
MNRAS 540, 3281–3288 (2025) https://doi.org/10.1093/mnras/staf857 
Advance Access publication 2025 June 4 

Lopsidedness in early-type galaxies: the role of the m = 1 multipole in 

isophote fitting and strong lens modelling 

A. Amvrosiadis, 1 ‹ J. W. Nightingale , 1 , 2 , 3 Q. He , 1 A. Robertson , 4 S. Lange , 1 C. S. Frenk, 1 

S. Cole, 1 R. Massey 

1 , 2 and A. Poci 5 

1 Department of Physics, Institute for Computational Cosmology, Durham University, South Road, Durham DH1 3LE, UK 

2 Department of Physics, Centre for Extragalactic Astronomy, Durham University, South Road, Durham DH1 3LE, UK 

3 School of Mathematics, Statistics and Physics, Newcastle University, Newcastle upon Tyne NE1 7RU, UK 

4 Carnegie Observatories, 813 Santa Barbara Street, Pasadena, CA 91101, USA 

5 Sub-department of Astrophysics, Department of Physics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK 

Accepted 2025 April 30. Received 2025 April 7; in original form 2024 July 2 

A B S T R A C T 

The surface brightness distribution of massive early-type galaxies (ETGs) often deviates from a perfectly elliptical shape. To 

capture these deviations in their isophotes during an ellipse fitting analysis, Fourier modes of order m = 3 , 4 are often used. 
In such analyses, the centre of each ellipse is treated as a free parameter which may result in offsets from the centre of light, 
particularly for ellipses in the outer regions. This complexity is not currently accounted for in the mass models used in either 
strong gravitational lensing or galactic dynamical studies. In this work, we adopt a different approach, using the m = 1 Fourier 
mode to account for this complexity while keeping the centres of all perturbed ellipses fixed, showing that it fits the data equally 

well. We applied our method to the distribution of light emission to a sample of ETGs from the MASSIVE surv e y and found 

that the majority have low m 1 amplitudes, below 2 per cent. Five out of the 30 galaxies we analysed have high m 1 amplitudes, 
ranging from 2 to 10 per cent in the outer parts ( R � 3 kpc), all of which have a physically associated companion. Based on 

our findings, we advocate the use of the m = 1 multipole in the mass models used in strong lensing and dynamical studies, 
particularly for galaxies with recent or ongoing interactions. 

Key words: gravitational lensing: strong – galaxies: elliptical and lenticular – galaxies: structure. 
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 I N T RO D U C T I O N  

he most massive early-type galaxies (ETGs) in the local Uni- 
erse emerged from high-density regions of the primordial matter 
istribution (Blumenthal et al. 1984 ; Frenk et al. 1985 ). Galaxy
nteractions and mergers, which are expected to be frequent in dense 
nvironments, affect their morphologies and kinematics. 

ETGs are approximately elliptical in shape and are typically 
odelled as such. Ho we ver, a large fraction of ETGs have surface

rightness profiles that exhibit deviations from perfect ellipses. These 
eviations are evident in the isophotes, which can take on boxy or
iscy shapes (Bender & Moellenhoff 1987 ; Bender, Doebereiner & 

oellenhoff 1988 ; Bender et al. 1989 ; Hao et al. 2006 ; Chaware et al.
014 ; Goullaud et al. 2018 ), as well as in variations of the position
ngle of their isophotes as a function of radius, known as isophotal
wists (Cappellari 2002 ). These azimuthal asymmetries likely reflect 
he complex gravitational dynamics at play during the formation and 
volution of the galaxy and it is unsurprising that they often exhibit
adial trends. 

One approach to parametrize these deviations is through the use of
igh-order Fourier modes (i.e. multipoles; see Section 3 ), typically 
 E-mail: aristeidis.amvrosiadis@durham.ac.uk 

c  

a
a  

2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
f order m = 3 , 4 (e.g. Hao et al. 2006 ; Goullaud et al. 2018 ; see
lso multigaussian e xpanion). F or instance, the m = 4 multipole
an account for boxiness or disciness in the light distribution (e.g.
ender & Moellenhoff 1987 ; Bender et al. 1988 , 1989 ). The typical
mplitudes of these multipoles are found to be up to ∼1 per cent
e.g. Hao et al. 2006 ; Pasquali et al. 2006 ; Goullaud et al. 2018 ). It is
mportant to note that studies employing an ellipse fitting technique 
o analyse the isophotes of ETGs allow the centres of the ellipses to
ary. In a few cases, fractional offsets, �R /R , are found, which can
e as large as 10–15 per cent at R > 5 kpc (Fig. 3 in Goullaud et al.
018 ). We will refer to this later type of complexity as lopsidedness.
The types of complexity discussed abo v e are also expected to

