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Abstract

Context. The discovery of quiescent, dark matter (DM)-deficient ultra-diffuse galaxies (UDGs) with overluminous globular clusters (GCs) has challenged galaxy formation models within the Lambda cold dark matter (ΛCDM) cosmological paradigm. Previously, such galaxies were only identified in the NGC 1052 group, raising the possibility that they are the result of unique, group-specific processes, and limiting their broader significance. The recent identification of FCC 224, a putative DM-deficient UDG on the outskirts of the Fornax Cluster, suggests that such galaxies are not confined to the NGC 1052 group but rather represent a broader phenomenon.

Aims. We aim to investigate the DM content of FCC 224 and to explore its similarities to the DM-free dwarfs in the NGC 1052 group, DF2 and DF4, to determine whether or not it belongs to the same class of DM-deficient UDGs.

Methods. We use high-resolution Keck Cosmic Web Imager (KCWI) spectroscopy to study the kinematics, stellar populations, and GC system of FCC 224, enabling direct comparisons with DF2 and DF4.

Results. We find that FCC 224 is also DM-deficient and exhibits a distinct set of traits shared with DF2 and DF4, including slow and prolate rotation, quiescence in low-density environments, coeval formation of stars and GCs, flat stellar population gradients, a top-heavy GC luminosity function, and monochromatic GCs.

Conclusions. These shared characteristics signal the existence of a previously unrecognised class of DM-deficient dwarf galaxies. This diagnostic framework provides a means of identifying additional examples and raises new questions for galaxy formation models within ΛCDM cosmology.
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1. Introduction
The Λ cold dark matter (ΛCDM) cosmological model has long been the cornerstone of our understanding of galaxy formation and evolution. Central to this paradigm is the idea that dark matter (DM) is an essential component of all galaxies, providing the gravitational framework necessary for their formation, stability and evolution. The discovery of NGC 1052-DF2 and NGC 1052-DF4 (hereafter DF2 and DF4), two quiescent ultra-diffuse galaxies (UDGs) exhibiting a significant lack of DM in their inner regions, has raised questions about the validity of galaxy formation models within the accepted paradigm. These galaxies challenge the conventional understanding of how galaxies form and evolve within ΛCDM (Haslbauer et al. 2019a) and the presumed relationship between galaxies and their DM halos (van Dokkum et al. 2018a, 2019).
DF2 and DF4 possess many unusual characteristics, the most significant being their apparent total lack of DM in their inner regions. These features have sparked numerous theories about their origins (such as, Ogiya 2018; Ogiya et al. 2022; Moreno et al. 2022; Jackson et al. 2021; Ivleva et al. 2024; Shin et al. 2020; Lee et al. 2021, 2024). Among these is the ‘bullet-dwarf’ scenario proposed by Silk (2019) and van Dokkum et al. (2022a), wherein high velocity interactions separate dark and baryonic matter while generating the intense pressure needed to form unusually bright globular clusters (GCs). DF2 and DF4 indeed host strikingly overluminous GCs, with a top-heavy GC luminosity function (GCLF) that sets them apart from normal dwarf galaxies (van Dokkum et al. 2018a, 2019, 2022b; Shen et al. 2021a). The prediction from this scenario is that eight ‘bullet dwarf’ interactions producing DM-deficient UDGs will have occurred in a 20 Mpc volume (van Dokkum et al. 2022a). Galaxies formed through this process would likely constitute a new class of DM-deficient dwarfs. However, until now, such galaxies had only been identified in association with the NGC 1052 group, leaving the broader relevance of this model uncertain.
Within this context, FCC 224 – a galaxy that was long catalogued (Ferguson 1989) but whose potential significance remained hitherto unrecognised – has resurfaced as a pivotal discovery in a new catalogue of low-surface brightness galaxies (Tanoglidis et al. 2021), where its striking similarities to the DM-deficient galaxies in the NGC 1052 group, DF2 and DF4, began to draw attention. The first indication of a connection between FCC 224 and the DM-deficient galaxies in the NGC 1052 group came from its population of unusually bright GCs, a feature that prompted renewed interest and follow-up observations with the Hubble Space Telescope (HST) (Romanowsky et al. 2024; Tang et al. 2025a). These studies have highlighted striking similarities between FCC 224 and the DM-deficient galaxies in the NGC 1052 group, suggesting elements of a common origin. FCC 224 meets the definition of a UDG (van Dokkum et al. 2015) within the uncertainties, with an effective radius of Re = 1.89 ± 0.01 kpc, and a central surface brightness of μg, 0 = 23.97 ± 0.03 mag arcsec−2. It has a stellar mass of log(M⋆/M⊙) = 8.24 ± 0.04 and is estimated to host 13 ± 1 GCs (Tang et al. 2025a).
Given these peculiar features, FCC 224 could be a new example of a DM-free dwarf galaxy. This study employs high-resolution Keck Cosmic Web Imager (KCWI) spectroscopy to directly determine the DM content of FCC 224 and investigate its similarities to DF2 and DF4. By analysing their kinematics, stellar populations and GC system, we explore the possibility that these galaxies form a new class, and if so, their common traits could serve as a diagnostic framework for identifying additional DM-deficient dwarf galaxies.
2. Data and methods
The Keck/KCWI data for this study were obtained on the night of 14 September 2023 (PI: Forbes), under clear conditions, with seeing ranging from 1.0″ to 1.2″. KCWI was configured with the medium slicer, providing a field of view (FoV) of 16.5″ × 20.4″, allowing simultaneous coverage of both the stellar body and six globular clusters (GCs) in FCC 224. The BL grating was centred at 4550 Å, covering 3630−5650 Å in the blue arm, while the RH3 grating was centred at 8600 Å, spanning 8205−8962 Å in the red arm.
Seven blue-arm exposures of 1320 seconds each were obtained with on-chip sky subtraction, while red-arm exposures were shortened to 300 seconds each due to high cosmic ray frequency, resulting in 28 exposures. The total exposure times were ∼2.6 hours in the blue arm and ∼2.3 hours in the red arm. The spectral resolution, measured from arc lamp files, is R = 1908 at 5075 Å (σinst = 66.8 km s−1) for the blue arm and R = 10 238 at 8600 Å (σinst = 12.4 km s−1) for the red arm. A full characterisation of the spectral resolution across the full wavelength range is provided in Appendix A.
For flux calibration of the red-arm data, we used the standard star Feige 110, observed on 12 November 2023, since the calibration file of the originally selected standard star (Feige 25) lacked sufficient sampling in the target wavelength range. Red-arm flat fields from the same 12 November observing run were also used, as flats from 14 September were saturated. While using calibration files from different nights can introduce uncertainties due to potential changes in the instrument, KCWI is known to be highly stable over time. Over the two-month gap between observations, no significant variations in the performance of the instrument were reported, ensuring that this approach does not affect the reliability of the results. Any residual discrepancies from temporal differences would manifest as small flux calibration offsets, which are negligible compared to the overall uncertainties in the data.
2.1. Data reduction and sky subtraction
Data reduction followed standard Keck/KCWI pipelines (KCWIDRP, Neill et al. 2023), though additional steps were necessary for cosmic ray removal and sky subtraction, especially for the red arm due to higher cosmic ray frequency and sky-line contamination. The full sky subtraction process is detailed in Appendix B.
All spectra were corrected for Milky Way dust attenuation using the Fitzpatrick (1999) reddening law with RV = 3.1, assuming a total extinction of AV = 0.031 mag for FCC 224, based on the recalibration by Schlafly & Finkbeiner (2011).
The KCWI FoV covered FCC 224’s central regions, as illustrated in Fig. 1, where the KCWI pointing is overlaid on the HST/WFC3 F814W imaging. The top right panels display the integrated spectra from both the blue and red arms of KCWI, highlighting key spectral features.
	[image: thumbnail]	Fig. 1. Imaging and spectra of FCC 224 (top section) and its GCs (bottom section). Top left: HST/WFC3 F814W image, highlighting the GC candidates in red circles and background/foreground sources in blue squares. The black rectangle and inset axis show the Keck/KCWI white-light image, along with the segmentation image used to separate galaxy from sky spaxels. The orange dashed ellipse marks the effective radius of the galaxy. Top right: Blue and red KCWI spectra of the stellar body of FCC 224, where grey is the observation and red is the pPXF fit. Masked regions of the spectra are marked as grey bands. The CaT lines are marked in the red-arm spectrum by red bands. In both blue- and red-arm spectra, the dashed lines mark key spectral lines (CaH+K and Hβ in the blue-arm spectrum, and the CaT in the red-arm spectrum). Bottom left and middle: Close-up views of the CaH+K and Hβ regions of the stacked GC spectrum using the blue arm of KCWI. In all of the panels showing spectra, the S/N is shown, as well as the recovered kinematics (e.g. velocity and velocity dispersion) by running pPXF. Bottom right: Comparison of the GCLF of FCC 224 to those of DF2, DF4 and to normal dwarf galaxies in the Fornax cluster as a scaled Gaussian curve (Jordán et al. 2015).



