A&A, 708, A172 (2026)
https://doi.org/10.1051/0004-6361/202557294
© The Authors 2026

tronomy
Astrophysics

A pearl in the shell: An ultra-compact dwarf within the tidal debris
surrounding spiral galaxy NGC 7531

David Martinez-Delgado'?***®, Aaron J. Romanowsky>*®, Yimeng Tang*, Joanna D. Sakowska>-®®,
Denis Erkal®®, Juan Miré-Carretero’-3®, Giuseppe Donatiello®®, Sepideh Eskandarlou!®,
Mark Hanson'?, and Dustin Lang!!

© % N L R WD —

S

Centro de Estudios de Fisica del Cosmos de Aragén (CEFCA), Unidad Asociada al CSIC, Plaza San Juan 1, 44001 Teruel, Spain
ARAID Foundation, Avda. de Ranillas, 1-D, E-50018 Zaragoza, Spain

Department of Physics & Astronomy, San José State University, One Washington Square, San Jose, CA 95192, USA
Department of Astronomy & Astrophysics, University of California, Santa Cruz, CA 95064, USA

Instituto de Astrofisica de Andalucia, CSIC, Glorieta de la Astronomia, E-18080 Granada, Spain

School of Mathematics and Physics, University of Surrey, Guildford GU2 7XH, UK

Departamento de Fisica de la Tierra y Astrofisica, Universidad Complutense de Madrid, E-28040 Madrid, Spain

Leiden Observatory, Leiden University, Gorlaeus Building at Einsteinweg 55, NL-2333 CC Leiden, The Netherlands

UAI - Unione Astrofili Italiani/P.I. Sezione Nazionale di Ricerca Profondo Cielo, 72024 Oria, Italy

Doc Greiner Research Observatory-Rancho Hidalgo, Animas, New Mexico, USA

1" Perimeter Institute for Theoretical Physics, 31 Caroline St N, Waterloo, Canada

Received 17 September 2025 / Accepted 15 February 2026

ABSTRACT

Context. Stellar substructures within tidal debris preserve information about their progenitor galaxies’ properties, offering insights
into hierarchical mass assembly.

Aims. We examine a compact stellar system (CSS) around the nearby spiral galaxy NGC 7531, including the shell-like tidal debris
around it. Our goals are to determine the nature of the CSS, reconstruct the accretion history, and understand how the large, diffuse
shell-like structure formed.

Methods. We present photometric measurements of the shell-like debris and CSS using DESI Legacy Imaging Survey (LS) data.
We obtained Keck/LRIS spectroscopic data for the CSS to confirm its association with NGC 7531 and to derive its star formation
history (SFH). Deep (~27.9 mag/arcsec?) amateur telescope images enabled us to make a complete characterisation of the tidal debris
structure.

Results. We confirm that the CSS is associated with NGC 7531. We rename it NGC 7531-UCDI, since its stellar mass (3.7’:(1):(7) X
10° M,,), half-light radius (R, = 0.13 + 0.05 arcsec), and SFH place it as an ultra-compact dwarf galaxy (UCD). We find that NGC
7531-UCD1 experienced a star formation burst ~1 Gyr ago. NGC 7531-UCD1 was likely a nuclear star cluster (NSC) that was tidally
stripped into a UCD- this is further supported by the presence of tidal tails. We quantify the shell-like debris’ mass as M, ~ 3-11 X
10® My, implying a merger mass ratio of ~300:1 to 10:1. Our amateur telescope images confirm new pieces of tidal debris, previously
unclear in the DESI LS images. N-body simulations reproduce the tidal features, and require a near radial orbit of the progenitor dwarf
galaxy with two pericentric passages. The first pericentre passage coincides with the measured star formation enhancement ~1 Gyr
ago.

Conclusions. Our findings agree with theoretical predictions about the NSC to UCD formation pathway via tidal stripping, and further

confirm the presence of these objects outside of our Milky Way.
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1. Introduction

The outer regions of galaxies, known as galactic halos, contain
numerous accreted globular clusters (GCs) and stellar substruc-
tures formed when satellite galaxies merge with their hosts and
break apart into debris (e.g. Searle & Zinn 1978). Galactic halos,
therefore, preserve a rich record of their mass assembly his-
tory. For the Milky Way (MW), the advent of the Gaia satellite
(Prusti et al. 2016) has made it possible to work out individual
accretion events in the Galactic halo using multi-dimensional
phase-space information of position, velocity, and chemical
abundances (e.g. Massari et al. 2019; Bonaca & Price-Whelan
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2025). For external galaxies, however, we have obtained phase-
space information for only a select number of systems, and it
has been generally limited to tracing the most recent, ongo-
ing accretion events (e.g. M31, M33, M87; Romanowsky et al.
2012; Dey et al. 2023; Anguiano et al. 2025).