e present in the mass distribution of galaxies. Strong gravitational 
ensing is a powerful tool for constraining the mass distribution 
f galaxies acting as lenses. Utilizing strong lensing, many recent 
tudies have shown that angular complexity in the mass distribution, 
n the form of m = 3 , 4 multipoles, is strongly fa v oured by the data
e.g. Hezaveh et al. 2016 ; Powell et al. 2022 ; Van de Vyvere et al.
022 ; Ballard et al. 2024 ; Cohen et al. 2024 ; Nightingale et al. 2024 ;
tacey et al. 2024 ), with the level of correction matching those found
rom ellipse fitting to the light distribution ( ∼1 –2 per cent). Ho we ver,
ommonly used mass models in strong lensing lack the flexibility to
ccount for features such as lopsidedness (isodensity contours are 
ssumed to share a common centre), and therefore some of these
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Figure 1. Example of how a circular path, m 0 (black; solid), is perturbed 
by an m = 1 multipole (blue; solid), where the position angle, φ1 , of the m 1 

mode is aligned with the x -axis. For comparison, we show a circular path that 
has been shifted in the x -axis (black; dashed) by the same amount as the m 1 

amplitude. 
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1 The observed images are first interpolated on a regular grid so that we can 
sample the intensity at any ( x , y ) location. 
2 Subtracting the mean of values along the path reduces the number of 
parameters, we fit for and is equi v alent to requiring that the intensity is 
constant along the path (the definition of an isophote). Alternatively, one can 
introduce an additional parameter for the intensity as it is typically done. 
easurements could be biased. The lens models used in Nightingale
t al. ( 2019 , 2023 ) fa v oured stellar mass profiles with centre offsets
f order 100 –300 pc, which the authors suggested is evidence for
opsidedness in the mass distribution. 

In this work, we propose the use of the m = 1 multipole to account
or lopsidedness in the light/mass distribution of ETGs. Our objective
s to showcase the utility of the m = 1 multipole in ellipse fitting
nalyses as an alternative to allowing the centres of ellipses to vary
the former can be easily implemented in mass models used for
trong gravitational lensing). To achieve this, we conduct an isophotal
nalysis of a sample of the most massive ETGs in the local Universe
rom the MASSIVE surv e y. It is important to note that an m = 1
ourier mode is not equi v alent to a positional shift of the ellipse’s
entre (as demonstrated in Fig. 1 ). We expect these to not be fully
ndependent, especially in strong lensing studies (Lange et al. 2025 ;
mvrosiadis et al. in preparation). 
The outline of the paper is as follows. In Section 2 , we introduce

he sample used in this work. In Section 3 , we describe our method
o extract isophotal fit parameters. In Section 4 , we present our
esults. Finally, in Section 5 , we discuss these results and place
hem in the context of strong lensing and galactic dynamics. Finally,
n Section 6 , we present our conclusions. Throughout this work,
e adopt a spatially flat Lambda cold dark matter cosmology with
 0 = 67 . 8 ± 0 . 9 km s −1 Mpc −1 and �M 

= 0 . 308 ± 0 . 012 (Planck
ollaboration XIII 2016 ). 

 OBSERVATION S  

he sample we adopt was first introduced in Goullaud et al. ( 2018 ),
hich is comprised of 35 galaxies selected from the MASSIVE

urv e y (Ma et al. 2014 ), a volume-limited ( D < 108 Mpc) surv e y
f 116 ETGs. The galaxies in this sample were observed with the
ubble Space Telescope ( HST ), for one orbit, in the F110W filter
ith exposure times between 2500 and 2900 sec. 
We excluded a few sources in our analysis from the original

ample of Goullaud et al. ( 2018 ): NGC0545, NGC0547, NGC1684,
GC5353, and NGC6482. These exclusions were due to our inability

o obtain a good fit to their isophotes. Ho we ver, it is important to note
NRAS 540, 3281–3288 (2025) 
hat the primary aim of this work is to demonstrate the ef fecti veness
f the m 1 multipole compared to a variable ellipse centre for isophotal
nalysis (as discussed later in Section 4 ). Therefore, removing
ources that are challenging to fit, regardless of whether using an
 1 or variable centre, does not diminish the validity of our o v erall

onclusions. 