2.2. Spectral fitting
We employed the penalised pixel-fitting (pPXF) code (Cappellari 2017) to extract kinematics and stellar populations for FCC 224 and its GCs. pPXF fits observed spectra with combinations of stellar templates convolved with a Gauss-Hermite velocity distribution profile (Gerhard 1993). For the blue-arm data, we used the EMILES stellar population synthesis library (Vazdekis et al. 2015), closely matching the BL grating resolution. For the red arm, we utilised high-resolution templates (Coelho 2014) to recover the systemic velocity and velocity dispersion of the galaxy.
To investigate the stellar population gradients, we defined five radial bins centred on the galaxy’s core: one inner circular aperture and four additional annuli, each with a width of 5 pixels. These bins were constructed to ensure a minimum signal-to-noise ratio of 15 Å−1 per bin, facilitating reliable measurements. The binning was based on the circularised effective radius ([image: equation], and b/a = 0.64) of the galaxy and covers the area within 0.4 Re, circ. While it would have been possible to extend the gradient analysis out to the effective radius of the galaxy along the minor axis, this would have required including spaxels previously designated as sky spaxels. To maintain the robustness of our analysis, we limited the study to 0.4 circularised effective radii.
3. Results
In this section, we present the results obtained for GC association and GC stellar populations. For the galaxy itself, we report its systemic velocity, stellar populations, age and metallicity gradients, and rotation patterns, with a particular focus on its velocity dispersion to probe the DM content.
3.1. Globular clusters
The KCWI FoV encompasses the six brightest GC candidates around FCC 224, identified by Tang et al. (2025a). We confirmed that they are associated with FCC 224 by measuring radial velocities consistent with those of the galaxy. The spectrum of each confirmed GC and the radial velocity distribution are shown in Appendix C. In the bottom section of Fig. 1, we present the properties of the GCs associated with FCC 224. The left panel shows the blue-arm combined spectra of the six confirmed GCs, while the right panel presents the GCLF of FCC 224 as recovered by Tang et al. (2025a). This GCLF assumes a distance of 20 Mpc (Tang et al. 2025a), and reveals an overabundance of luminous GCs, with a top-heavy GCLF similar to those of DF2 and DF4. Additionally, Tang et al. (2025a) found that FCC 224’s GCs exhibit a remarkably narrow colour spread of ∼0.02 mag, a property similar to that of the monochromatic GC populations seen in DF2 and DF4 (van Dokkum et al. 2022b; Buzzo et al. 2023).
The GC radial distribution in FCC 224 appears consistent with other dwarf galaxies in the Fornax cluster, which typically have RGC/Re ∼ 0.8 (Saifollahi et al. 2025), but it is more compact compared to other UDGs (see for example, Lim et al. 2018, 2020; Forbes & Gannon 2024; Janssens et al. 2024). Tang et al. (2025a) reported RGC/Re = 0.8, 1.2 and 2.9 for FCC 224, DF2 and DF4, respectively. Interestingly, they found evidence of mass segregation in FCC 224, with the most massive GCs located closer to the galaxy centre. This phenomenon could be associated with dynamical friction, similar to what has been observed in other dwarf galaxies (see for example Lotz et al. 2001) and even in UDGs (Liang et al. 2024). However, FCC 224 was found to have a shallow surface brightness profile, with a Sérsic index n = 0.75 (Tang et al. 2025a). Since dynamical friction is expected to have a stronger effect in cuspier profiles, with the DM causing GCs to migrate inwards, and FCC 224 has a shallow profile consistent with a cored potential, then dynamical friction is expected to have a weaker effect. To further explore this hypothesis, we use the simulations of Doppel et al. (2023), assuming the stellar mass of FCC 224 and a typical GC mass of ∼105 M⊙. These simulations suggest that GC orbital decay is plausible, consistent with suggestions for DF2 by Nusser (2018), Dutta Chowdhury et al. (2019), Ogiya et al. (2022), but that the dynamical friction timescale exceeds a Hubble time for most GCs, except those initially located at very small radii (r < 0.5 − 1.0 kpc). For a detailed discussion of GC sizes, radial distributions, mass segregation, and the role of dynamical friction in FCC 224, we refer the reader to Tang et al. (2025a).
After studying the GCs, we masked out all of them to obtain a spectrum of FCC 224’s stellar body. The blue-arm data yielded an integrated spectrum with a signal-to-noise ratio (S/N) of 27.3 Å−1, while the red-arm spectrum had an S/N of 18 Å−1.
3.2. Stellar populations
We next analyse the kinematics and stellar population properties of FCC 224. This time, we use pPXF coupled with the EMILES libraries (Vazdekis et al. 2015) to analyse spectra from the blue arm of KCWI. We measure a systemic velocity for FCC 224 of 1405 ± 3 km s−1, excluding regions with high sky contamination or irregular features (Ferré-Mateu et al. 2023). This systemic velocity aligns well with that of the Fornax Cluster (V = 1425 km s−1, with a velocity dispersion of σ = 374 km s−1, Raj et al. 2020; Smith Castelli et al. 2024), indicating that FCC 224 is consistent with being a member of the cluster in velocity space. However, its location at a radial distance of 1.3 Mpc from the cluster centre (1.8 × R200, where R200 is the virial radius of the cluster, estimated to be 0.7 Mpc for Fornax (Raj et al. 2020; Smith Castelli et al. 2024)) suggests that FCC 224 has not yet fallen into the cluster (Rhee et al. 2017). Alternatively, it could be a backsplash galaxy that has passed through the cluster but is now seen on the outskirts (Benavides et al. 2021).
Disentangling these scenarios is challenging with the current dataset. First-infall galaxies typically exhibit higher star formation rates and greater gas content, whereas backsplash galaxies are often quiescent and gas-depleted due to environmental quenching. However, pre-processing, such as a bullet-dwarf collision, could result in quiescence even for a first-infall galaxy. Additionally, first-infall galaxies usually have higher velocities and lie farther from the cluster centre, while backsplash galaxies decelerate and remain closer. FCC 224, at more than 1.8 virial radii, could favour the first-infall scenario, as backsplash galaxies at such distances are rare (Benavides et al. 2021), though they can extend to 3 virial radii. When looking at stellar populations, backsplash galaxies often show older ages and higher metallicities, whereas FCC 224 exhibits an old stellar population but with very low metallicity (as will be discussed in the next paragraphs), more consistent with pre-processing than with cluster interactions. Ultimately, deeper data (and HI in particular) are required to distinguish between these possibilities.
The blue arm’s broader wavelength range and reduced sky contamination make it ideal for examining both integrated stellar populations, and the radial gradients in annuli of 5 pixels (about 1.3 arcsec), extending out to 0.4 circularised effective radii. Additionally, we stack the spectra of the confirmed GCs, weighting them by flux to assess their stellar populations.
Our results reveal high consistency across FCC 224’s integrated stellar populations, GCs, and radial gradients, with age differences between the galaxy’s bins and GCs remaining below 0.1 Gyr and metallicity differences within 0.05 dex, as shown in Fig. 2. The galaxy’s recovered mass-weighted age is tM = 10.2 Gyr, with a mass-weighted metallicity of approximately [M/H] = −1.3 dex. These results are equivalent to the ones obtained by Tang et al. (2025a) using a combination of photometric data from HST, DECaLS and WISE data, as well as 30 minutes of KCWI blue arm observations. They found a mass-weighted age of [image: equation] Gyr, and a metallicity of [M/H] = [image: equation] dex.
	[image: thumbnail]	Fig. 2. Stellar populations of FCC 224 and comparison with DF2 and DF4. Resolved mass-weighted age (tM) and metallicity ([M/H]) profiles for FCC 224 along the circularised effective radius of the galaxy (orange squares, shaded uncertainties) compared with DF2 (Fensch et al. 2019a) (green squares, shaded). Stars denote integrated stellar populations for FCC 224 (orange), DF2 (green) and DF4 (purple), and circles indicate stacked GC populations for FCC 224 (orange) and DF2 (green). GC stellar population information is not available in the case of DF4. The flat profiles in FCC 224 and DF2 suggest coeval star and GC formation.