An important part of this picture is that many of the dis-
rupted satellite dwarf galaxies once harboured nuclear star clus-
ters (NSCs) within their cores (see Neumayer et al. 2020 for
a modern review). Thanks to their high densities and stellar
masses (M, ~ 10°78M,), NSCs tend to survive the tidal dis-
ruption of their host galaxy and morphologically evolve into
objects of a different class, such as GCs (e.g. Bassino et al. 1994)
or ultra-compact dwarf galaxies (UCDs; e.g. Bekki et al. 2003;
Pfeffer & Baumgardt 2013), the latter of which have relatively
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Fig. 1. Amateur image of NGC 7531 (left). DESI Legacy Imaging Survey image of NGC 7531 (right). Sky-subtracted image of NGC 7531 as
processed by Gnuastro’s NoiseChisel program was used as a basis for photometry measurements. Features are labeled: (a): Main shell; (b): Faint

outer shell; c: Counter plume.

large sizes (10 < r, < 100pc) and stellar masses (M, ~
10%8 My). There is direct observational evidence of these kinds
of compact stellar systems associated with a tidally disrupted
dwarf (e.g. Foster et al. 2014; Jennings et al. 2015; Wang et al.
2023; Southon et al. 2025), although a statistically large sample
of NSC, GC, and UCD objects is required to further understand
this evolutionary pathway.

To this end, we focus on the nearby spiral galaxy NGC 7531.
NGC 7531 hosts an enormous cloud of shell-like tidal stel-
lar debris, first reported by Buta (1987) from an inspec-
tion of photographic plates. Since then, deeper images of
NGC 7531 have been provided by the Stellar Tidal Stream
survey: a professional-amateur (ProAm) collaboration involv-
ing astrophotographers worldwide operating robotic telescopes
to obtain unprecedentedly deep images of spiral galaxies
(see Martinez-Delgado et al. 2008 for survey description and
Martinez-Delgado et al. 2025 for a compilation of results). The
resulting luminance-filter images clearly resolved the shape,
extension, and even the small-scale substructures embedded
within the cloud (Martinez-Delgado et al. 2010).

In this paper, we re-visit the galaxy in order to under-
stand the nature of the stellar debris and the visually identi-
fied compact stellar system (CSS) encompassed within it. In
Section 2 we overview the data used, including the new ama-
teur telescope image of NGC 7531 and the spectroscopic data
taken of the CSS object with the LRIS spectrograph (Oke et al.
1995). In Section 3, we perform photometry of the stellar shell
and measure its luminosity and stellar mass. In Section 4, we
present the photometry and spectroscopy of the CSS, includ-
ing a derivation of its star formation history (SFH) via SED
fitting. Finally, in Section 5, we discuss our findings and repro-
duce the tidal debris and the most-likely recent merger his-
tory of NGC 7531 using N-body simulations. In Section 6 we
present our conclusions on the nature of the debris and compact
object.

A172, page 2 of 10

2. Observations and data reduction

The CSS was identified as a candidate for a massive star clus-
ter using Gaia data and following methods from Voggel et al.
(2020). Star clusters with small enough distances and large
enough sizes can be identified as more extended than point
sources through Gaia excess factors. The CSS has an effect fac-
tor of BP/RP =1.83 excess factor and astrometric excess noise
of 5.6 in Gaia DR3 (see Gaia Collaboration 2023 for a descrip-
tion of these parameters) — values that are somewhat elevated
compared to a typical foreground stellar source with a Gaia
magnitude of G = 20.9 (see Hughes et al. 2021; Forbes et al.
2022). The object is too faint for a high-quality proper motion
or parallax measurement that could identify it as a clear fore-
ground star. Follow-up spectroscopy is therefore required to
confirm it as a star cluster associated with NGC 7531. In
this section, we present imaging data from the DESI Imag-
ing Legacy survey (Sect. 2.1) and from an amateur telescope
(Sect. 2.2), along with spectroscopy from the Keck telescope
(Sect. 2.3).

2.1. DESI Legacy Surveys imaging data

An image cut-out from the DESI Legacy Imaging Survey (DESI
LS; Deyetal. 2019) DR 10, with 20X 15 arcmin size and
NGC 7531 in the centre, was used as the basis for the photo-
metric analysis (see Figure 1). It was obtained using a modified
version of the DESI LS reduction pipeline Legacypipe, which
alters the way the image backgrounds (‘sky models’) are com-
puted. By default, the pipeline uses a flexible spline sky model
that can over-subtract the outskirts of large galaxies. Instead, we
subtracted the sky background from each CCD using a custom
algorithm, which preserves the low-surface-brightness galactic
features of interest. We first minimized the relative background
levels between the overlapping CCDs in each band, and then,
after detecting and masking sources as well as Gaia stars, we
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subtracted the sigma-clipped median in the outer half of the
image cut-out (see Martinez-Delgado et al. 2023 for details).

