comparison with the samples
f non-isolated galaxies. 
.1 The comparison samples 

o investigate whether the angular momentum of isolated galaxies 
ehave in a particular way, in the context of galaxy evolution,
e compare the AMIGA galaxies with samples of non-isolated 
alaxies 7 found in the literature: the large two samples M20 (114
alaxies) and MP21 (157 galaxies) mentioned abo v e, and three
oderately small samples from Butler, Obreschkow & Oh ( 2017 ,

4 galaxies), Kurapati et al. ( 2018 , 11 galaxies), and Kurapati,
hengalur & Verheijen ( 2021 , 16 galaxies). The specific angular
omentum as well as mass values are taken from the corresponding

tudies, which use somewhat similar methods to determine the 
as kinematics. M20 , MP21 , and K urapati et al. ( 2018 ) deriv e
heir rotation curves similarly to the method used in this work,
ith the difference that Kurapati et al. ( 2018 ) use the Fully
utomated TiRiFiC (Kamphuis et al. 2015 ) package instead of 3D

AROLO . Additionally, MP21 add an asymmetric drift term to their
otational velocities to correct for the non-circular motions typically 
rominent in low-mass galaxies. Butler et al. ( 2017 ) and Kurapati
t al. ( 2021 , who use rotation curves from Verheijen 2001 ) build
heir rotation curves by fitting a tilted-ring model on to concentric
llipses taken along the spatial extent of the H I discs, with the
ssumption that the rotation curve has a parametric functional 
orm. 

The 114 galaxies in M20 were selected from the WHISP (Swaters
t al. 2002 ), such that their H I radius spans at least five resolution el-
ments in the 30 arcsec resolution data, and their inclination between
0 ◦ and 80 ◦. The sample contains a mix of low-, intermediate-, and
igh-mass galaxies, with H I and stellar masses spanning about three
nd five orders of magnitude, respectively (7 . 8 < log ( M H I / M �) <
0 . 5 and 6.7 < log ( M star /M �) < 11.5). The stellar component of
ach of the individual galaxies was traced using 2MASS (Skrutskie
t al. 2006 ) K s -band photometries (see M20 ). Similarly, the MP21
ample was constructed by compiling 157 galaxies from six main 
ources: 90 spirals from the SPARC catalogue (Lelli, McGaugh & 

chombert 2016a ), 30 from a sample of spirals by Ponomare v a
t al. ( 2016 ), 16 dwarfs from the Local Irregulars That Trace
uminosity Extremes, The H I Nearby Galaxy Surv e y (LITTLE-
HINGS) sample (Hunter et al. 2012 ), 14 dwarfs from the Local
olume H I Surv e y sample (Koribalski et al. 2018 ), four dwarfs from

he Very Large Array-ACS Nearby Galaxy Surv e y Treasury sample
Ott et al. 2012 ), and finally three dwarfs from the WHISP sample.
o derive the properties of the galaxies’ stellar components, the 
uthors made use of either the Spitzer 3 . 6 μm or the H -band 1 . 65 μm
hotometry. 
Of the abo v e two comparison samples, one (CIG 626) and five

CIG 102, 147, 232, 314, and 604) galaxies, respectively, from
he MP21 and M20 samples are included in the j -sample. In fact,
7 galaxies in each of these two samples are catalogued in the
nitial CIG sample of isolated galaxies (Karachentse v a 1973 ), but
ere discarded from the sample of 950 ‘high-velocity’ galaxies 
iscussed in Section 2.1 because their systemic velocities are v <
500 km s −1 . These six galaxies will be discarded from the two
amples in the analysis follows. Furthermore, five of the remaining 
56 galaxies of MP21 did not have available j � values, these were
herefore remo v ed from the sample. The final sizes of the samples
re thus 151 and 109 galaxies, respectively, for MP21 and M20 . 
MNRAS 528, 1630–1654 (2024) 



1638 A. Sorgho et al. 

M

 

a  

s  

w  

g  

o  

p  

f  

b  

l
 

(  

s  

2  

m  

e  

s  

a  

s  

(  

j

4

I  

A  

s  

t  

(  

i  

o  

i  

8  

p  

m  

i  

t  

f

w  

s  

i  

C  

F  

p  

i  

w  

4  

c  

a  

a  

p  

f  

t  

i  

d  

p

8

 

j  

∼  

i  

a  

A  

(  

t
v

 

r  

b  

a  

M  

o  

w  

fi  

M  

O  

w
 

T  

s  

t  

fi
 

t  

w  

i  

f  

t  

p  

s  

t  

(  

m  

F  

g  

o  

p  

m  

t  

s  

n

4

C  

d  

w  

t  

o  

r  

r  

p  

r  

0  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/1630/7505771 by C
halm

ers U
niversity of Technology / The M

ain Library user on 16 February 2024
Unlike the previous two samples, the last three have sizes
bout an order of magnitude smaller. The Kurapati et al. ( 2021 )
ample, containing 16 normal , regularly rotating spiral galaxies,
as originally drawn from Verheijen & Sancisi ( 2001 )’s sample of
alaxies in the Ursa Major region. The stellar component of each
f the galaxies in the sample was derived using K -band luminosity
rofiles. The baryonic masses of the galaxies in the sample range
rom 9.25 < log ( M bar /M �) < 11, with only UGC 7089 having a
aryonic mass lower than 10 9 . 6 M � (corresponding to the j -sample’s
ower limit, see Section 4.3 ). 

On the other hand, the Kurapati et al. ( 2018 ) and Butler et al.
 2017 ) samples are essentially made of dwarf galaxies, respectively,
elected from the nearby Lynx-Cancer void (Pustilnik & Tepliakova
011 ) and the LITTLE-THINGS sample. Kurapati et al. ( 2018 )
ade use of SDSS (Ahn et al. 2012 ) and PanSTARRS (Flewelling

t al. 2020 ) g -band luminosities and g − i colours to trace the
tellar components of the galaxies, while those of the Butler et
l. ( 2017 ) sample were obtained from Spitzer 3 . 6 μm images. It
hould be noted that none of Butler et al. ( 2017 ), Kurapati et al.
 2018 ), or Kurapati et al. ( 2021 ) samples include galaxies from the
 -sample. 