3.3. Kinematics and dynamics
In this section, we analyse the velocity dispersion of FCC 224 as recovered from both the stars and GC system, and the rotational patterns observed in the galaxy.
3.3.1. Velocity dispersion from the stars
Full spectral fitting of the red arm (Fig. 1), as well as fitting of the three individual Ca II lines using the high-resolution templates from Coelho (2014), yielded a stellar velocity dispersion of σgalaxy = 10.43 ± 5.76 km s−1. The velocity dispersion σgalaxy in galaxies like FCC 224 results from both velocity dispersion between member stars and internal motions in the stellar atmospheres:
[image: thumbnail](1)
In galaxies with substantial DM content, the velocity dispersion tends to be higher due to the gravitational influence of the DM halo. By contrast, DM-deficient galaxies like DF2 and DF4 exhibit notably low velocity dispersions, sometimes reaching levels where intrinsic stellar motions, such as stellar rotation and macroturbulence effects, can noticeably impact the measurements. Estimating intrinsic stellar motions is crucial for FCC 224, given its old, metal-poor stellar population primarily composed of main sequence (MS) and red giant branch (RGB) stars. Since our synthetic models lack intrinsic line broadening, we independently estimated this effect based on empirical studies of low-metallicity stellar kinematics. MS stars in such environments can reach rotation speeds of up to 6 km s−1 (Amard & Matt 2020), while RGB stars have broadening values between 2 and 11 km s−1 (Carney et al. 2008; Massarotti et al. 2008). We use an empirical relation between metallicity and broadening (Carney et al. 2008) derived for individual metal-poor stars to estimate FCC 224’s internal broadening to be σbroadening = 6.9 ± 2.6 km s−1, incorporating both rotation and macroturbulence.
Using the relation from Carney et al. (2008) to interpret the velocity dispersion of FCC 224 comes with several underlying assumptions. First, we extrapolate the rotation and macroturbulence effects observed in individual RGB and MS stars to a composite stellar population. This extrapolation assumes that the stars were formed in a single event, consistent with the minimal metallicity variation observed across the stellar body (see Fig. 2). Additionally, we assume that RGB stars within the galaxy have random orientations, following the approach of Carney et al. (2008).
Finally, Carney et al. (2008) note that applying their results to integrated light typically requires adjustments to account for metallicity gradients and kinematic variations within a stellar population. However, given the lack of observed metallicity variations across FCC 224 and its classification as a slow rotator, we assume negligible variations across the galaxy’s body. Thus, we assume that no adjustments to the Carney relation are necessary in this case.
We subtract this estimated intrinsic broadening from the measured velocity dispersion directly from the spectrum, and find a final stellar velocity dispersion for FCC 224 of [image: equation] km s−1.
3.3.2. Velocity dispersion of the GCs
The velocity dispersion of the GCs was derived using a Markov Chain Monte Carlo (MCMC) method (Foreman-Mackey et al. 2013). The likelihood function adopted is:
[image: thumbnail](2)
where vn are the GC velocities and σobs2 = σ2 + δv2, with δv as the velocity uncertainty for each GC. For our setup, we tested both Jeffreys and uniform priors. The Jeffreys priors have been shown by a number of studies in the literature to result in lower velocity dispersion estimates than the uniform priors (Martin et al. 2018; Müller et al. 2019; Doppel et al. 2021; Toloba et al. 2023). In contrast, the uniform priors were found to overestimate (by ∼30%) the true dispersion in the case of a small number of tracers (Doppel et al. 2021; Toloba et al. 2023).
In our case, the Jeffreys priors yielded an unrealistically low velocity dispersion of [image: equation] km s−1 and a velocity of [image: equation] km s−1. This extremely low velocity dispersion has been observed in other cases in the literature (Toloba et al. 2023), suggesting that the Jeffreys priors may systematically bias the results toward zero when the true dispersion is small because the priors cannot resolve this extremely low dispersion. The uniform priors, on the other hand, yielded a velocity dispersion of [image: equation] km s−1 and a velocity of [image: equation] km s−1. Given that the Jeffreys prior led to an unrealistic velocity dispersion and uniform priors lead to overestimated ones, we chose to adopt the uniform priors result as an upper limit on σGCs. The resulting cornerplot of running the MCMC with a uniform prior is shown in Fig. 3.
	[image: thumbnail]	Fig. 3. Velocity and velocity dispersion of the GC system. Monte Carlo Markov Chain results of fitting a maximum likelihood function to the velocities recovered for the 5 GCs around FCC 224 with the highest S/N to recover the velocity dispersion and recessional velocity of the host galaxy. The MCMC was run using a uniform prior, and returned [image: equation] km s−1 and a dispersion velocity of [image: equation] km s−1. This velocity dispersion is considered an upper limit based on previous studies that shown that uniform priors tend to overestimate the velocity dispersion of galaxies when a small number of tracers is used.