The depth of the DES LS image in each band was determined
by calculating the surface brightness limit following the standard
method of Romdn et al. (2020), i.e. the surface brightness corre-
sponding to 30 of the signal in the non-detection areas of the
image for a 100 arcsec® aperture. This yields 29.33, 28.95, and
27.76 mag/arcsec ™ for the g, the r, and the z passbands, respec-
tively.

2.2. Amateur telescope data

We collected deep imaging of NGC 7531 at the Mount Lem-
mon Sky Center (Steward Observatory, University of Arizona)
with an 60cm aperture f/6.7 Planewave CDK telescope. We
used a SBIG STX 16803 CCD camera was that provided a
pixel scale of 0.47” pixel™' over a 36.9’ x 36.9’ field of view.
We obtained a set of 126 individual 900 second images with
an Astrodon Gen2 Tru-Balance E-series luminance filter over
several nights between 16 and 23 September 2022. The pho-
tometric zeropoint of the luminance-filter data was obtained
by using the DESI LS images as a reference. For this pur-
pose, we combined the DESI LS g- and r- filters to achieve
a similar wavelength coverage. Aperture photometry was con-
ducted on stars selected from Gaia using GNU Astronomy
Utilities (Gnuastro', Akhlaghi & Ichikawa 2015) Specifically,
we used Gnuastro’s MakeProfiles (for building the aper-
tures), MakeCatalog® for photometry and Query (for access
to the Gaia database). Gaia DR3 was employed to select
stars with significant parallaxes (>30), and the zeropoint was
determined using the astscript-zeropoint program from
Gnuastro (Eskandarlou et al. 2023).

To account for the different point spread functions (PSFs)
of the DESI LS image and the CDK24 image, we used aper-
tures with radii from 1” to 4” (with a step of 0.25”). The
3.75” aperture had the least scatter in its measured zero-point
(28.65 + 0.04). The 30 surface brightness limit over 100 arcsec?
is 27.9 mag arcsec™2, measured using Gnuastro’s NoiseChisel
and MakeCatalog.

2.3. Keck LRIS spectroscopy

Spectroscopy of the compact object (Figure 2) was obtained on
2022-09-30 at the Keck Observatory, using the LRIS spectro-
graph (Oke et al. 1995). The seeing during the observations was
~0.5-0.7". The target was observed using a 1.5”-wide slit with
a position angle of 0 degrees. We used the 300/5000 grism in the
blue, the D680 dichroic and the 400/8500 grating in the red, tar-
geting a central wavelength of 8500 A. Two exposures of 600s
each, and one of 300s, were obtained. The blue side data were
reduced using the pypeit reduction pipeline (Prochaska et al.
2020) with the nominal settings for the LRIS blue side. The red
side was reduced using the settings for the Mark 4 red detector.
The pypeit pipeline performs a first order wavelength calibra-
tion using arc lamps, applies a flexure correction to each frame
based on skyline positions and applies a heliocentric correction
to the velocities; this was —14.87 km s~! for this object. Based on
a direct comparison of the wavelength solution to the UVES sky
spectrum (Hanuschik 2003), we estimate a conservative uncer-

! http://www.gnu.org/software/gnuastro
2 https://www.gnu.org/software//gnuastro/manual /html_
node/MakeCatalog.html

Fig. 2. Identification chart of the CSS potentially embedded within the
giant tidal debris cloud in the halo of NGC 7531. The background image
used is from the DESI Legacy Imaging Survey.

tainty in the wavelength solution to be ~2.5 A, or ~187kms™!,
driven primarily by the low resolution of the grism.

The velocity of the source was fitted in the blue using the
Penalized Pixel Fitting (pPXF, Cappellari & Emsellem 2004;
Cappellari 2017). The blue side was chosen due to the pres-
ence of strong calcium H+K lines, among other strong absorp-
tion features in the blue; the Ca II triplet was detected in the red,
but few other features were present. The fit was performed with
outlier clipping, and an 8th degree polynomial was fitted to the
instrumental response. The X2 /DOF of the best fit was 0.47, and
used a combination of four templates. The best-fit velocity from
pPXF is 1754kms~!, with a formal uncertainty of 27 km s~ We
quote a total velocity uncertainty of 189 kms~! after combining
the pPXF and wavelength solution uncertainties in quadrature.
This measurement is consistent with the 1596 + 3kms~! helio-
centric velocity of NGC 7531 in the NASA/IPAC Extragalactic
Database (NED), and therefore the compact object is almost cer-
tain to be associated with this galaxy. The LRIS spectrum will be
presented later in the paper in the context of stellar population
modelling.

3. The stellar shell of NGC 7531
3.1. Photometry

The photometry of the stellar stream around NGC 7531 in the
g, r and z-bands was derived with Gnuastro using the resulting
coadded image cut-out of this galaxy from the DESI LS data
(see Sec. 2.1). The measurements were carried out with Gnuas-
tro’s MAKECATALOG on the basis of the sky-subtracted image
generated by Gnuastro’s NOISECHISEL.