 I SOPHOTE  FITTING  

e developed our own routine to perform the ellipse fitting analysis
hich simultaneously optimizes the parameters of the ellipse ( θ e : x 0 ,
 0 , e, θ ), and the parameters of the multipole perturbations ( θm 

: a m 

,
 m 

for m = 1 , 3 , 4) and builds on previous methods (e.g. Bender &
oellenhoff 1987 ; Hao et al. 2006 ; Goullaud et al. 2018 ). 
The equation of an ellipse in polar coordinates, r e ( φ), is given by 

 e ( φ) = 

a(1 − e 2 ) √ 

1 + e cos ( φ − θ ) 
, (1) 

here a is the major axis, e is the ellipticity, and θ is the position
ngle of the major axis. We add perturbations to that ellipse in the
orm of multipoles given by, 

 m 

( φ) = a m 

cos [ m ( φ − θ ) ] + b m 

sin [ m ( φ − θ ) ] , (2) 

here m is the harmonic mode. We only consider multipoles of
rder m = 1 , 3 , 4 as the m = 2 is already included in the model (i.e.
llipticity). 

From the abo v e equations, the perturbed elliptical path in polar
oordinates is given by, r( φ) = r e ( φ) + r m 

( φ). In a Cartesian system,
he ( x , y ) coordinates of the perturbed elliptical path can then be
omputed as, 

x = x 0 + r( φ) cos φ

 = y 0 + r( φ) sin φ, 

here ( x 0 , y 0 ) correspond to the centre of the ellipse. 
We optimize the parameters of the perturbed ellipse for different

xed values of the major axis, a, which are logarithmically spaced.
uring optimization we aim to maximize the log of the likelihood

unction given by 

 = −
360 ∑ 

φ= 0 

(
I( φ| θ e , θm 

) − 〈 I( φ| θ e , θm 

) 〉 
σI 

)2 

, (3) 

here I( φ| θ e , θm 

) is the intensity profile along the perturbed elliptical
ath constructed from the ( θ e , θm 

) set of parameters. 1 with 〈 I 〉
epresenting the median of these values 2 and σI is the error map
we use the WHT map of the HST data products). 

The parameter optimization is carried out using the EMCEE

ackage (F oreman-Macke y et al. 2013 ) for each of the isophotes
ndependently. The centre of the perturbed ellipses is kept fixed
uring optimization to the value we estimate for the innermost ellipse.
 few galaxies in this sample have dust lanes in their central regions,
hich can prevent an accurate centre determination. In these cases

he innermost ellipse is shifted outwards. 
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Figure 2. Example of our ellipse fitting method applied to NGC2274. The 
panels from top to bottom correspond to models: (i) multipoles: m = 3 , 4; 
centre: fixed, (ii) multipoles: m = 3 , 4; centre: free, and (iii) multipoles: 
m = 1 , 3 , 4; centre: fixed. The bottom panel show the reduced chi-square of 
isophotes for the abo v e three models, as a function of galactocentric radius 
(see also Appendix A2 ). 
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 RESULTS  

n Fig. 2 , we show an example of our isophotal analysis applied
o NGC2274. We examine three cases: (model 1) m = 3 , 4 and
xed centre, (model 2) m = 3 , 4 and free centre, (model 3)
 = 1 , 3 , 4 and fixed centre. For model 1, the extracted isophotal

ntensity profile notably deviates from a flat trend, particularly 
vident for the outermost ellipses ( R > 10 arcsec; approximately 
 kpc at z = 0 . 015; right-hand panel in the top figure), indicating a
lear first-order perturbation in the extracted isophotes. In contrast, 
n model 2 where we allow the centre to vary freely, the fit impro v es
ignificantly. We observe an increasing fractional offset for ellipses 
 �R /R ) as distance from the galactic centre increases, consistent
ith findings in Goullaud et al. ( 2018 ). Finally, both model 2 and
 provide equally satisfactory fits to the data, assessed using the
educed chi-square as the figure of merit, as illustrated in the bottom
anel of Fig. 2 . This suggests that the m = 1 parametrization can
f fecti vely describe the light (or mass) distribution of ETGs with-
ut necessitating a variable centre. Moreo v er, this parametrization 
ffers a straightforward application for mass models used in strong 
ensing and galaxy dynamics, which can be physically interpreted as 
opsidedness (or skewness). 