To validate the accuracy of our methodology, we applied our MCMC routine to the line-of-sight velocities of the GCs around DF2 and DF4, aiming to reproduce the velocity dispersions reported in the literature. For DF2, we obtained [image: equation] km s−1, and for DF4, we derived [image: equation] km s−1, both based on uniform priors. These results are consistent, within their uncertainties, with the values previously reported in the literature (van Dokkum et al. 2018a, 2019). The slightly lower velocity dispersion for DF2 compared to van Dokkum et al. (2018a) remains within the uncertainties and is likely due to random motions and differences in the starting points of the MCMC walkers.
In Fig. 4 (left panel), we compare FCC 224’s velocity dispersion with those of DF2 and DF4, using both the GC and stellar measurements. These findings are contextualised within two main frameworks: (1) galaxies with no dynamical evidence for DM, as inferred from their stellar masses, and (2) galaxies that follow the expected stellar mass–halo mass relation from Moster et al. (2013).
	[image: thumbnail]	Fig. 4. Constraints on the velocity dispersion and enclosed mass of FCC 224. Left: Stellar velocity dispersion of stars and GCs in FCC 224 (orange), DF2 (green) and DF4 (purple) compared to two models indicated by shades: (1) No DM within the galaxies, and (2) a normal DM halo as predicted by the stellar mass–halo mass relation (Moster et al. 2013). In both panels, the measurements from the stars are shown in star markers and from the GCs in circles Right: Comparison of the dynamical and stellar masses within 1 Re for the three DM-deficient galaxies, showing that all three lie near the predicted line for galaxies with a DM fraction close to zero.