The photometric measurements were carried out in a hand-
drawn polygonal aperture, covering the clearly detected part of
the shell (see Figure 3). Regions where the stream surface bright-
ness could be contaminated by the outer disc of NGC 7531 were
avoided. The full height and width of the aperture are approxi-
mately 4 X 1.5 arcmin (26 X 9.5 kpc).
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Fig. 3. Photometric measurement method for the shell around NGC
7531. The polygonal aperture (blue) indicates the part of the image
where the magnitude, surface brightness and colour of the shell were
measured. For comparison, the surface brightness and colours were
measured in a circular aperture (red) placed on the NGC 7531 spiral
arm.

After subtracting the sky from the input images?, the first
step was to perform the detection of the signal. Then all
foreground and background objects, identified as clumps in
Gnuastro’s SEGMENT program, were masked and the photo-
metric parameters (apparent magnitude, surface brightness, and
colours) were measured in the non-masked part of the polygonal
aperture. For comparison, the surface brightness and the colour
have also been measured in an aperture placed on the galaxy (see
red circle in Figure 3).

The measurement results for the surface brightness and
colour along with the corresponding uncertainty for the shell
around NGC 7531 are given in Table 1, as computed by Gnu-
astro’s MAKECATALOG. The uncertainty in the measurement of
the magnitude was calculated with the expression4 Merror
2.5/§ /N In(10). We note that with its large size and low surface
brightness ({u,) = 25.4 mag arcsec™2), the shell could be classi-
fied as an ultra-diffuse galaxy, belonging to the ‘misfit’ variety
of tidally distorted systems (Zaritsky et al. 2025).

3.2. Luminosity and stellar mass

We next estimated the stellar mass of the shell’s progenitor,
based on the total luminosity of the shell. We were limited
by how much of the shell we can actually detect, and there
could be regions of the shell that were missed, below the sur-
face brightness limit of the image. Nevertheless, having a deep
image from DESI LS and detecting a sharp boundary of the shell
gives us confidence that our estimate should be close to the real

3 Gnuastro applies tessellation to the image for the detection step, so
that the sky estimation and subtraction is done on a local tile basis
(40 x 40 pixels tiles were used for the 2290 x 2290 pixel NGC 7531
image)

4 https://www.gnu.org/software/gnuastro/manual /html_
node/Magnitude-measurement-error-of-each-detection.
html
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value. The apparent magnitude was measured from a polygonal
aperture covering as much of the shell area as possible, once
the foreground and background sources were masked, follow-
ing the same approach as for the surface brightness and colours,
described in Section 3.1.

From the apparent magnitudes, the estimated distance of
NGC 7531 (D = 22.2 £ 49Mpc) and the Galactic extinc-
tion, both obtained from NED?), we derived the absolute mag-
nitudes for the g, r and z passbands. We then computed the
luminosity of the shell by using the solar absolute magnitudes
for the g, the r and the z passbands from Willmer (2018). The
results are given in Table 2. We calculated the mass—to—light
ratio (M/L,) from the three colours measured for the stream
(see Section 3.1), using the correlations between SDSS ugriz
colours and SDSS/2MASS M/L values given in Bell & de Jong
(2001). Following this method, we obtained an estimate for the
stellar mass of the stream progenitor between 3.35 x 108 Mg, and
1.1 x 10° Mg. The range of the estimated progenitor’s mass is
quite large (0.8 x 10% M,,) because the distance estimate for NGC
7531 has a large uncertainty (4.9 Mpc), and also, after measuring
three colours, we can apply three sets of parameters in the mass
estimate correlation for each passband, yielding nine estimates in
total. The range of uncertainty in the mass estimation is obtained
by taking the overall largest and overall lowest estimates as the
range limits. Considering the log stellar mass of NGC 7531 is
10.5 £ 0.5 in Solar units (Al-Baidhany et al. 2019), the (stellar)
mass merger ratio is between 0.0033 and 0.11, so the mass ratio
between the host galaxy and the shell progenitor dwarf galaxy
is roughly between 10/1 and 300/1. This ratio is key to deter-
mining the kind of tidal interaction between the galaxies and to
characterising the resulting merger event.

4. The compact stellar system within the stellar
shell

In this section, we focus on the properties of the CSS embed-
ded in the diffuse substructure. Section 4.1 provides photometric
measurements and Section 4.2 covers stellar population mod-
elling.

4.1. Photometry

For photometric analysis of the CSS, we make use of imag-
ing in griz from DESI LS (DR9) and in near-ultraviolet (NUV)
from GALEX (Martin et al. 2005). The CSS is visually slightly
extended in the optical imaging compared to surrounding stars,
and determining its properties in detail requires photometric
modelling convolved with a PSF. We use bright stars in the
image to create a PSF model using photutils (finding a full
width at half maximum of FWHM ~ 1.0-1.5 arcsec), and con-
firm that the radial surface brightness profile of the CSS is more
extended than the PSF. We also find clear signatures of tidal dis-
ruption, with strong changes of position angle, ellipticity and
surface brightness over the radial range of ~2-3 arcsec (~200—
300 pc) that transition into a larger, flattened, symmetric struc-
ture extending east—west (see Figure 4).