In Fig. 3 , we present the radial profiles of m 1 amplitudes extracted
rom our isophotal analysis for all the galaxies we analysed. The
 v erall shape of the m 1 amplitude profiles displays similar features
o the fractional offset profiles in Goullaud et al. ( 2018 ). The
eak m 1 amplitude we measure is ∼10 per cent, which is slightly
ower compared to the maximum fractional offset, max { �R /R } ∼15
er cent, in Goullaud et al. ( 2018 ). 

Most profiles show a decline in the inner re gions, e xtending out to
 ∼ 5 arcsec, while the remainder remain flat. This inner decline in
 1 amplitude is consistent with the trends observed in Goullaud et al.

 2018 ), where isophotal ellipses exhibit a variable centre. The authors
ttribute this effect to the presence of dust, which can introduce
pparent shifts in the isophotal centre. We note, ho we ver, that such
ust-induced variations should not impact lensing or dynamical 
odels (see Section 5 ). 
Beyond R > 5 arcsec, the m 1 profiles remain flat, for most

alaxies, with amplitudes below 2 per cent. Among the 30 sources
nalysed, only five display a gradual increase in m 1 amplitude with
adius, peaking around 20 –30 arcsec ( ∼ 6 −10 kpc for z = 0 . 015).
n the following section, we discuss the origin for the high m 1 

mplitudes in these galaxies. 
In Fig. A1 , we show the radial profiles for the m = 3 and m = 4
ultipoles, and note that these are consistent with those in Goullaud

t al. ( 2018 ). Therefore, irrespective of how we parametrize the
sophotal path (i.e. either as a radial offset or an m = 1 multipole),
igher order multipole measurements remain unchanged. 

 DI SCUSSI ON  

n this section, we discuss the possible physical origin of an m = 1
ultipole and the possible consequences of not including this type 

f complexity in mass models used in strong gravitational lensing 
nd galaxy dynamics. 

.1 The origin of an m = 1 multipole 

n the top panels of Fig. 3 , we show cut-outs of some of the galaxies
n our sample. The top row shows galaxies with companions and
ow m 1 amplitudes ( < 2 per cent), while the bottom row shows
ll galaxies with high m 1 amplitudes. These all have a physically
ssociated companion ∼10 −40 kpc away from their galactic centre 
n projection. This suggests that high m 1 amplitudes (or ellipse 
ffsets) are the result of tidal interactions, where the outermost stellar
rbits are highly eccentric (Goullaud et al. 2018 ). Using K -band
agnitudes, M K 

, we estimate the stellar mass ratios (between the
ain galaxy and its companion), for those with high m 1 amplitudes,

o lie in the range ∼10 –250 (see Table 1 ). 
We also tested whether we are artificially measuring high m 1 am-

litudes due to light contamination from the companion galaxies. To 
onduct this test, we created a simulated observation of a physically
nassociated galaxy pair (i.e. superposition of two galaxies). We used 
 S ́ersic profile (S ́ersic 1963 ) for the surface brightness distribution
MNRAS 540, 3281–3288 (2025) 
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Figure 3. The m 1 amplitude radial profiles for all sources in our sample. We show in blue galaxies with a visible companion galaxy, encompassing all those 
with high ( > 2 per cent ) m 1 amplitudes. NGC0708, shown in orange, has the most pronounced dust lanes. The top row cutouts show galaxies with companions 
and low m 1 amplitude, while the second row show galaxies with high m 1 amplitudes. For some of these galaxies the field of view of HST is too small to see the 
companion (e.g. NGC 2274). In these cases, we show a g -band image taken from the le gac y surv e ys. North in up in all images. 

Table 1. (1) Name; (2) spectroscopic redshift; (3) K -band absolute magnitude computed as, M K 

= K − 5 log 10 D − 25, where K is taken from the 2MASS 
catalogue (‘k m ext’); (4) name of the companion; (5) spectroscopic redshift of the companion; (6) K -band absolute magnitude of the companion; (7) stellar 
mass ratio using the relation, log 10 M � = 10 . 58 − 0 . 44 ( M K 

+ 23 ) , to estimate stellar masses (Cappellari 2013 ); (8) angular distance on the sky between the 
main and companion galaxies; (9) projected distance in kpc using the redshift of the main galaxy. 