To obtain the range of predicted velocity dispersions, we follow the prescription thoroughly described in Wasserman et al. (2018), solving the Jeans equation under the assumption of dynamical equilibrium, an spherical model and isotropic stellar orbits, combining the gravitational potential from both the stellar and dark matter components. To estimate these values, we use the stellar mass-halo mass (SMHM) relation of Moster et al. (2013) to infer that a galaxy with the stellar mass of FCC 224 is well described by a halo mass of M200 = 1010.5 M⊙. For the dark matter halo, we assume an NFW profile (Navarro et al. 1997), parametrised by the total halo mass (M200) and concentration (c200), determined using the mass–concentration relation of Dutton & Macciò (2014). The stellar density profile was modelled using a Sérsic distribution, parametrised by the central surface brightness, effective radius, and Sérsic index, all of the previous were derived by Tang et al. (2025a). Using these steps, we estimate that the stars alone contribute to the velocity dispersion: σ⋆ = 7.8 ± 2.0 km s−1, [image: equation] km s−1 (Danieli et al. 2019) and 9 ± 1 km s−1 (Shen et al. 2023) for FCC 224, DF2, and DF4, respectively. The predicted velocity dispersions for the galaxies if they follow the SMHM relation are σSMHM = 25 ± 4 km s−1, 35 ± 6 km s−1 (Danieli et al. 2019) and 30 ± 5 km s−1 (Shen et al. 2023). Although this work, Danieli et al. (2019), and Shen et al. (2023) used different SMHM relations, we verified that our results, based on Moster et al. (2013), remain consistent within the uncertainties when compared to results obtained using other relations, such as Behroozi et al. (2013). Additionally, we assumed a cuspy NFW profile for consistency with Danieli et al. (2019) and Shen et al. (2023). We note, nonetheless, that assuming a cored profile may reduce the tension with the data, which will be explored in a follow-up study using deeper data covering a wider FoV. Our analysis shows that FCC 224 falls within the ‘no DM’ region, identifying it, along with DF2 and DF4, as a third example of a galaxy with minimal or absent DM content within 1 Re.
To further explore FCC 224’s DM content, we convert the velocity dispersions into dynamical masses and compare these with the stellar masses of the galaxies within 1 Re.
According to Wolf et al. (2010), the dynamical mass is a function of the velocity dispersion and the 3D deprojected effective radius (r1/2). Using the 2D projected half-light radius, we have that r1/2 = 4/3 Re. Therefore, the equation takes the form:
[image: thumbnail](3)
where σlos is the velocity dispersion along the line-of-sight. Assuming a distance of 20 Mpc to FCC 224 and its effective radius of Re = 1.9 kpc, we infer an enclosed dynamical mass of log(Mdyn/M⊙) = 7.9 ± 0.4 from the stars and log(Mdyn/M⊙) = 7.5 ± 0.7 from the GCs. With a stellar mass of log(M⋆/M⊙) = 8.24 ± 0.04, thus, with a stellar mass within the effective radius of log(M⋆/M⊙) = 7.94 ± 0.04, these results suggest that FCC 224 contains little or no DM within 1 Re.
This comparison is presented in the rightmost panel in Fig. 4. All three galaxies lie close to the line predicting a DM fraction near zero. For FCC 224, this becomes a small fraction, ∼30%, if we consider the upper limit on dynamical mass from the upper limit on velocity dispersion. For DF2, a similarly small DM fraction can be derived from the measurements of Emsellem et al. (2019). Although these measurements imply a DM fraction somewhat higher than zero, that is, not a total lack of DM, they are still considerably smaller than the fractions found for normal dwarf galaxies, known for being highly DM-dominated (Carignan & Beaulieu 1989; Persic et al. 1996; Côté et al. 2000; Swaters et al. 2011).
Notably, this finding relies on the 20 Mpc distance estimate for FCC 224. Were FCC 224 located closer, the observed dynamics would align with a dark-matter-dominated inner region, as discussed in debates surrounding DF2’s distance-dependent DM profile. DF2 has been subject to ongoing debates about its distance (van Dokkum et al. 2018a; Trujillo et al. 2019; Shen et al. 2021b), as uncertainties in distance measurements directly affect its classification as a DM-deficient galaxy. FCC 224 may suffer from the same debates, as measuring the distance of nearby galaxies, where peculiar velocities can dominate over the Hubble flow, introduces significant uncertainties. In such cases, additional measurements of the distance which do not rely only on peculiar velocities need to be pursued. This was done for DF2 using both surface brightness fluctuations (van Dokkum et al. 2018b) and the tip of the red giant branch distance using 40 HST orbits (Shen et al. 2021b). For FCC 224, the distance was also estimated using surface brightness fluctuations by Tang et al. (2025a). If these galaxies are closer than current estimates suggest, their dynamical mass measurements would rise, bringing the need for DM back into their dynamics. Similarly, a reduced distance would shift their GCLFs back to the expected peak for typical dwarf galaxies. Tang et al. (2025a) suggested that FCC 224 would have to be at a distance of ∼12.5 Mpc (more than 2σ from its measured distance of 18.6 ± 2.7 Mpc) to have its GCLF peaking at MI = −8.2 mag, suggested by other Fornax dwarfs (for example, Saifollahi et al. 2025). While these distance uncertainties are significant and require further scrutiny, they do not diminish the importance of identifying additional examples. On the contrary, the discovery of more DM-deficient candidates would provide stronger evidence for a common formation mechanism, independent of distance-related controversies. Indeed, as more examples are identified, the statistical reliability of this formation pathway strengthens, emphasising the importance of building a systematic framework for identifying these galaxies. Such a framework is crucial not only for finding further candidates but also for resolving the distance controversy itself by increasing the sample size and refining the conditions under which these galaxies form.
3.3.3. Rotation
Finally, the blue arm data were segmented and rotated by multiples of 30° across the galaxy to identify the axis of maximum rotation. The maximum rotation velocity was found to be 7.5 ± 3.0 km s−1, which is comparable to the velocity dispersion of the diffuse stellar body. This indicates that the observed rotation is barely discernible from random motions, aligning with the definition of a ‘slow rotator’ as a galaxy lacking clear signs of large-scale rotation (Emsellem et al. 2011; Krajnović et al. 2020; Wang & Peng 2023). Despite this low rotational velocity, the direction of maximum rotation was found to be orthogonal to the major axis of the galaxy, consistent with prolate rotation given the ellipticity of FCC 224 (ϵ = 1 − b/a = 0.36).
4. Discussion
Bringing together all these findings, we see that FCC 224 exhibits several distinctive traits aligning with those of DF2 and DF4, suggesting that these galaxies represent a new, previously unrecognised class, and suggest a ‘recipe’ for identifying other DM-deficient dwarf galaxies.
FCC 224, DF2 and DF4 share a distinctive conformity in the ages and metallicities of their stars and GCs, suggesting coeval formation through an early, distinct star formation event. The uniformity is unusual for dwarf galaxies, where GCs and stars normally exhibit significant age and metallicity differences due to multiple star formation episodes. The finding of constant age and metallicity profiles is also rare among dwarfs, which tend to show older, more metal-poor stars in their outer regions (Koleva et al. 2011; Sybilska et al. 2017; Bidaran et al. 2022; Cardona-Barrero et al. 2023; Benavides et al. 2024). Recent studies of UDGs, however, have noted flat or even positive gradients in metallicity Villaume et al. (2022), Ferré-Mateu et al. (2025), similar to FCC 224 and DF2. However, it is worth noting that most observed gradient changes tend to emerge in observations beyond 0.7 Re (Ferré-Mateu et al. 2025) and beyond 1 Re in simulations (Benavides et al. 2024). Our findings, based on observations out to 0.4 Re, circ, are extrapolated to the outskirts of the galaxy due to the minimal colour variations (F606W−F814W) detected, with a difference of less than 0.01 mag across the galaxy. Nevertheless, spectroscopic observations extending further into the galaxy’s outskirts will be essential to conclusively confirm the flatness of these stellar population gradients.
From the recovered star formation history (SFH) of FCC 224 (Fig. 5), we conclude that the galaxy is quiescent, with no recent star formation. In addition, we construct the large-scale structure maps around FCC 224, DF2 and DF4 using the 2MASS Extended Source Catalogue (XSC, Huchra et al. 2012) and we see that all three of them are particularly far from any massive galaxies or high-density regions, that is, they are all in low-density environments. Quiescence is particularly rare in low-density environments (< 0.06%, Geha et al. 2012), where dwarf galaxies with M⋆ ∼ 108 − 109 M⊙ are predominantly star-forming (Prole et al. 2019; Li et al. 2023; Mao et al. 2024; Geha et al. 2024). While a growing number of isolated quiescent galaxies have been identified in recent studies (for instance, Geha et al. 2024; Kado-Fong et al. 2024), they remain the minority, underscoring the unusual nature of FCC 224. A more detailed characterisation of the environment that the galaxies inhabit and the rarity of this finding is provided in Appendix D.
	[image: thumbnail]	Fig. 5. Star formation history of FCC 224. The SFH indicates early and fast quenching, with 90% of its stellar mass having formed only ∼4.5 Gyr after the Big Bang (t90 ∼ 10 Gyr) and a quenching timescale (t50 − t90) of only 2.5 Gyr.