.2 The fall relation: isolated versus non-isolated galaxies 

n Fig. 7 , we present the total baryonic angular momentum j bar of the
MIGA galaxies, along with a comparison with the non-isolated

amples mentioned abo v e: the larger M20 and MP21 samples, and
he three smaller samples from Butler et al. ( 2017 ), Kurapati et al.
 2018 ), and Kurapati et al. ( 2021 ). The Butler et al. ( 2017 ) sample
ncludes the galaxy UGC 8508, which the authors found to be an
utlier in the mass–j relation because of its abnormally high j bar for
ts modest baryonic mass. Therefore, we accordingly remo v e UGC
508 from the angular momentum analyses that follow. The left
anel of the figure shows that the galaxies in the AMIGA angular
omentum sample have j bar values that are similar to those of non-

solated galaxies, with the noticeable difference that they occupy
he upper end of the parameter space. A linear regression of the
orm 

log ( j bar / kpc km s −1 ) = α
[
log ( M bar / M �) − 10 

] + c (4) 

as fit to the angular momentum sample and to the two largest
amples of non-isolated galaxies using Bayesian inference, specif-
cally a PYTHON implementation of the Monte Carlo Markov
hain in the open-source PYMC3 8 package (Salvatier , W iecki &
onnesbeck 2016 ). The fitting procedure consists of assuming
riors for three parameters: the slope α, the intercept c , and the
ntrinsic scatter σ . For the slope and intercept, a Gaussian prior
ith a mean of, respectively, 1 and 2 and a standard deviation of
 was used, while for the scatter we chose an exponential prior of
oefficient 1. Next, instead of a Gaussian distribution, we adopt
 Student’s t -distribution (with a degree of freedom ν for which
 half-normal distribution of standard deviation 5 was chosen as
rior, see Appendix A ) to explore the likelihood. Because of its
atter tails, the t -distribution has the added advantage of minimizing
he influence of the outliers. Given the modest size of the samples
n this study, especially the AMIGA j -sample of 36 galaxies, this
istribution pro v ed to be more ef fecti ve at constraining the free
arameters. 
NRAS 528, 1630–1654 (2024) 
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We obtain a best-fitting slope of 0.54 ± 0.08 for the isolated
 -sample, about 20 per cent lower than the theoretical slope of

2/3 predicted in hierarchical models for DM (we discuss this
n Section 5.2 ). Since we have altered the MP21 and M20 samples,
nd for consistency, we re-perform linear regression fits on these.
s a reminder to the reader, the main changes in the samples are

i) the removal of galaxies that o v erlap with the j -sample and (ii)
he inclusion of galaxies previously discarded by MP21 , whose j bar 

alues are non-converging. 
The re-derived best-fitting slopes are 0.58 ± 0.02 and 0.53 ± 0.02,

espectively, for the MP21 and M20 samples. For context, the
est-fitting values of the slope obtained in the previous studies
re 0.60 ± 0.02 and 0.55 ± 0.02, respectively, for the original
P21 and M20 samples. As a sanity check, we performed the fit

n these original, non-altered samples and found consistent results
ith the original studies. It should be noted that the authors used a
tting method different than what we adopted here: Both M20 and
P21 performed the fit with the HYPER-FIT package (Robotham &
breschkow 2015 ), a tool designed for fitting linear models to data
ith multi v ariate Gaussian uncertainties. 
The results of the linear regressions are summarized in Table 4 .

he first two columns of the table sho w, respecti vely, the dif ferent
amples and their sizes, while the last three columns list, respec-
ively, the slope α, intercept c , and intrinsic scatter σ obtained from
tting equation ( 4 ) to each of the samples. 
As mentioned in Section 2.1 , the isolation criteria adopted in

his analysis are those defined in Verley et al. ( 2007b ), which
ere applied on a larger galaxy sample than the study conducted

n Argudo-Fern ́andez et al. ( 2013 ) because of the limited SDSS
ootprint. In fact, Argudo-Fern ́andez et al. ( 2013 ) accounted for
he spectroscopic redshift when e v aluating the galaxies’ isolation
arameters, which is not available for a significant subset of the
ample. This results in a very strict definition of isolation, given
hat the AMIGA galaxies were selected from a previously built CIG
Karachentse v a 1973 ; Verdes-Montenegro et al. 2005 ). A cross-
atch between the j -sample and the sample considered in Argudo-
ern ́andez et al. ( 2013 ) results in only 16 galaxies, of which one
alaxy (CIG 361) does not meet the isolation criteria. For the sake
f a fair comparison, we highlight this stricter sample to the right
anel of Fig. 7 (circled stars and grey dash–dotted line). The slope
easured for these galaxies is lower than that of the j -sample, but

he uncertainty associated with the fit results, as well as the lack of
ystematic offset between the lines of best fit, suggests that they do
ot substantially differ from the j -sample. 

.3 The fall relation: low- versus high-mass galaxies 

ould the narrower mass range of the AMIGA sample induce
iscrepancies into the results of the regressions? To probe this,
e applied a lower cut of log ( M bar /M �) = 9.6 – corresponding to

he lower mass limit of the isolated j -sample – on the baryonic mass
f the M20 and MP21 samples. This resulted in 65 and 70 galaxies,
espectively, for the M20 and MP21 samples (see Table 5 ). A linear
egression fit on these new, high-mass samples is shown in the right
anel of Fig. 7 : While the slope of the M20 sample has almost
emained constant, that of the MP21 sample has decreased from
.58 ± 0.02 to 0.50 ± 0.05. Overall, the best-fitting lines of these
amples remain below that of the j -sample. This is further seen in
he distributions on the marginal plots of the panel, which show
hat the j -sample’s average j bar value is higher than those of the two
on-isolated samples, for similar baryonic mass distributions. 

https://docs.pymc.io/en/v3/index.html


Angular momentum of AMIGA galaxies 1639 

Figure 7. Specific angular momentum as a function of the baryonic mass for the different samples. Left panel: All samples are shown across the total baryonic 
mass range, with the linear regressions for the isolated j -sample and the M20 and MP21 samples shown by dashed lines. The dashed square shows the limits 
of the right panel, and the labeled filled square denotes the outlier galaxy UGC 8508. Right panel: Only galaxies in the M20 and MP21 samples for which 
M bar > 10 9 . 6 M � are considered, and the resulting linear regressions are shown by dashed lines. The circled stars and their dash-dotted line of best fit represent 
the galaxies included in the Argudo-Fern ́andez et al. ( 2013 ) sample (see Section 4.2 ). The typical error bars are shown in each of the panels. 

Table 4. The results of linear regressions to the different samples. 

Sample Size α c σ

AMIGA 36 0.54 ± 0.08 2.96 ± 0.06 0.17 ± 0.03 
M20 109 0.53 ± 0.02 2.84 ± 0.02 0.18 ± 0.01 
MP21 151 0.58 ± 0.02 2.75 ± 0.02 0.20 ± 0.01 
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The change in slope in the MP21 sample is likely due to the
resence of dwarf galaxies in the sample. In fact, Kurapati et al.
 2018 ) found that the angular momentum of dwarf galaxies is higher
han what would be expected from the extrapolation of the M bar –j bar 

elation for more massive galaxies. This suggests that the relation 
s a broken power law having a higher slope at the low-mass end
f the relationship than at the higher mass end. To investigate this,
e derive the slope of the low-mass population of the M20 and
P21 samples, and for the Kurapati et al. ( 2018 ) and Butler et al.

 2017 ) samples of dwarf galaxies: The results of the regressions are
Table 5. The results of linear regressions to the different samples, separated by b
M bar = 10 9 . 6 M �. 