Name z M K 

Companion z comp M K, comp M � /M �, comp θproj D proj 

(mag) (mag) (arcsec) (kpc) 

NGC0383 ∗ 0.017005 – NGC0382 0.017442 – – 34.20 12.4 
NGC0507 0.016458 −26.04 NGC0058 0.018433 −24.86 15 87.61 32.1 
NGC0708 ∗ 0.015886 – NGC0705 0.015057 – – 66.37 21.6 
NGC0741 0.018294 – NGC0742 0.019910 – – 47.57 19.0 
NGC1129 0.017472 −26.23 VV 085 0.016568 −23.82 255 25.98 9.3 
NGC2258 ∗ 0.013539 – – – – – 39.14 11.2 
NGC2274 0.016785 −25.70 NGC2275 0.016435 −24.59 13 115.51 40.3 
NGC2672 0.014487 – NGC2673 0.012508 – – 25.98 9.3 
NGC2693 ∗ 0.016083 −25.68 NGC2694 0.016908 −22.94 557 55.70 19.3 
NRAS 540, 3281–3288 (2025) 
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Figure 4. The position angle of the m 1 multipole as a function of radius for the five galaxies with the largest m 1 amplitudes. The dashed horizontal lines 
correspond to the position angle of the companion galaxy. 
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Figure 5. Radial profiles of the Fourier coefficients, a m 

and b m 

, of order 
m = 3 , 4, for models 1 (blue) and 3 (red) measured for NGC2274. If the m 1 

mode is not taken into account, the measurements of higher order multipoles 
are biased in the outer parts. 
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or both simulated galaxies, which is given by 

 ( r) = I e exp 

{ 

−b n 

[ (
r 

r e 

)1 /n 

− 1 

] } 

, (4) 

here r e is the ef fecti ve radius, I e the intensity at the ef fecti ve radius,
 the S ́ersic index, and b n a constant parameter that only depends on
 (Trujillo et al. 2004 ). The following choices were made in creating

he simulated images: 

(i) r e , main = 2 . 5 r e , comp ; 
(ii) F main = 10 F comp , where F represents the total flux; 
(iii) θproj = 35 (arcsec). 

Finally, we added noise, n i to each pixel from a normal distribution
ith zero mean and variance σi . The values of σi are proportional to

he flux at each pixel, f i , scaled by a constant factor that is chosen so
hat the total signal-to-noise ratio 3 of the mock is equi v alent to that
f the real data. Subsequently, we applied our ellipse fitting analysis 
o the main galaxy and found an m 1 amplitude profile � 0.5 per cent
t the radius of the companion, θproj . This test confirms that the
hysical origin of m = 1 perturbations is galaxy interactions (recent 
r ongoing). 
In Fig. 4 , we show the m 1 position angle, φ1 , profiles for all

alaxies with high m 1 amplitudes. We find sharp transitions between 
he inner and outer regions, suggesting that physical processes (e.g. 

ergers, tidal interactions), occurring at different epochs, are shaping 
he profiles of ETGs. The m 1 position angle in the outer parts are
ften offset relative to the direction of the companion galaxy. This is
erhaps not surprising when considering the relative time-scales of 
tellar orbits and the motion of the companion. 

.2 Strong gravitational lensing 

n galaxy scale strong gravitational lensing studies, the most common 
ype of profile assumed is an elliptical power-law model (EPL; 
essore & Metcalf 2015 ). Recently, a few studies have shown that
ssuming an EPL model for the mass distribution of the lens might
ot be enough to fit the data (e.g. Ballard et al. 2024 ; Nightingale et al.
024 ; Stacey et al. 2024 ); this becomes increasingly the case with
igher resolution data (e.g. Powell et al. 2022 ; He et al. 2023 ). As
 result, attention has turned to the multipole model, particularly of
 The total signal-to-noise ratio is computed as, 

NR = 

∑ 

( f i + n i ) √ ∑ 

σi 

. (5) 

(  

i  

m  

s
F  

w  

s  
rder m = 3 , 4, as a means for accounting for additional complexity
e.g. angular deviations) in the mass distribution. 