To further cement the quiescent state of the galaxy, we note that FCC 224 has no gas (based on analysis of shallow HI Wallaby data; Serra et al. 2023 and on the lack of emission lines on its spectrum). DF2 was also shown to be completely devoid of ionised (Fensch et al. 2019a) and neutral gas (Chowdhury 2019). Emission lines were also not reported in the spectrum of DF4 (van Dokkum et al. 2019; Shen et al. 2023).
The presence of prolate rotation in FCC 224, a feature also observed in DF2 (Emsellem et al. 2019; Lewis et al. 2020), highlights another distinctive characteristic that sets these galaxies apart from typical dwarf galaxies (Lipka et al. 2024; Cardona-Barrero et al. 2021). While dwarfs with similar luminosities and ellipticities, particularly dwarf ellipticals in the outskirts of clusters, are often fast, oblate rotators (Lipka et al. 2024), FCC 224 and DF2 exhibit slow, prolate rotation. A similar analysis cannot be done for DF4 due to the lack of spectroscopic measurements, and thus its rotational properties remain uncharacterised. A model of the dynamics of the GC system of DF4, however, suggested no signs of rotation, which was extrapolated to suggest slow stellar rotation in DF4 itself (Li et al. 2024). Statistically significant prolate rotation has been detected in very few dwarf galaxies to date (Battaglia & Nipoti 2022): And II (Ho et al. 2012), Phoenix (Kacharov et al. 2017), Ursa Minor (Pace et al. 2020) and in NGC 6822 (Belland et al. 2020). For example, simulations of the rotation patterns of 27 dwarf galaxies using the NIHAO simulations have reported only one to be a prolate rotator, demonstrating how rare this feature is in galaxies in this stellar mass range (Cardona-Barrero et al. 2021). Prolate rotation is often accompanied by a prolate shape (Valenzuela et al. 2024) and slow rotation (Schulze et al. 2018), thus, consistent with our findings.
While standard galaxy formation models within the ΛCDM paradigm allow for DM-deficient galaxies under certain conditions, they typically appear as tidal dwarf galaxies–ejected clumps of baryonic matter resulting from interactions between more massive galaxies (Duc et al. 2000, 2014, 2015; Lelli et al. 2015; Ploeckinger et al. 2018). These tidal dwarfs usually host young, metal-rich stellar populations, reflecting the enriched material from which they formed. They also tend to remain close to their progenitors and, in most cases, fall back into them within a short period. For a tidal dwarf galaxy to escape its progenitors’ vicinity, it would require a significantly strong external potential, such as that found in a cluster environment (Ivleva et al. 2024).
As previously discussed, FCC 224, DF2 and DF4 are not consistent with the tidal dwarf scenario (van Dokkum et al. 2022a; Buzzo et al. 2022, 2023; Gannon et al. 2023). Their stellar populations are old, metal-poor, and quenched (van Dokkum et al. 2018a; Fensch et al. 2019a; Buzzo et al. 2022). More importantly, the unusual GC systems of these galaxies are inconsistent with tidal dwarf formation scenarios, that is, no simulation of tidal dwarfs to date could reproduce these GC populations (Haslbauer et al. 2019b; Müller et al. 2019; Fensch et al. 2019a,b). Tidal stripping of the dwarf’s dark matter component by a massive companion or a cluster (Ogiya 2018; Ogiya et al. 2022; Macciò et al. 2021; Jackson et al. 2021; Moreno et al. 2022; Ivleva et al. 2024) was also proposed as a plausible scenario to explain these galaxies, but similarly, they fail in reproducing the unusual GC populations of the dwarfs.
While a detailed investigation of formation scenarios for these DM-free galaxies is beyond the scope of this paper, our findings provide an opportunity to consider certain scenarios that align better with these observed characteristics. For instance, prolate rotation, a rare feature in dwarf galaxies, is frequently associated with mergers (e.g. Bois et al. 2011; Tsatsi et al. 2017; Ebrová & Łokas 2017; Hegde et al. 2022). This association raises the possibility that FCC 224, DF2, and DF4 might have formed through such a process.
The ‘bullet dwarf’ models (Silk 2019; van Dokkum et al. 2022a; Lee et al. 2021, 2024; Shin et al. 2020; Otaki & Mori 2023) are the only ones in the literature currently relying on mergers (specifically, head-on collisions) as the formation pathway for DM-free dwarfs. This scenario predicts the formation of multiple DM-free galaxies simultaneously, as observed in the NGC 1052 group, where DF2 and DF4 are aligned along a trail consistent with this model (Tang et al. 2025b). If FCC 224 formed through a similar process, one might expect other galaxies with shared properties to exist nearby. Indeed, we identify FCC 240, located approximately 13 arcmin from FCC 224, as a compelling candidate for a companion galaxy formed through the same event. FCC 240 shares several striking similarities with FCC 224: it has a comparable ellipticity and position angle, is confirmed to lie at the same distance, and exhibits stellar populations consistent with those of FCC 224 (Tang et al. 2025a). Although we lack data on FCC 240’s rotation patterns or velocity dispersion, its seemingly overluminous GC system, stellar populations, and major axis alignment with FCC 224 strongly suggest a shared formation history. These similarities collectively point to the bullet dwarf scenario as the most plausible explanation for the formation of these galaxies.
The model, however, is not entirely capable of explaining the rotation observed in the resulting galaxies. The bullet dwarf scenario, being a special case of a head-on collision with a small impact parameter, naturally results in low angular momentum and slow rotation, with any residual rotation likely originating from the progenitor galaxy. While this aligns with the observed slow rotation, it leaves questions about the prolate rotation pattern. Recent studies of prolate rotation in massive galaxies suggest that mergers can disrupt regular rotational patterns depending on the collision angle, producing prolate rotation that can last for many Gyr (Valenzuela & Remus 2024; Remus et al., in prep.). It remains to be determined whether this behaviour extends to the mass range of dwarf galaxies. Nevertheless, this provides a compelling conceptual basis for the observed prolate rotation in FCC 224 and DF2, suggesting it could originate from one of the progenitor galaxies having significant initial rotation, which was disrupted during the high-speed collision. Current simulations of the ‘bullet dwarf’ scenario, nonetheless, assume zero initial rotation for the progenitors (Lee et al. 2024). Further refinements in simulations, therefore, are necessary to rigorously test this scenario and to determine whether such conditions can consistently reproduce this newly observed feature of DM-free dwarfs.
Currently, no single formation model fully explains all the observed properties of these galaxies, such as the overluminous GC populations and the slow and prolate rotation, emphasising the need for refined simulations and theoretical models. Although each of these properties are not restricted to DM-deficient galaxies, identifying these shared traits enables a systematic approach for finding DM-free dwarf galaxies, crucial to revealing the processes that allow dwarf galaxies to form and evolve with little or no DM. Fig. 6 illustrates the characteristics of the three DM-free galaxies known so far – the defining traits of this new class of DM-free dwarf galaxies.
	[image: thumbnail]	Fig. 6. The identified signatures of DM absence in dwarf galaxies. Left column: Galaxies found to be deficient of DM within 1 Re. Middle column: Shared properties of these galaxies that are unusual and different from other dwarf galaxies. Right column: We propose that these properties can be used to select DM-free dwarf galaxy candidates from a dedicated survey.