Sample Low baryonic mass 
Size α c σ

AMIGA –
M20 44 0.67 ± 0.07 2.90 ± 0.06 0.21 ± 0
MP21 81 0.69 ± 0.04 2.90 ± 0.06 0.21 ± 0
Kurapati + 18 11 0.83 ± 0.08 3.28 ± 0.12 0.15 ± 0
Butler + 17 13 a 0.68 ± 0.09 3.10 ± 0.14 0.20 ± 0
Kurapati + 21 –

Notes. 
a The initial sample was 14 but the outlier galaxy UGC 8508 was remo v ed from th
b The total size of the sample is 16 but a galaxy with a baryonic mass 10 9 . 25 M �w
utlined in Table 5 . As the table shows, the slopes of the low-mass
opulations are systematically higher than those of the high-mass 
opulations. 
To ensure that this is not an effect of the non-converging galaxies,

e have restricted the analysis to only the converging galaxies 
f MP21 sample for which convergence analysis is available; we 
dentify 105 out of 151 galaxies meeting the convergence criterion 
et by the authors. Of the 46 non-converging galaxies, 80 per cent
i.e. 37 galaxies) are low-mass galaxies according to the mass
riterion set abo v e. We found slopes of α− = 0.67 ± 0.06 and α+ 

=
.55 ± 0.06, respectively, for the low- and high-mass galaxies of
he sample. Although these slopes agree within the error bars, their
onsistency with the results of Table 5 argues in fa v our of the broken
ower-law hypothesis. 
MNRAS 528, 1630–1654 (2024) 

aryonic mass: the transition mass between low- and high-mass galaxies is 

High baryonic mass 
Size α c σ

36 0.54 ± 0.08 2.96 ± 0.06 0.17 ± 0.03 
.02 65 0.54 ± 0.06 2.83 ± 0.03 0.19 ± 0.02 
.02 70 0.50 ± 0.05 2.78 ± 0.03 0.19 ± 0.02 
.04 –
.05 –

15 b 0.32 ± 0.09 2.83 ± 0.05 0.17 ± 0.04 

e fit. 
as remo v ed from the fit. 

rary user on 16 February 2024



1640 A. Sorgho et al. 

M

4

H  

c  

a  

a  

t  

s  

A  

s  

b  

t  

w  

g  

a  

f  

o  

s  

t  

a
 

l  

m  

d  

w  

t  

fi  

w  

t  

j  

T  

b  

w  

l
 

c  

(  

w  

g  

f  

s  

w  

o  

a  

p  

i  

g  

S  

o  

W  

g  

f  

r  

g  

i  

o  

t  

v  

t  

b  

d  

m  

t  

d  

m  

r  

b  

(  

b  

(  

a  

d
 

h  

–  

m  

i  

d
(  

C  

l  

i  

p  

S  

m  

b
v  

p  

o  

i  

t  

t  

m  

2  

1  

e  

v  

o  

b  

a  

t  

m  

g

5

T  

i  

a  

e  

t  

t  

g  

I  

i  

p  

s  

b  

c  

w

9 The non-vertical, perpendicular deviation of a given data point from the 
j -sample line of best fit, measured as the separation between the point and 
the best-fitting line. 
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.4 The fall relation: gas versus stellar discs 

ow is the angular momentum distributed among the galaxies’ main
omponents? In Fig. 8 , we present the specific angular momentum as
 function of the mass, separately for the gas and stellar components
nd colour-coded by their gas fraction f atm 

(fraction of atomic gas to
otal baryonic mass). For comparison, we o v erlay on the figure the
amples of MP21 , Kurapati et al. ( 2018 ), and Kurapati et al. ( 2021 ).
s expected, the galaxies in the AMIGA angular momentum subset

it on the high-mass end with respect to the non-isolated galaxies,
oth in terms of H I and stars. Furthermore, in terms of gas fraction,
wo striking trends appear for all the galaxy samples, consistently
ith results from Mancera Pi ̃ na et al. ( 2021b ): At fixed gas mass,
alaxies with high j gas tend to have a low gas fraction; conversely,
t fixed stellar mass, galaxies with high j � tend to have a high gas
raction. On the other hand, while the j values of the gas component
f the AMIGA galaxies seem to agree with those of the non-isolated
amples, we note that their stellar component presents a different
rend: The j � values of most AMIGA galaxies are among the highest
t a given stellar mass. 

By e v aluating the de viations of the j -sample galaxies from the
ine of best fit, for each of the stellar and gas relations, and setting a
aximum scatter of 2 σ i from each relation (where σ i is the standard

eviation of the scatters around the line of best fit for component i ),
e identify two outliers in each of the panels: CIG 188 and 232 for

he j gas distribution, and CIG 85 and 744 for the j � distribution. We
nd that the two galaxies with abnormally lo w j gas v alues (marked
ith red circles in the figure) present ‘normal’ j � values with respect

o the rest of the samples. Similarly, the galaxies with atypically high
 � values (marked with red diamonds) exhibit ‘normal’ j gas values.
o ensure that these galaxies are not outliers because of technical
iases, we compared their angular resolutions (listed in Table 1 )
ith the rest of the sample and found that they are not particularly

ess resolved than the galaxies in the angular momentum plane. 
Could the outlier galaxies either have an excess in their gas

ontent (for CIG 188 and 232) or a deficit in their stellar mass
for CIG 85 and 744)? To address the first part of the question,
e compare the distribution of the H I and stellar masses of the
alaxies in the j -sample with trends found in Bok et al. ( 2020 ),
or a larger AMIGA sample, and in Parkash et al. ( 2018 ), for a
ample of spirals (Fig. 9 ). The scaling relation of Bok et al. ( 2020 )
as derived by fitting a linear relation to 544 AMIGA galaxies
f high-quality H I profiles, selected from the Verley07b sample
nd whose stellar masses were estimated from mid-infrared WISE
hotometry. As for the Parkash et al. ( 2018 )’s scaling relation,
t was obtained from a sample of 600 optically selected spiral
alaxies of redshift z ≤ 0.01, with a completeness of 99 per cent.
imilarly to Bok et al. ( 2020 )’s sample galaxies, the stellar masses
f the spirals in Parkash et al. ( 2018 ) were also measured from
ISE bands photometry. The figure shows that most j -sample

alaxies sit abo v e both relations although, as expected, an important
raction falls in the region prescribed by the Bok et al. ( 2020 )
elation. We particularly note that CIG 188 presents an average
as mass, while CIG 232 shows a high gas content with respect to
ts stellar mass. Furthermore, an inspection of the rotation curves
f these galaxies in Fig. E2 (and also in Fig. 12 discussed in
he next section) shows that CIG 188 presents very low rotation
elocities, with a maximum as low as ∼40 km s −1 . These suggest
hat the deviation of CIG 232 from the j gas plane could be caused
y an excess in its H I mass, while that of CIG 188 is likely
ue to its slow rotation. Since the H I masses presented here are
easured from single-dish observations (see Jones et al. 2018 ),

his implies that CIG 232 contains a significant amount of low-
NRAS 528, 1630–1654 (2024) 
ensity gas in its outer regions that is not seen in its kinematic
aps. The total mass H I derived from the galaxy’s integrated map

eveals that 33 . 2 per cent of its single-dish flux is not reco v ered
y the interferometric observations, higher than the median of
19 . 0 ± 5 . 1) per cent for the entire j -sample. The missing gas could
e in the form of faint H I envelopes, similar to that around M83
Heald et al. 2016 ); this is all the more possible since these galaxies
re isolated, hence have fewer chances of seeing their envelopes
isrupted. 