We fitted a two-dimensional (2D) model to the CSS using
GALFIT (Peng et al. 2010), applied first to the stacked (r +i +z)
‘detection’ image. We adopted a Moffat (1969) model for the
CSS, convolved with the PSF, with the diffuse background of
tidal debris modelled as a 2D Gaussian plus flat plane. The
total light in the Moffat component does not converge, and

> https://ned.ipac.caltech.edu/extinction_calculator
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Table 1. Surface brightnesses and colours for the shell-like debris feature around NGC 7531 (top row) and for an aperture placed on the arm of

NGC 7531 (bottom row).

<uy>
[mag arcsec™2]

<pg>
[mag arcsec™2]

<>
[mag arcsec™2]

<g-r>
[mag]

<g-7> <r—z>
[mag] [mag]

Shell

NGC 7531 23.79 £0.008  23.60 + 0.007

2543 £0.0019 24.85 +£0.0017 24.50 +£0.0012 0.57 = 0.003
23.53 +£ 0.007

0.90 £ 0.002 0.34 £ 0.002
0.18 £0.009 0.24 +£0.009 0.06 = 0.009

Table 2. Apparent magnitude, absolute magnitude, and luminosity
obtained for the shell feature detected around NGC 7531.

Magnitude Magnitude luminosity
[mag] [mag] [Lol
g 1556 +£0.002 —16.6f§:‘5‘ 3.59f%:1? x 108
ro 1498 +0.002 -17.2*0%  3.20%137 x 108

4.427279 5 108

-0.5
z  14.63 = 0.002 —17.5f§~;1 w1

ADec (arcsec)

ARA (arcsec)

Fig. 4. DESI Legacy Survey image of the CSS and surroundings, with
elliptical isophote contours overlaid. North is up and east is left. The
compact, round star cluster transitions to a flattened structure at ~2—
3 arcsec that likely represents tidal tails (also visible in Figure 2).

we truncate it at an estimated tidal radius of r, ~ 2.8 arcsec.
The best-fitting half-light radius Ry, axis ratio b/a and position
angle are reported in Table 3. The uncertainties are dominated
by variations in the adopted tidal radius. A key result here is
Ry = 0.13 + 0.05 arcsec, which corresponds to 14 + Spc at a
distance of 22.2 Mpc.

After applying GALFIT to the detection image, we measured
photometry in separate filters by fixing all the model param-
eters except for the brightness normalisation (while using the
appropriate PSF for each band). The total g-band magnitude is
reported in Table 3, with the uncertainty again derived through
varying the tidal truncation. The colours are insensitive to the
truncation radius, and instead we used Monte Carlo simulations
to estimate these uncertainties (since the uncertainties reported
directly by GALFIT are unrealistic). First, we applied Gaussian
perturbations to each image based on the error map. To account
for correlated noise between pixels, we magnified these pertur-

Table 3. Properties of the compact stellar system.

Property Value Units
RA 348.6439 deg
Dec —43.6044 deg
Rg 2.35 arcmin
Rg 15.2 kpc
9o 20.69 + 0.07 mag
Mo -11.02+£0.07 mag
(NUV - g)o 2.29 + 0.60 mag
(g-1)o 0.54 £ 0.06 mag
(g—1) 0.72 £ 0.06 mag
(g—2)0 0.82 +0.07 mag
Ry 0.13 +0.05 arcsec
Ry 14+5 pc
PA. 18.07 £25.73  degree
bla 0.96 +0.02

M, 3.7:1):(7) x 106 Mg
Age 3.7’:%:0 Gyr
[M/H] +0. 13f§8§ dex

Notes. These include right ascension and declination coordinates, pro-
jected galactocentric radius Rg, extinction-corrected g-band magnitude
(apparent and absolute, gy and M), colors in various filter combina-
tions, half-light radius Ry, position angle, axis ratio b/a, stellar mass
M, , mass-weighted age and metallicity [M/H]. The uncertainties are
for a fixed distance.

bations by a factor of VNEA, where the noise equivalent area is
NEA = 47 x (FWHM/2.355)? and the units are pixel?. Then we
repeated the fitting procedure with GALFIT described above. We
carried out this simulation 500 times per image and obtained a
suite of parameter measurements. We finally adopted the stan-
dard deviation of each parameter as an estimate of measure-
ment uncertainty. The optical colours of the CSS appear to be
slightly bluer than those of the surrounding diffuse substructure
(see Table 1), and are modelled in the next section.