5. Conclusions
This study investigates FCC 224, a quiescent UDG on the outskirts of the Fornax Cluster, to confirm its DM content and establish its similarities to previously identified DM-deficient galaxies, DF2 and DF4.
Using high-resolution spectroscopy from the Keck/KCWI and imaging from the Hubble Space Telescope, the analysis revealed that FCC 224 is a DM-deficient galaxy, with a stellar velocity dispersion of [image: equation] km s−1, significantly lower than the 25 km s−1 predicted for a typical dwarf galaxy of its stellar mass. The dynamical mass within one effective radius, estimated at log(Mdyn/M⊙) = 7.9 ± 0.4, is consistent with its stellar mass within 1 Re of log(M⋆/M⊙) = 7.94 ± 0.04, implying a negligible DM fraction within this region.
FCC 224’s stellar population is uniformly old and metal-poor (that is, flat age and metallicity profiles), with a mass-weighted age of 10.2 ± 0.5 Gyr and metallicity [M/H] = −1.3 ± 0.3 dex, closely matching those of its GCs. Furthermore, the galaxy hosts an unusual GC system, including a top-heavy GC luminosity function and monochromatic GCs, similar to DF2 and DF4. FCC 224 rotates slowly (7.5 ± 3.0 km s−1) and displays prolate rotation, and is quiescent despite residing in a low-density environment, as confirmed by the absence of gas and emission lines.
These findings align FCC 224 with DF2 and DF4 and signal the existence of a new class of DM-deficient dwarf galaxies, suggesting a broader cosmological relevance that challenges galaxy formation models with the ΛCDM paradigm and providing a framework to identify additional DM-free galaxies.
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Appendix A:  Spectral resolution characterisation
The spectral resolution was measured from arc lamp files and is R = 1908 at 5075 Å (σinst = 66.8 km s−1) for the blue arm and R = 10238 at 8600 Å (σinst = 12.4 km s−1) for the red arm. The resolution ranges from R = 1390 at 3700 Å to R = 2113 at 5600 Å on the blue arm, and from R = 9762 at 8200 Å to R = 10476 at 8800 Å on the red arm, as can be seen in Fig A.1. The median line width is FWHM = 2.65 and 0.84 Å in the blue and red arms, respectively. Using these minimum and maximum values of resolution on the red side yielded an uncertainty of 1.2 km s−1 in the recovered velocity dispersion. This value has been quadratically added to the final uncertainty quoted for the velocity dispersion of FCC 224.
	[image: thumbnail]	Fig. A.1. Spectral resolution profiles (line spread function) of KCWI. The profiles are provided by the FWHM as a function of wavelength. The resolution adopted for the blue side is 2.63 Å (R = 1908) at 5075 Å. For the red side, the resolution is nearly constant across the spectrum with an adopted resolution of 0.84 Å (R = 10238) at 8600 Å.