Regarding CIG 85 and 744, Fig. 9 shows that these galaxies
ave significantly higher gas masses for their low stellar masses
they are, in fact, among the galaxies with the lowest stellar
asses. This makes them the highest gas fractions ( f atm 

> 0.8)
n the j -sample. Two possibilities arise for these galaxies: Their
eviation from the j � –M � relation is either caused by their low M � 

horizontal deviation), or by their high j � values (vertical deviation).
IG 85 and 744 are, respectively, classified as an irregular and a

ate-type spiral, with CIG 744 hosting an active galactic nucleus
n its centre (Hernandez-Ibarra et al. 2013 ). Furthermore, CIG 85
resents highly disturbed optical and H I morphologies, leading
engupta et al. ( 2012 ) to argue that the galaxy may have undergone
inor mergers in the recent past. A vertical shift could be explained

y the galaxies’ high gas fractions, which confer them high j � 
alues (see e.g. Lutz et al. 2018 ; Mancera Pi ̃ na et al. 2021b ). The
articularly low inclination of CIG 85 ( ∼16 ◦) could also lead to an
 v erestimation of its rotation velocity, pushing the galaxy upwards
n the j plane. On the other hand, one could be tempted to attribute
he horizontal shift to the lower mass-to-light ratio adopted for
hese galaxies’ types (see Section 2.3 ). We note that independent
easurements in the literature quote a maximum stellar mass of
 . 4 × 10 9 M � (from L B photometry Sengupta et al. 2012 ) and
 . 5 × 10 9 M � (from Spectral Energy Distribution fitting; Chang
t al. 2015 ), respectively, for CIG 85 and 744, consistent with the
alues measured in this work. Furthermore, for these galaxies to fall
n the relation at these j � values, their M / L W 1 values would have to
e increased to, respectively, 4.5 and 1.7, which is much higher than
llowed. This therefore discards the second possibility, allowing us
o conclude that these two outliers possess a lot more stellar angular
omentum for their optical size, possibly as a result of their high

as fractions. 

.  DI SCUSSI ON  

he AMIGA sample is, unlike field galaxies, a nurture-free sample
n the sense that it is constituted of galaxies that have not undergone
ny major interaction in the past ∼3 Gyr (Verdes-Montenegro
t al. 2005 ). Therefore, it represents a reference for e v aluating
he effects of the environment on the angular momentum. Under
his consideration, the results of Fig. 7 , showing that the AMIGA
alaxies possess higher j , further support the initial hypothesis:
solated galaxies contain higher angular momentum than their non-
solated counterparts, mainly because the effects of environmental
rocesses on their kinematics are less important. In other words, they
till possess a higher fraction of their initial angular momentum
ecause they have undergone fewer major interactions than their
ounterparts in denser environments. To further demonstrate this,
e present in Fig. 10 , the distribution of the orthogonal deviation 9 
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Figure 8. Specific angular momentum as a function of mass for the gas (left panel) and stellar (right panel) components, colour-coded with the atomic 
gas-to-total mass fraction. The circles denote the galaxies with outlier j gas values, while those with outlier j � values are marked with diamonds. The numbers 
next to these markings correspond to the galaxies’ CIG numbers. The typical error bars are shown at the top-left corner of the panels. 

Figure 9. H I versus stellar mass of AMIGA galaxies. The solid and dashed 
lines show the scaling relations, respectively, for 544 AMIGA galaxies (Bok 
et al. 2020 ) and for a sample of M star -selected spiral galaxies (Parkash et al. 
2018 ). The circles, diamonds and numbers are the same as in Fig. 8 . 
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f j bar from the j -sample’s scaling relation, for all the comparison
amples. Most galaxies in the samples have j bar such that −0 . 5 ≤
j bar ⊥ ≤ 0 . 0, with only a low fraction (24 per cent) of galaxies

aving �j bar ⊥ > 0. The right panel of the figure shows the same
eviation �j bar ⊥ , but plotted as a function of the baryonic mass. As
xpected from Fig. 7 , the deviation is higher for low-mass galaxies
Butler et al. 2017 and Kurapati et al. 2018 samples), with a general
rend of �j bar ⊥ increasing with the baryonic mass from −0.6 dex
o about 0.2 dex. 
Particularly, the median �j bar ⊥ values of the M20 and MP21
alaxies agree within their error bars and are on average negative
hroughout the probed baryonic mass range. This further supports 
he hypothesis that the specific angular momentum of the isolated 
MIGA galaxies is o v erall higher than those of the non-isolated
alaxies. We also show the deviation of the isolated j -sample from
he linear fit, exhibiting a significant scatter around the best-fitting
ine; obviously (and as expected), the deviation is among the largest
or the outlier galaxies. To quantify the amplitude of the deviations,
e present in Table 6 the standard deviation of the distributions
f �j bar ⊥ for each of the samples. The distribution of �j bar ⊥ for
he j -sample has a standard deviation (0.17 dex) larger than those
f the MP21 and Kurapati et al. ( 2018 ) samples, respectively.
o we v er, after remo ving the four outliers from the sample, the

tandard deviation of �j bar ⊥ decreases to 0.14 dex, the lowest of
ll six samples. This further shows that the large scatter in the j -
ample is caused by the four galaxies (11 per cent of the sample)
xhibiting either peculiar rotational velocities or a high gas content. 
o we ver, this lo w scatter remains mathematically consistent with
hat is expected from the removal of the outliers, and is not

ignificantly lower than that of the comparison samples. This is
nconsistent with previous studies conducted on the properties of 
he galaxies in the AMIGA sample, finding that their parameters 
ensitive to environmental processes tend to present more uniform 

alues (Lisenfeld et al. 2007 , 2011 ; Espada et al. 2011 ; Sabater
t al. 2012 ). This suggests that the AMIGA galaxies could present
 larger diversity in their kinematics than previously thought. 

The stellar masses of the j -sample galaxies were derived from
heir W 1 magnitudes, with a mass-to-light ratio of M / L W 1 =
.35 ± 0.05. As noted in Section 2.3 , this is 30 per cent lower
han the values adopted in MP21 , the largest comparison sample
MNRAS 528, 1630–1654 (2024) 
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M

Figure 10. Left panel: Distribution of the specific baryonic angular momentum’s deviation �j bar ⊥ of the different samples from the fit of the isolated j -sample. 
Right panel: �j bar ⊥ as a function of the baryonic mass. For clarity, the M20 and MP21 samples were binned and only the median values and standard deviations 
of the bins are shown. The typical error bars are shown at the bottom-right corner of the panel. The circles, diamonds and numbers are the same as in Fig. 8 . 

Table 6. The mean values and standard deviations in the distributions of 
�j bar ⊥ of the different samples. 

Sample Size μ�j bar ⊥ σ�j bar ⊥ 

AMIGA 36 0.00 0.17 
AMIGA (no outliers) 32 0.00 0.14 
MP21 156 −0.20 0.18 
M20 109 −0.10 0.15 
Kurapati + 2018 11 −0.09 0.19 
Kurapati + 2021 15 −0.18 0.15 
Butler + 2017 13 −0.05 0.17 
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Figure 11. The right panel of Fig. 7 reproduced with M / L W 1 = 0.5 for the 
j -sample galaxies. All symbols are the same as in Fig. 7 . 
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sed in this work. To ensure that the observed higher j bar values
re not solely due to the difference in the M / L values, we perform
 test by adopting the same M / L as in MP21 . In Fig. 11 , we show
he resulting M bar –j bar relation, where only the stellar masses of the
 -sample galaxies were altered. The change in the M / L W 1 value leads
o an average increase of (0.11 ± 0.01) dex in the baryonic masses
f the galaxies, making the new line of best fit shift downward by
0.02 ± 0.03) dex on average. Ho we ver, the pre viously observed
rend remains: j bar is higher for the isolated galaxies than their non-
solated counterparts. 