4.2. Stellar populations

To model the stellar populations of the CSS, we combined infor-
mation from the LRIS spectrum (see Section 2.3) and from the
multi-wavelength photometry (Section 4.1). Here we used two
different modelling codes to test the robustness of the results,
shown in Figure 5. The first is pPXF. For the stellar popula-
tion models, we used E-MILES single stellar population (SSP)
models (Vazdekis et al. 2016) with BaSTI library isochrones
(Hidalgo et al. 2018). These SSP models have 22 different ages
from 0.1 to 14 Gyr, and nine different metallicities [M/H] from
—1.79 to 0.15 dex.

Initially, we obtain the radial velocity and velocity dis-
persion by performing a spectrum-only pPXF fitting without

A172, page 5 of 10
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Fig. 5. Stellar population modelling of the CSS, using independent codes pPXF (left column) and Prospector (right column). The top row shows
SED fitting to the photometry, the middle row shows full spectral fitting where the spectra are normalised by the median flux, and the bottom
row shows the inferred non-parametric star formation rate vs time. Qualitatively, both codes produce remarkably consistent results, with a very

extended SFH that finished with a strong burst ~1 Gyr ago.

regularisation. Subsequently, we fix the kinematics while running
the fitting again for the stellar population with the combination
of spectroscopy and photometry. To recover the SFH better, the
regularisation parameter is set to be 10 according to the spec-
tral signal-to-noise ratio. Also, the orders of both additive and
multiplicative polynomials are set to 10 to adjust the continuum
shape in the fitting, allowing us to correct for any flux calibration
issues and to remove minor mismatches between the data and the
templates. pPXF gives a mass-weighted age of 3.84733 Gyr, and

~2.06
[M/H] =+0.1 1f8'8§ dex. The uncertainties are obtained through
running bootstrapping by resampling the flux residuals.

The second modelling code is the Bayesian inference code
Prospector (Johnson et al. 2021), which also allows us to model
the photometric and spectroscopic data simultaneously. The
stellar models are built based on the MILES stellar spectral

library (Falcén-Barroso et al. 2011) and the MIST isochrones
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(Choi et al. 2016) through Flexible Stellar Population Synthesis
(Conroy et al. 2009).

To obtain a non-parametric SFH, we set the time bins to [0,
0.1], [0.1, 0.2], [0.2, 0.5], [0.5, 1.0], [1.0, 2.0], [2.0, 5.0], [5.0,
10.0], [10.0, 14.0] Gyr with the Dirichlet prior. For other param-
eters, linear uniform priors were adopted, including stellar mass
(6.0 < log M, /My < 7.5), metallicity (-2.0 < [M/H] < +0.2),
and dust (0 < Ay < 2.0). A 20th-order Chebyshev polyno-
mial was employed for calibrating the difference in continuum
shapes between photometric and spectroscopic data. We used
the dynamic nested sampling algorithm DYNESTY (Speagle
2020) to sample the posteriors. From Prospector, we find a mass-
weighted age of 3.51f}:3§ Gyr, and [M/H] of +0.14f8'82 dex,
which is consistent with our pPXF numbers mentioned above.
Therefore, we adopted the average values of age = 3.7f%'° Gyr

3
and [M/H] = +0.13f8:8§ dex.
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Fig. 6. Half-light radius vs stellar mass for the CSSs. The object lies
in the UCD range, we thereby denote it as UCD1 (green star). For ref-
erence, we mark the location of the massive MW star clusters w Cen
and NGC 2419. We also denote the approximate locations of globular
cluters (GCs), extended clusters (ECs) and faint fuzzies.

Based on the weights of the SSP model at different ages, we
recover the non-parametric SFHs from both pPXF and Prospec-
tor. The results show remarkable agreement (Figure 5, lower
panels): a relatively constant, low level of star formation from
~13 to ~2 Gyr ago, followed by a strong burst ~1 Gyr ago.

The inferred mass-to-light ratio in the g-band is almost the
same between pPXF and Prospector, about 1.4. Therefore, our
estimate for the CSS stellar mass is 3.7 )9 x 10° Mo,

We did not attempt to model the stellar populations of the
diffuse substructure, given the lack of either spectroscopy or
near-infrared photometry. However, we can make a qualitative
conclusion that it is older than the CSS, given the redder colour
and implausibility of the metallicity being higher.

5. Discussion
5.1. The nature of the compact stellar system

We plot the size and mass of the CSS in Figure 6 along with other
objects in the literature for comparison (see Brodie et al. 2011,
with updates online®). The CSS clearly resides in the parameter
space of UCDs, i.e. larger than classical GCs, and more mas-
sive than most of them. Therefore we dub the object NGC 7531-
UCDI, or UCDI1 for short — adding to examples in the literature
of ‘UCDs in formation’ (see Section 1). We note that the size
and luminosity of UCD1 may well diminish as the tidal strip-
ping progresses, leading to a fainter, more compact system like
w Cen (Figure 6) — famous among the GCs of the MW for likely
being a remnant of a stripped galaxy (e.g. Pfeffer et al. 2021).
The one UCD belonging to the MW, NGC 2419, was originally
part of the Sagittarius dwarf, and it is not clear if it was ever an
NSC (Pfeffer et al. 2021; Davies et al. 2024).