Models incorporating m = 3 , 4 multipoles define isodensity 
ontours with respect to a common centre, placing them in the
odel 1 category. Ho we ver, as demonstrated in Section 4 , this
odel fails to capture observed features such as lopsidedness in 

he outer parts of galaxies, where model 3 (which includes an
 = 1 multipole) performs significantly better. Stacey et al. ( 2024 )

howed that m = 3 , 4 multipoles in the mass distribution of three
trongly lensed galaxies are fa v oured by the data (according to the
ayesian e vidence). Ho we v er, the multipole’s F ourier coefficients (or
mplitude and position angles) inferred from an isophotal analysis 
re not consistent with the strong lensing results. The isophotes in
hese galaxies display large radial offsets that are not captured in
trong lens modelling. As an example, we show in Fig. 5 that the
 = 3 , 4 radial profiles of the Fourier coefficients differ in NGC2274

or model 1 and 3, which would correspond to strong lensing and
sophotal analyses, respectively. This missing complexity in the 

ass distribution might explain the differences seen in Stacey et al.
 2024 ). 

An important consequence of ignoring the m 1 multipole complex- 
ty in mass models was recently explored by O’Riordan & Vegetti
 2024 ). These authors simulate strong lenses using a model that
ncludes an m = 1 perturbation, then fit the simulated data using a

odel that does not include m 1 but instead includes a dark matter
ubhalo, parametrized by a Navarro–Frenk–White profile (Navarro, 
renk & White 1996 , 1997 ). The moti v ation behind this analysis
as to quantify the rate of ‘false-positive’ detections of dark matter

ubhaloes that can occur if the mass model for the lensing galaxy
MNRAS 540, 3281–3288 (2025) 
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B  
acks complexity. Their findings suggest that the probability of false
ositives for lenses with ∼10 per cent m 1 amplitudes is almost an
rder of magnitude higher than for models with ∼1 per cent m 4 

mplitudes (which are the typical values). It is therefore important
hat both these types of complexity be considered when modelling
he lensing galaxy. 

For galaxies with high m 1 amplitudes, the profiles typically peak
round ∼6 −10 kpc. For a galaxy-scale lens at z = 0 . 2 / 0 . 8, an
instein radius of r E ∼ 1 arcsec corresponds to r E ∼ 3 . 4 / 7 . 7 kpc in
hysical units. Given that strong lensing is particularly sensitive to
he mass distribution near the Einstein radius, m 1 amplitudes of up
o ∼10 per cent are to be expected when modelling strong lenses. 

.3 Galactic dynamics 

he presence of an m = 1 multipole in real galaxies could also
ffect dynamical models. This is true for both the technical aspects
f generating the model, as well as the physical interpretation
f the dynamics. Many dynamical models are restricted to ax-
symmetry (e.g. Jeans anisotropic models; Cappellari 2008 ) in the

ass distribution, which implies a common centre for all mass
omponents, no isophotal twists and certainly no m = 1 multipole
asymmetry). At the most massive end, real galaxies often exhibit
sophotal twists, as well as misalignments between kinematic and
hotometric position angles, which are both evidence for triaxiality.
riaxial implementations of dynamical models (e.g. Pilawa et al.
022 ; Quenneville, Liepold & Ma 2022 ) are able to account for such
eatures. Even so, twists and misalignments are point-symmetric
erturbations, meaning there is symmetry about the origin. Real
symmetry in the mass distribution resulting in a strong m = 1
ultipole implies that the galaxy is out of dynamical equilibrium,

ince such a configuration is not stable under self-gravity. Unlike
ravitational lensing, dynamical equilibrium is a fundamental as-
umption of any dynamical model and thus large m = 1 multipoles
ose conceptual challenges to modelling the dynamics of such
alaxies. 