.1 AMIGA galaxies in the baryonic Tully–Fisher plane 

 simpler way to e v aluate the normality of the rotation of disc
alaxies is through the empirical baryonic Tully–Fisher (BTF)
elation that links a galaxy’s rotation velocity to its baryonic mass.
riginally established between optical luminosity and the velocity
idth (Tully & Fisher 1977 ), the BTF relation was later translated

nto a tight linear relation between the flat part ( V flat ) of a disc
otation curve and its total baryonic mass o v er sev eral mass orders
f magnitude (McGaugh et al. 2000 ; Bell & de Jong 2001 ; Verheijen
001 ; McGaugh & Schombert 2015 ). The BTF relation has widely
een investigated and constrained in the literature, with authors
ften describing the rotation of galaxies by either the H I line width
r V flat (e.g. Noordermeer & Verheijen 2007 ; Trachternach et al.
NRAS 528, 1630–1654 (2024) 
009 ; Gurovich et al. 2010 ; McGaugh 2012 ; Lelli, McGaugh &
chombert 2016b ). 
In order to test whether the galaxies in the j -sample exhibit

ifferent rotation patterns than their non-isolated counterparts, we
nvestigate their positions in the BTF plane. If they possess peculiar
otation v elocities, the y should stand out in the BTF plane. In other
ords, if their observed high j bar values stem from o v erestimated

otation velocities, they should deviate from the BTF relation. 
From the rotation curves of the galaxies, we determine V flat 

sing the algorithm adopted in Lelli et al. ( 2016b ) and described
n Appendix E . All galaxies in the sample reach the flat part of
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Figure 12. BTF relation of the j -sample compared with the fit from 

McGaugh & Schombert ( 2015 ). The two galaxies with non-flat rotation 
curves are marked with red dots. The circles and diamonds and the numbers 
are the same as in Fig. 8 . CIG 329 (marked with a square) is discussed in 
Section 5.1 . 
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heir rotation curv e, e xcept CIG 463 and 571 who seem to be
till rising. Nonetheless, Fig. 12 shows that these two galaxies 
ie within one standard deviation of the BTF relation derived by

cGaugh & Schombert ( 2015 ). It is, ho we ver, worth mention-
ng that an inspection of CIG 571’s Position-Velocity diagram 

Appendix D ) indicates a possible o v erestimation of its rotation
elocities in its outer regions, possibly worth investigating further 
ith deeper data. On the other hand, CIG 329 exhibits peculiar

otation velocities in the external regions, with the outermost part 
f its curve hinting increasing velocities. This is likely caused by
he complex kinematics of the galaxy. In fact, its H I maps and
V diagram reveal a severe warp in both sides of the galaxy’s H I

isc, described by Spekkens & Giovanelli ( 2006 ) as symmetric
nd extreme. Although the best kinematic model for CIG 329’s 
isc was yielded by a constant inclination, we do not discard the
ossibility that, in reality, the observed warps induce variations in 
he inclination of the H I disc. 

As shown in Fig. 12 , the j -sample galaxies do not particularly
a v our high rotation velocities; instead, most sample galaxies are
oughly evenly spread across the BTF relation, occupying both sides 
f the relation. 

.2 Comparison with the CDM model 

he Lambda CDM cosmology predicts that the baryonic specific 
ngular momentum can be written (Obreschkow & Glazebrook 
014 , assuming H 0 = 70 km s −1 Mpc −1 ) 

 bar / (10 3 kpc km s −1 ) = k f [ M bar / (10 10 M �)] 2 / 3 (5) 

here the coefficient k f = 1 . 96 λ f j f 
−2 / 3 
M 

is function of the halo
pin parameter λ, the baryon-to-halo specific angular momentum 

raction f j , and the baryon-to-halo mass fraction f M 

. Obreschkow &
lazebrook ( 2014 ) made different considerations to approximate 

he values of the parameters; namely, the authors adopt λ ≈
.04 ± 0.02 (independent of the halo mass) from N -body simu-
ations (Macci ̀o, Dutton & Van Den Bosch 2008 ), f j ≈ 1.0 ± 0.5
ased on simulations of Milky Way-like galaxies (Stewart et al. 
013 ) and lastly f M 

≈ 0.05. These values constrain the coefficient 
 f to vary between 0.14 and 1.3, allowing visualizing the shape of
 bar –j bar relation as predicted by the model. 
We show in Fig. 13 , a comparison of the AMIGA angular
omentum sample’s M bar –j bar relation with the DM-rescaled model. 
he width of the model is determined by the value of the factor k f 
f equation ( 5 ) which, as noted abo v e, varies between 0.14 and
.3. Most AMIGA galaxies lie within the range predicted by the
odel, with the exception of two galaxies at the lower mass end

CIG 85 and 744), previously found to have higher-than-average 
 � values (see Section 4.4 ). Furthermore, as noted in Section 4.2 ,
he slope of the AMIGA M bar –j bar relation is shallower than the
heoretical prediction of α ∼ 2/3 by about 22 per cent. It is worth

entioning that the model neglects the dependency of f j and f M 

ith the halo mass, and therefore gives a theoretical prediction 
ndependent of the actual baryonic mass. 

.3 On the relation between j and galaxy isolation 

ne of the major results of this work is that the angular momentum
f isolated galaxies, even those of the high- Q sample (Section 2.1 )
onsidered as not strictly isolated, is on average higher than that
f their non-isolated counterparts. This hints that the environment 
ight play an important role in removing the angular momentum of

alaxies through interactions. Ho we ver, a question that remains 
nanswered is whether the position of a galaxy in the angular
omentum space is correlated with its degree of isolation. In other
ords, do more isolated galaxies have lower angular momentum 

han their less isolated counterparts? To investigate this, we separate 
he isolated j -sample into three subgroups: In the first, we consider
he galaxies having less than two neighbours in the Verley et al.
 2007b ) catalogue and, as a consequence, have undetermined ηk 

alues. We identify seven galaxies in this category, including CIG
88, which was previously found to have abnormally low j gas values.
he second and third bins comprise, respecti vely, the lo w- and
igh- Q subsamples defined in Section 2.1 . We colour-code these
ith the said isolation parameters in each of the two panels of
ig. 13 . With the exception of CIG 102 and 626 (labelled with black
mpty squares in the figure), the high- Q sample is by definition
ess isolated than the low- Q sample, with the first bin (of zero or
ne neighbour) containing the most isolated galaxies. These two 
xceptions are classified as less isolated because, although they 
ave less than two neighbours, their tidal force parameter is Q >