Non-NSCs with the size and mass of NGC 7531-UCD1 are
rarely if ever found in dwarf galaxies (Briins & Kroupa 2012),
and thus we would conclude that the object is is not a massive
GC loosely associated with the tidal debris, but is a disrupted
nucleus — even without seeing the obvious tidal disruption fea-
tures in Section 4.1. In addition, UCDs are usually observed to
be old (>5 Gyr; e.g. Chilingarian et al. 2008; Paudel et al. 2010;
Janz et al. 2016; Zhang et al. 2018), and the few young ones typ-
ically show signs of NSC origins; for example, through tidal
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Fig. 7. Surface brightness map of the simulated dwarf debris around
NGC 7531 that qualitatively matches the observations. This snapshot
occurs 60 Myr after the most recent pericentric passage and 1.23 Gyr
after the first pericenter.

debris or extended star formation histories (Firth et al. 2009;
Norris & Kannappan 2011; Norris et al. 2015; Schweizer et al.
2018).

The apparent tidal radius of UCD1 (Figure 4) allows us to
estimate the pericentric distance of its orbit, by assuming that the
current isophote disturbances are residuals of a recent pericentric
passage rather than an instantaneous response to the local tidal
field. We begin with a standard tidal radius formula of r; ~ rg *
(M, /3Mg)'3, where rp is the three-dimensional pericentric dis-
tance, M, is the mass of the UCD and Mg is the enclosed mass
from the host galaxy. We assume Mg varies linearly with dis-
tance, scaled to the circular velocity from Pizzella et al. (2005),
and solve to find r, = 11.8*35 kpc (with error-bars dominated by
the tidal radius uncertainty). This inference nicely satisfies the
consistency criterion that r, < Rg = 15.2kpc, and suggests that
the UCD is fairly close to pericenter.

5.2. The formation of the tidal debris surrounding
NGC 7531-UCD1

In order to better understand this system, we performed a small
suite of N-body simulations to determine how a similar mor-
phology can be reproduced. Given the asymmetry of the system,
with the bulk of the material sitting on one side of NGC 7531,
this is a very unrelaxed structure. As such, we chose to model it
on radial or nearly radial orbits to determine whether or not we
can reproduce the observed morphology.

Our simulations were performed with GADGET-3, which is
broadly similar to GADGET-2 (Springel 2005). For NGC 7531,
we used a scaled-down version of MWPotential2014 from
Bovy (2015). This scaling was done based on the circular veloc-
ity of NGC 7531, 168.6kms~! (Pizzella et al. 2005) compared
t0 Umax = 225.6kms™! for MiiPotential2®14. For this scaling,
we scaled the masses by a factor of A and the distances by a factor
of A3, in line with the empirically observed virial radius versus
size relation (Kravtsov 2013). We find a value of A = 0.415 pro-
duces a peak circular velocity curve of 168.6kms~!. The poten-
tial we use is an NFW dark matter halo (Navarro et al. 1996)
with a mass of 3.32 x 10'! My, a scale radius of 11.93 kpc and a
concentration of 15.3. For the disc, we used a Miyamoto—Nagai
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Fig. 8. Evolution of the N-body simulation that produces a shell similar to what is observed in NGC 7531. From left to right, the panels show the
simulated dwarf 50 Myr before the first pericenter (+ = —1.28 Gyr), 70 Myr after the first pericenter (r = —1.15 Gyr), 50 Myr before the second
pericenter (t = —0.11 Gyr), and 60 Myr after the second pericenter (present day).

disc (Miyamoto & Nagai 1975) with a mass of 2.82 x 10'° M,
a scale radius of 2.24kpc and a scale height of 0.21 kpc. For
the bulge, we use a truncated power law bulge with a mass of
2.08 x 10° Mg, a power-law slope of —1.9 and an exponentially
truncated scale radius of 1.42 kpc.

We modelled the dwarf that produced the shell with a two-
component model that has a Plummer (1911) sphere for the stars
and an NFW halo for the dark matter. For the stellar component,
we used a stellar mass of 3x 10% M, based on the lower estimate
provided in Section 3.2, and a 3D half-light radius of 1.5 kpc. For
the dark matter, we used a virial mass of My = 3 X 101°M,,
a concentration of 11.9 (using the mass—concentration relation
in Dutton & Maccio 2014) and a scale radius of 5.49 kpc. We
modelled each component with 10° particles and a softening of
32.9pc.

For our near-radial merger, we initialised the system at a
distance of 150kpc along the z axis with a tangential veloc-
ity of 2.5kms™! in the x direction. The first pericenter occurs
1.79 Gyr after the simulation begins and produces a shell shortly
afterwards. In Figure 7 we show a surface brightness map of
the simulated dwarf debris ~60 Myr after the second pericentric
passage (1.23 Gyr after the first pericentric passage), which has
features comparable to those observed. This simulation suggests
that two pericentric passages are needed to create the observed
shell and the trailing stream. This conclusion matches up well
with the recent burst in star formation ~1 Gyr ago shown in
Figure 5. We note that 54% of the debris in Figure 7 is fainter
than 28 mag/arcsec?, which suggests that the bright shell in NGC
7531 contains almost half of the tidal debris. We also note that
this model does not include an NSC and thus does not reproduce
the linear feature close to the CSS, i.e. Figure 4.