Modern observations of stellar kinematics (e.g. the MASSIVE
ample) routinely reach the physical scales which here are found
o exhibit large m = 1 modes. Ho we ver, dynamical modelling of

assive ETGs out to ∼10 kpc has yet to be conducted systematically.
ne example was presented in Pilawa et al. ( 2022 ), where Integral
ield Unit (IFU) data for NGC 2693 was modelled by a triaxial orbit-
uperposition code. Interestingly, isophotal twists are measured and
ttributed to the impact of a companion galaxy. The magnitude of this
ffect on measurements of the dynamical mass and internal structure
n the presence of m = 1 multipoles remains to be quantified. Given
hat they are most pre v alent in the outermost luminous regions where
he stellar density is low, it is likely that the impact on existing
ynamical models is minimal. This is true for the vast majority
f dynamical studies, which make measurements at or within the
f fecti v e radius, R e ∼ 10 kpc . Conv ersely, dynamical constraints on
ark matter would arise mostly from these outer low-stellar density
egions, and so those measurements might be more affected by
naccounted for asymmetries. 

 C O N C L U S I O N S  

e have measured perturbations to the isophotes of ETGs in the
ocal Universe, selected from the MASSIVE survey. A novel aspect
f our analysis is the use of the m = 1 multipole instead of allowing
he centre of the elliptical isophotes to vary with distance from the
alactic centre, as is common practice in ellipse fitting analyses (e.g.
NRAS 540, 3281–3288 (2025) 
ao et al. 2006 ; Goullaud et al. 2018 ). This parametrization enables
he model to capture features such as lopsidedness/skewness, which
re often not included in mass models used in strong gravitational
ensing and galactic dynamics studies. While such asymmetries may
ot be significant in the majority of ETGs, they do become rele v ant
or specific cases, such as galaxies that have recently undergone an
nteraction. 

A practical approach to determine if an m = 1 multipole should
e included in the mass model is to first identify close companions
n the sky and determine whether they are physically associated with
he main galaxy (i.e. the lensing galaxy, in the case of strong lensing).
his requires spectroscopic redshift measurements for both the main
nd companion galaxies. Without redshift information, it may not be
ppropriate to assume that an m = 1 multipole is unnecessary. This
hallenge is further exacerbated at higher redshifts, where companion
alaxies can become to faint to detect. 

We found that the amplitude of the m 1 multipole can reach values
s high as 10 per cent on scales rele v ant to strong lensing, but only
n galaxies that are undergoing interactions with other galaxies. We
rgue that models aiming to describe the mass distribution of ETGs
hould incorporate this level of complexity. Failure to account for
t can lead, for instance, to false-positive detections of dark matter
ubhaloes in strong lensing studies (e.g. O’Riordan & Vegetti 2024 )
r to an inability for the model to focus light rays on the source
lane accurately (Nightingale et al. in preparation). In two upcoming
orks, Lange et al. (in preparation) and Amvrosiadis et al. (in
reparation), we will fit mass models incorporating an m = 1 order
ultipole perturbation to the distribution of mass in two strongly

ensed dusty star-forming galaxies. 
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PPEN D IX  A :  H I G H E R  O R D E R  MULTIPO LE  

ROFILES  

n Fig. A1 , we show the radial profiles for the m 3 and m 4 multipoles.
he maximum amplitudes of these higher order multipoles are 
onsistent with previous studies ( ∼2 per cent; Goullaud et al. 2018 ).
n both panels, we coloured in blue, galaxies that display ele v ated
 1 amplitudes (same as in Fig. 3 ). An interesting trend is that

alaxies with high m 1 amplitudes also tend to exhibit the highest

igure A1. Same as Fig. 3 but for the m = 3 , 4 multipoles. We coloured in
lue all galaxies with maximum m = 1 amplitude abo v e 2 per cent (bottom
ow cutouts in Fig. 3 ). 

 3 amplitudes at R � 3 kpc. 4 This correlation, ho we ver, does not
old for the m 4 multipole. 
This trend suggests that both m = 1 and m = 3 order multipole

erturbations are short-lived and quickly dissipate, explaining the 
igh amplitudes observed in galaxies with recent or ongoing interac- 
ions. In contrast, m = 4 order perturbations (e.g. bars in galaxies) are

ore stable and are therefore observed in more g alaxies, reg ardless
f recent or ongoing interactions with companions. 

 The galaxy with the highest maximum m 3 amplitude, NGC0383, has low
 1 amplitude. Ho we ver, this galaxy also has a companion (see top panel in
ig. 3 ). 
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Figure A2. The reduced chi-square of isophotes using models 2 and 3 (see Section 4 ), in blue and red, respectively, for galaxies with high m = 1 amplitudes. 
The two models appear to fit the data equally well for all radii, with model 3 performing marginally better. 
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