2. In Fig. 13 , the distribution of galaxies of the different subgroups
n the parameter space shows no correlation between the angular 
omentum and either of the isolation parameters ηk and Q . This

s translated by the absence of any clear trends observed between
he three subgroups. In particular, the most isolated subgroups (the 
o w- Q and fe w neighbours subgroups) do not appear to have the
ighest angular momentum of the sample, nor do they present a
istinct trend in the parameter space; instead, they are ‘randomly’ 
istributed along the j bar −M bar line of best fit. Moreo v er, for a more
omplete analysis, we consider the more robust, 3D definition of
he isolation parameters in Argudo-Fern ́andez et al. ( 2013 ). In some
ases, the isolation parameters derived by Argudo-Fern ́andez et al. 
 2013 ) significantly differ from those of Verley et al. ( 2007b ) due to
oth the differences in the search for neighbours and the e v aluation
f e x erted force parameter Q . The 16 galaxies in the j -sample whose
solation parameters were e v aluated by the authors are plotted in the
ower panel of the Fig. 13 . Similarly to the top panels, no clear trend
s found in the distribution of the isolation parameters along the j
lane. 
MNRAS 528, 1630–1654 (2024) 
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M

Figure 13. Comparison of isolated j -sample with the DM-rescaled model as a function of the isolation parameters: the local number density ηk (left panel) 
and the total force Q e x erted by the galaxy’s neighbours (right panel). The top panels use the isolation definition of Verley et al. ( 2007a ) to distinguish between 
isolated and non-isolated galaxies, while the bottom panels use that of Argudo-Fern ́andez et al. ( 2013 ) and only include low- Q galaxies. The only non-isolated 
galaxy contained in the Argudo-Fern ́andez et al. ( 2013 )’s sample (CIG 361) is denoted by a circle. The transparent grey area denotes the standard deviation of 
the fit, and the solid-shaded green area the DM-rescaled model, whose width is determined by the k f value (see Section 5.2 ). The typical error bars are shown 
in the bottom of each panel. The circles, diamonds and numbers are the same as in Fig. 8 . 
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These results, combined with the fact that isolated galaxies
ossess a higher angular momentum with respect to their non-
solated counterparts, suggest that there is a threshold density
eyond which the effects of interactions become important in
emoving the angular momentum in galaxies. This implies that
inor interactions between a galaxy and its neighbours will not

onsiderably remo v e its angular momentum, unless the tidal forces
hat it experiences are important enough. Likewise, if the galaxy
esides in a low-density environment, the effects of the said envi-
onment on its angular momentum will not be significant. Ho we ver,
iven the reduced size of the sample used in this work and the
odest robustness of the isolation parameters (see discussion in the

ppendix of Jones et al. 2020 ), further investigation is necessary to
onfirm the existence of such threshold density. New and upcoming
urv e ys with the MeerKAT (Jonas 2016 ) and ASKAP (Australian
quare Kilometre Array Pathfinder) telescopes (e.g. the WALLABY
urv e y; Koribalski et al. 2020 ) will offer the possibility to investigate
his by targeting galaxies in a wide range of environments. 
NRAS 528, 1630–1654 (2024) 

w  

c  
.4 The disc stability of AMIGA galaxies 

he stability of galaxy discs is an important parameter in their
bility to form stars. In fact, both numerical simulations and
bservations argue that unstable galaxy discs are more susceptible to
ost higher star formation rates than their more stable counterparts
e.g. Martin & Kennicutt 2001 ; Dutton & van den Bosch 2012 ;
tevens, Croton & Mutch 2016 ), since star formation is thought to be
rovoked by the collapse of the neutral gas which is converted into
tars via molecular gas. A widely accepted method of quantifying
he stability of the galaxy disc is through the so-called Toomre
riterion (Toomre 1964 ) for an axisymmetric rotating disc, which
redicts that a disc is locally stable only if the pressure gradient at
mall scales is large enough to o v ercome the large-scale centrifugal
orces. For a galaxy disc of neutral atomic gas, the criterion is
ranslated by the Toomre parameter 

 atm 

= 

κ σatm 

πG� atm 

, (6) 

here κ is the local epicyclic frequency, G the gravitational
onstant, and σ atm 

and � atm 

are, respectively, the local radial
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Figure 14. The atomic gas fraction versus the global disc stability param- 
eter. The grey dashed line represents the model from Obreschkow et al. 
( 2016 ), and the shaded region its 40 per cent scatter. The vertical dashed line 
corresponds to q = ( 

√ 

2 e) −1 , which theoretically separates the unstable 
(left panel) and the stable (right panel) discs. The typical error bars are 
shown at the top-left corner of the figure. The red circles and diamonds and 
the numbers are the same as in Fig. 8 . 
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elocity dispersion and local surface density of the atomic gas. 
 stable, poorly star-forming galaxy disc is such that Q atm 

> 1,
hereas Q atm 

< 1 corresponds to a more efficient star-forming, 
nstable disc. Building on this, Obreschkow & Glazebrook ( 2014 )
ntroduced a dimensionless global disc stability parameter, function 
f the specific angular momentum, the velocity dispersion, and the 
ass of the disc: 

 = 

j bar σatm 

GM bar 
. (7) 

ater, Obreschkow et al. ( 2016 ) established that the atomic gas
raction f atm 

varies with the global parameter q , such that f atm 

=
in { 1, 2.5 q 1.12 } . Interestingly, they also found that galaxies from

arious samples and including different morphologies tend to 
ollow the model-based predictions of the f atm 

= f ( q ) relation. We
 v erlay in Fig. 14 the AMIGA galaxies as well as the non-isolated
amples on the Obreschkow et al. ( 2016 )’s model. Based on the
iscussion therein and for consistency in the comparisons, we adopt 
atm 

= 10 km s −1 . We also show in the figure the value q = ( 
√ 

2 e) −1 ,
hich Obreschkow et al. ( 2016 ) worked out to correspond to Q atm 

≈
, i.e. the theoretical value at which galaxy discs turn from unstable
o stable. 

Although the AMIGA galaxies seem to follow the trend of the
heoretical model, it is interesting to note that more than half of them
19 out of 36) have atomic gas fractions higher than what the model
redicts, with f atm 

values beyond the 40 per cent margin allowed by
he model. This is intriguing since it suggests that these galaxies
ave larger reservoirs of H I than their angular momentum allows. In
ther words, their stability parameter q is lower for their gas content,
ocating them on the left-hand side of the stability line where their
aseous discs are predicted to be unstable. Viewed from this angle,
 large fraction of the galaxies in the isolated j -sample (especially
hose at lower q values) can be interpreted as discs susceptible of
ollapsing on short time-scales to form stars (Obreschkow et al. 
016 ). In light of all the assumptions made abo v e, it is likely that
he model is not perfectly suited for the highly isolated galaxies like
hose in the AMIGA sample, although Obreschkow et al. ( 2016 )
ound it to well describe moderately isolated galaxies such as those
f the THINGS and H I P arkes All-Sk y Surv e y (Me yer et al. 2004 )
amples. In either case, the high gas content of the AMIGA galaxies
or such moderate q values forces us to consider the possibility that
any of these galaxies are (or have been) accreting an important

mount of H I in a recent period of their evolutionary phase. This
s further supported by a comparison of their gas fraction with the
ther samples: They exhibit higher f atm 

values compared with all 
ther five samples, consistently with the results of Fig. 4 and those
ound in Jones et al. ( 2018 ). Gi ven the high le vel of isolation of
MIGA galaxies, such accretion would most likely happen through 
as infall from the intergalactic medium, as opposed to accretion 
hrough galaxy mergers. Currently, the best direct method to obtain 
vidence of accretion is through high-sensitivity mapping of these 
alaxies in search for companion H I clouds, extraplanar gas, or
xtended warps (Sancisi & Fraternali 2008 ). High sensitivity H I

ata combined to existing multiwavelength data will allow us to 
urther investigate this in the future. 