In Figure 8, we show the evolution of the dwarf galaxy to cre-
ate the shell. The first panel shows the dwarf 50 Myr before its
first pericenter (1.28 Gyr ago). During this pericentric passage,
it becomes significantly distorted and produces an initial shell
shown in the second panel, 70 Myr after the pericentric passage.
The apocenter occurs 0.66 Gyr ago at a distance of 60.3 kpc,
which corresponds to 565 arcsec at the distance of NGC 7531.
The third panel shows the dwarf 50 Myr before its second peri-
center (0.11 Gyr ago). The final panel shows the structure at the
present day with a vibrant shell, a trailing stream on the left,
and an additional shell-like low surface brightness structure to
the right. Both of these latter features also appear in the observa-
tions (features ‘c’ and ‘b’ in Figure 1, respectively). We note that
the shell can be created from just one passage (e.g. second panel
of Figure 8), but this would suggest a more recent starburst and
would not produce any additional debris.
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To better understand how the observed shell was produced,
we also simulated the same system with slightly higher and
lower angular momenta by giving it a tangential velocity of 0,
5, and 10kms~!. For the less radial orbits, the resulting debris
looks similar but produces a more asymmetric shell, i.e. the over-
dense region is on one side of the shell. For the radial infall,
the overdense region is in the center of the shell but the trailing
stream is aligned with the shell, in disagreement with observa-
tions.

We note that our work on NGC 7531 bears some resem-
blance to previous work on the Umbrella Galaxy NGC 4651
(Foster et al. 2014). However, in that case the spectroscopy of
the star cluster embedded in the stellar stream was not sufficient
for inferring its SFH, which we have shown can provide critical
clues to the accretion history. Also the Umbrella study used a
rescaled existing numerical simulation, while for NGC 7531 we
have deployed a bespoke simulation for this system.

6. Conclusions

We have performed a detailed characterisation of the shell-like
tidal debris around NGC 7531 and the CSS embedded within
it. We present new, deep images of NGC 7531 taken with an
amateur telescope and luminance filter, which enhance the LSB
structures around NGC 7531 in unprecedented detail. For the
scientific analysis, we have primarily used DESI LS images,
Keck/LRIS spectroscopy and tailored N-body simulations. Here,
we present our conclusions:

— The compact object embedded in the shell is a UCD asso-
ciated with NGC 7531: Our photometric measurements sug-
gest a stellar mass of 3.7 x 10° M, and a half-light radius
of R, = 0.13 £ 0.05 arcsec. Our spectroscopic measure-
ments confirm the object is at a similar distance to NGC
753 and, through SED-fitting, we derive an extended SFH
with a recent burst of SE. These three factors strongly sug-
gest that the CSS is a UCD, which we hereby name NGC
7531-UCD1.

— The presence of tidal tails from NGC 7531-UCDI1 suggests
the system underwent (and is likely ongoing) tidal disrup-
tion, adding observational evidence to our knowledge of the
NSC-UCD formation pathway and to the pool of known
extragalactic examples.

— Our simulations reproduce the formation of the tidal
debris: Our photometric measurements quantify the shell-
like debris’ mass as M, ~ 3—11x 10® My, implying a merger
mass ratio from ~300:1 to 10:1. With this information (and
other parameters) we are able to reproduce the merger event,
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recovering a near radial orbit of the progenitor dwarf galaxy
with two pericentric passages. The timing of the first peri-
centre passage coincides with the measured star formation
enhancement ~1 Gyr ago.
Our detailed study of NGC 7531 and its UCD demon-
strates the scientific potential that will be unlocked by next-
generation wide-field surveys, such as the Legacy Survey
of Space and Time (LSST; Ivezi¢ et al. 2019), Nancy Grace
Roman Space Telescope (Spergeletal. 2013), and Euclid
(Euclid Collaboration: Mellier et al. 2025) in resolving star clus-
ters within galactic halos. Euclid, in particular, has already
demonstrated its ability to distinguish GCs across a range of
contexts, from within dwarf galaxies to the intracluster field
(e.g. Hunt et al. 2025; Euclid Collaboration: Voggel et al. 2025;
Marleau et al. 2025; Saifollahi et al. 2025; Romanowsky et al.
2025), and to characterise their properties (e.g. Urbano et al.
2025; Larsen et al. 2025). With the present study, we have shown
not only that characterising star clusters within tidal debris
improves our knowledge of star cluster formation and evolution
pathways, but also that the information can be used to constrain
the accretion history of the galaxy and the origin of the debris
itself.
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