The two galaxies discussed in Section 4.4 (CIG 85 and 744) to
ave low stellar masses with respect to their angular momentum 

ppear to be among the few ‘stable’ discs in the isolated j -
ample, located near the region populated by mainly dwarf galaxies. 
o we v er, the y are not the least massive galaxies of the sample,

nd neither are they dwarf. We argue that their location in the
arameter space is simply a direct consequence of their position 
n the j bar −M bar relation: They exhibit a high baryonic angular
omentum for an intermediate baryonic mass. As for the outliers

xhibiting lower j gas (red circles in the figure), they are the most
iscrepant galaxies with respect to the Obreschkow et al. ( 2016 )
odel. As discussed abo v e, these galaxies could be candidates for

alaxies which have recently experienced gas accretion. 

.  SUMMARY  

e have investigated the behaviour of the angular momentum for
solated galaxies through the j –mass relation, using 36 galaxies 
rawn from the AMIGA sample. The aim of this study was to
ighlight the effects of the environment on the amount of bary-
nic angular momentum in galaxies, particularly testing whether 
nteractions can remo v e galaxies’ angular momentum as expected 
rom our current understanding of galaxy evolution. In other words, 
e aimed to investigate whether isolated galaxies retain a higher 

raction of their angular momentum, which would translate to these 
alaxies having higher j values than their non-isolated counterparts. 
he main results of this work are as follows: 

(i) At a fixed baryonic mass, the isolated galaxies of the AMIGA
ample possess a higher specific angular momentum than their non- 
solated counterparts (see Fig. 7 ). This constitutes direct evidence 
f the role of the environment in removing angular momentum 

rom galaxies, predicted by numerical simulations (e.g. Hernquist & 

ihos 1995 ; Lagos et al. 2017 ). In fact, galaxies in the AMIGA
ample have, in theory, not undergone any major g alaxy–g alaxy
nteractions during the last ∼3 Gyr (Verdes-Montenegro et al. 2005 ),
educing their loss of angular momentum with respect to interacting 
alaxies. 

(ii) High baryonic mass galaxies ( � 10 9 M �) are best fitted with a
hallo wer po wer law compared with their lower mass counterparts.
onsequently, lower mass galaxies ( � 10 9 M �) exhibit a steeper
ower law; this change of slope is consistent with the broken
ower-law relation found by previous studies (Butler et al. 2017 ;
urapati et al. 2018 ), where the angular momenta of low-mass
MNRAS 528, 1630–1654 (2024) 
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alaxies deviate from the extension of the j –mass relation of more
assive spirals. 
(iii) For the atomic gas component of all galaxies considered in

his study (isolated and non-isolated), the specific angular momen-
um of gas-rich galaxies decreases with increasing gas fraction, for
 fixed gas mass (Fig. 8 ). The reverse trend is seen for the stellar
omponent, with the specific angular momentum increasing with
he gas fraction at a given stellar mass. This is a consequence of
he j bar −M bar relation: At a fixed gas mass, gas-poor galaxies are

ore massive (in terms of baryons) than their gas-rich counterparts
hereas, at a fixed stellar mass, it is the opposite. 
(iv) Most AMIGA galaxies included in this study agree with the

M-rescaled model in the j bar −M bar plane, although their power-law
lope (0.54 ± 0.08) is ∼30 per cent lower than the predicted slope
Fig. 13 ). Ho we ver, to ef fecti vely test whether isolated galaxies
gree in general with the DM-rescaled model requires not only a
roader range of baryonic mass, but also a tighter constraint on the
idth of the f atm 

= f ( q ) model of Obreschkow et al. ( 2016 ). We also
nd that all strictly isolated galaxies (i.e. galaxies with no identified
eighbour in the optical) lie within the range predicted by the DM-
escaled model. Ho we ver, no clear correlation was found between
he position of the AMIGA galaxies on the j bar −M bar relation and
ither of the ηk and Q isolation parameters. 

(v) Four isolated galaxies were found to exhibit abnormal
mounts of stellar or gaseous angular momentum (Fig. 8 ). The
nalysis of the kinematics and gas content of these galaxies
hows that three possess high gas contents, while the last presents
ignificantly low rotation velocities. 

These results, particularly the discrepancy between the AMIGA
nd non-isolated samples in the j bar −M bar plane (see Fig. 7 ), provide
lear evidence of the role of the local environment in removing
ngular momentum from galaxies, as suggested by previous studies
e.g. Lagos et al. 2017 ). Ho we ver, one limitation of this study is
he lack of investigation of individual environmental processes that

ight affect the total angular momentum of the sample galaxies.
 or e xample, processes such as galactic winds and cold mode
ccretion are predicted to increase angular momentum (e.g. Brook
t al. 2012 ; Danovich et al. 2015 ). Accounting for these individual
rocesses, as well as targeting isolated galaxies of lower baryonic
asses are interesting avenues for future studies. Furthermore, one

onsideration made in this study consisted of approximating the
ircular velocities of the stars to those of the gas. Although this
pproximation is appropriate for the large baryonic masses of the
tudied galaxies, the discrepancy seen in some outliers could be
esolved by independently measuring their stellar velocities from
pectroscopic IFU observations. 
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Figure A1. The posterior distributions of the regression parameters of the 
j bar −M bar relation for the isolated j -sample: The posteriors in the top panel 
were obtained with a Student’s t -distribution while those in the bottom panel 
were derived using a normal distribution. 
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upplementary data are available at MNRAS online. 

able C1. The kinematic properties of the galaxies in the isolated
 -sample. 

igure D1. Integrated H I maps, velocity fields and position–velocity
iagrams of AMIGA galaxies. 
igure E1. Results of the 3D Barolo fit: variations of the galaxies’
eometric parameters and surface density profiles. 
lease note: Oxford University Press is not responsible for the
ontent or functionality of any supporting materials supplied by
he authors. Any queries (other than missing material) should be
irected to the corresponding author for the article. 

PP ENDIX  A :  POSTERIOR  DISTRIBU TION  O F  

H E  FIT  PA R A M E T E R S  

o determine the best-fitting parameters for the j -sample and other
mall-size samples in this study, we have made use of the Student’s
 -distribution of probability density function: 

( y| μ, σ, ν) = 

�( ν+ 1 
2 ) √ 

νπ �( ν2 ) 

1 

σ

[ 

1 + 

(
y−μ

σ

)2 

ν

] − ν+ 1 
2 

, (A1) 

here μ, σ , and ν, respectively, represent the mean, standard
eviation, and degrees of freedom; the Gamma function is written
s 

( x) = 

∫ ∞ 

0 
t x−1 e −t d t = ( x − 1) �( x − 1) . (A2) 

s noted in Shah, Wilson & Ghahramani ( 2014 ), the Student’s
 -distribution is a general, more flexible form of the Gaussian
istribution, with the additional parameter ν. Besides maintaining
he advantages of Gaussian distributions, the Student’s t -distribution
rocesses were shown to provide more robust results when account-
ng for outliers (e.g. Shah et al. 2014 ; Tracey & Wolpert 2018 ). 

In practice, the fitting method is as follows: 

(i) The regression coefficients α and c of equation ( 4 ) were
iven Gaussian priors of standard deviation 4 and centres 1 and
, respectively: i.e. α ∼ N (1 , 4) and c ∼ N (2 , 4); 
(ii) The distribution of the vertical intrinsic scatter σ was mod-

lled by an exponential prior of coefficient 1: σ ∼ Exp(1); 
(iii) We chose a half-normal distribution of standard deviation 5

or the degrees of freedom: ν ∼ H(5). This parameter essentially
ets the extent of the distribution’s tails, with ν = 1 corresponding
o the heaviest tails while ν → ∞ converges to a normal distribu-
ion. By choosing a half-normal distribution, we aim to constrain
ails of the likelihood’s distributions to be heavier than a normal
istribution, hence accounting for the outliers in the data; 
(iv) Next, the likelihood of the log j bar values is explored with a

tudent’s t -distribution as defined in equation ( A1 ), with a mean
∼ α(log M bar − 10) + c , a standard deviation σ , and degree of

reedom ν; 
(v) Finally, 4000 Markov chains are randomly drawn to de-

ermine the posterior, from which the best-fitting values of the
egression parameters are derived. 

It is worth noting that the measurement uncertainties were not
ccounted for in the definition of the likelihood. In principle,
his consideration does not significantly impact the regression;
o we ver, it can potentially cause the vertical intrinsic scatter σ
o be o v erestimated. Fig. A1 shows the posterior distributions of
NRAS 528, 1630–1654 (2024) 
he j -sample regression, for each of the regression parameters:
he slope α = 0.54 ± 0.08, intercept c = (2 . 96 ± 0 . 06) dex, and
egree of freedom ν = 5.8 ± 2.8, along with the vertical intrinsic
catter σ = (0 . 17 ± 0 . 03) de x. All parameters e xhibit unimodal
istributions around their mean values, weighing in favour of the
obustness of the obtained values. 

https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stae006#supplementary-data
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For comparison, we re-performed the regression by modelling 
he likelihood with a normal distribution (instead of a Student’s 
 -distribution): We obtained αN 

= 0 . 52 ± 0 . 09, c N 

= (2 . 96 ±
 . 06) dex, and σN 

= (0 . 20 ± 0 . 03) dex. These values are consistent
ith the abo v e results, although we note that the associated intrinsic

catter is ∼18 per cent larger than the previous. 

PPEN D IX  B:  C O N V E R G E N C E  O F  A N G U L A R  

O M E N T U M  

he analysis conducted in this paper included all galaxies from the j -
ample, with no consideration of the convergence of their baryonic 
ngular momentum as to not discriminate against any particular 
ype of galaxies. In this section, we distinguish between converging 
nd non-converging galaxies following the criteria in Posti et al. 
 2018b ) and consider a galaxy converging when (i) its outermost
 bar v alues dif fer by less than 10 per cent and (ii) the slope of j bar in
he logarithm space is lower than half. That is, a galaxy is deemed
onverging when 

j bar ( < R N ) − j bar ( < R N−1 ) 

j bar ( < R N ) 
< 0 . 1& 

∂ log j bar ( < R) 

∂ log R 

< 

1 

2 
, 

ith R N − 1 and R N the respective last two radii. 
Of the 36 galaxies in the j -sample, only 13 fulfil the abo v e

onvergence criteria. As shown in Fig. B1 , these galaxies do not
ccupy a preferred position in the angular momentum space. They 
pan the same range of baryonic masses as the non-converged 
alaxies and their distribution seems random. In particular, these 
onverged galaxies do not feature among the highest j bar galaxies 
nd their line of best fit is consistent with that of the o v erall j -sample:
bo v e the conv erged galaxies of the MP21 sample. This implies
igure B1. Same as right panel of Fig. 7 , but distinguishing between 
onverging and non-converging galaxies in the j -sample. 

m
ers U

niversity of Technology / The M
ain Library user on 16 February 2024
hat the higher j values observed in this work are independent of the
onvergence criteria. 

PPENDI X  C :  TA BLE  O F  A N G U L A R  

O M E N T U M  VA LUES  
MNRAS 528, 1630–1654 (2024) 
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PPENDI X  D :  M O M E N T  MAPS  

ach row of Fig. D1 contains the moment maps and position–
elocity diagram of a CIG galaxy of the j -sample. The left panel
hows the integrated H I maps as contours o v erlaid on DSS2 r -band
mages. The CIG ID is given in the top-right corner, the lowest
olumn density contour level (taken at 3 σ ) in the top-left corner,
he telescope whose data was used in the bottom-left corner, and a
epresentation of the beam in the bottom-right corner. The scale is
lso shown in the bottom centre of the panel. The contours increment
s 3 σ × 2 n with n = 0, 2, 4, . . . . The middle panel shows the velocity
elds obtained from first moments, with the velocity values given
y the horizontal bar abo v e the panel. Finally, the rotation curve
 circles ) is o v erlaid on the position–velocity diagram in the right
anel. The blue contours represent the data, the red contours the
odel, and the thick grey contours the mask within which the model
as computed. The figure only includes five selected galaxies, the

ull sample is shown in the online Supplementary Material section.

PPENDI X  E:  ROTAT I O N  C U RV E S  

ig. E1 shows the variations of the orientation parameters (the
nclination and position angle) and the optical and H I surface
ensity profiles for the five galaxies included in Fig. D1 . The full
ample is given in the online Supplementary Material section. 

In Fig. E2 , we show the rotation curves of all galaxies in the j -
ample. The horizontal dashed line denotes the average velocity V flat 

long the flat part of the rotation curve. V flat is estimated following
he method prescribed in Lelli et al. ( 2016b ); i.e. starting at the
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nloa
utermost radius N of the rotation curve, we e v aluate the mean
elocity 

¯
 = 

1 

2 
( V N + V N−1 ) . (E1) 
igure D1. Integrated H I maps (left panel), velocity fields (centre panel), and po
sed for each galaxy is given in the bottom-left corner of the left panel. 
s long as the velocity of the next point N − 2 is such that 

V N−2 − V̄ 

V̄ 

≤ ε (E2) 

where ε = 0.1 is the maximum variation allowed in the flat part),
he iteration continues to the next point and so on. When the abo v e
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sition–velocity diagrams (right panel) of AMIGA galaxies. The telescope 
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ondition breaks, we take V flat = V̄ , and estimate its error as 

V flat = 

√ √ √ √ 
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N 

N ∑ 

n 

δ2 
V n 
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(
V flat 

tan (incl . ) 
δincl . 

)2 

+ δ2 
V̄ 
, (E3) 
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Figure E1. Left panel: Variation of the inclination (solid line) and position angle (dashed line) at different radii of the galaxy. Right panel: The resulting H I 

surface density profile ( thin curve ) as well as the WISE W1 surface density profile ( thick bold curve ). 
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Figure E2. Rotation curves of the j -sample galaxies. The dashed horizontal lines represent the V flat , the average flat velocity. 
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Figure E2. ( Continued. ) 
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