Appendix B:  Sky subtraction
The blue-arm data were reduced with on-chip sky subtraction. For the red arm, additional sky subtraction steps included creating a sky mask with SExtractor (Bertin 2002), and separating the spaxels associated with the galaxy and sky. This sky mask was then used in KCWIDRP for sky subtraction. The algorithm Zurich Atmospheric Purge (ZAP; Soto et al. 2016) was applied on residuals in the reduced datacube, using the same sky mask to characterise the sky accurately. The data were collapsed across all spectra associated with both the galaxy and sky, generating integrated spectra. We then used the skytweak function in IRAF with a scaling factor of 1.01 (i.e. a 1% increase) and a shift of 1.3 pixels to correct slight misalignments in the sky and galaxy spectra. This adjustment eliminated residuals in the spectra, allowing clean measurements of key spectral features, including the Ca triplet lines. Fig. B.1 summarises all of the reduction steps applied to the blue and red arms of KCWI.
	[image: thumbnail]	Fig. B.1. Sky subtraction methodology. On the top left we show the steps applied to reduce the blue-arm data. The right column shows the steps involved in reducing the red-arm data, much more complex given the cosmic ray frequency and presence of many skylines. The bottom left panel shows the power of each method in removing the contribution of skylines in the red-arm spectra. The blue and green lines in the bottom left panel compare the sky levels at each step of the sky subtraction process. Green is after running only KCWIDRP with a sky mask and the blue shows the sky level after applying ZAP.




Appendix C:  Globular cluster association
The GC candidates around FCC 224 were identified from HST/WFC3 imaging data (Tang et al. 2025a). Six GCs were within the FoV of KCWI. To analyse the spectrum of each GC, we select all of the spaxels related to the GC based on the segmentation image, and use an annulus of 3 pixels around each of them to perform a local sky subtraction. We confirm the association of all six GCs through spectroscopic analysis, as can be seen in Fig. C.1. We then stack all six spectra to study the overall properties of the GC system. The combined stacked spectrum of the GCs has a S/N of 20.1 Å−1. We find the recessional velocity of the stacked GC spectrum to be VGCs = 1408.8 ± 2.2 km s−1, that is, consistent with that of the galaxy. The GC stellar populations also matched the galaxy, with tM = 10.1 ± 0.3 Gyr and [M/H]= − 1.3 ± 0.2 dex, supporting a coeval formation scenario.
	[image: thumbnail]	Fig. C.1. Velocities of Individual GCs. First six rows: Left: Close-up of each GC in the KCWI FoV with F814W magnitudes. Middle and right: Blue-arm KCWI spectra focusing on CaH+K and Hβ regions. Each spectrum displays the recovered radial velocity, its offset from the galaxy’s systemic velocity (from integrated starlight), and the S/N. Last row: Radial velocity distribution of GCs around FCC 224. GC5 is excluded due to low S/N. The three Gaussian curves represent expected velocity dispersion from the stellar mass-halo mass relation (Moster et al. 2013) (red), stellar contribution alone (green), and MCMC-derived GC system dispersion using uniform priors (orange).




Appendix D:  Quiescence in low density environments
D.1. Environment characterisation
We used the 2 MASS Redshift Survey (2MRS, Huchra et al. 2012) to derive the large scale structure around the galaxies. We have selected only galaxies with magnitudes brighter than 10.5 in the Ks band in the 2MRS survey. The large scale structure maps shown in Fig. D.1 show that FCC 224, as well as DF2 and DF4, are far away from any high-density regions and any massive galaxies, being thus characterised as populating low-density environments.
	[image: thumbnail]	Fig. D.1. Characterisation of the environments of the galaxies. Upper panel: FCC 224 (shown with the orange star marker). Lower panel: DF2/DF4 (green and purple stars, respectively). These are based on the 2MASS XSC, revealing that the galaxies are in low-density regions: FCC 224 in the outskirts of the Fornax Cluster and DF2/DF4 in the sparsely populated NGC 1052 group, distant from massive galaxies.



D.2. The low fraction of quiescent dwarf galaxies in the outskirts of the Fornax cluster
To evaluate the rarity of quiescent dwarf galaxies like FCC 224 in low-density environments, we analysed the phase-space distribution and stellar population ages of dwarf galaxies in the Fornax Cluster using data from the SAMI-Fornax dwarf survey (Scott et al. 2020; Eftekhari et al. 2022; Romero-Gómez et al. 2023). This dataset includes detailed measurements of galaxy properties, allowing us to compare the age and spatial distribution of FCC 224 with a well-characterised sample of Fornax dwarfs.
Using the recovered velocity and the coordinates of FCC 224, we placed the galaxy in the phase-space diagram proposed by Rhee et al. (2017) Rhee et al. (2017) as shown in Fig. D.2 to see where it lies within the Fornax Cluster. We assume a systemic velocity of the Fornax cluster of Vsys = 1425 km s−1, σ = 374 km s−1, and a virial radius of R200 = 2 deg (= 0.7 Mpc, Raj et al. 2020; Smith Castelli et al. 2024). The coordinates of NGC 1399 were used as the centre of the cluster. One can see that although FCC 224 is very close to the centre of the cluster in velocity space, it is far away spatially, lying at nearly ∼1.8 virial radii. According to the simulations of Rhee et al. (2017) Rhee et al. (2017), FCC 224 is yet to infall the Fornax cluster or has escaped it after a pericentre passage (that is, a backsplash galaxy; Benavides et al. 2021).
The right panel of Fig. D.2 shows the relationship between galaxy age (represented by t90, the time at which 90% of the stellar mass formed) and distance from the cluster core. We derived this relation using the SAMI-Fornax dwarf sample, which spans a range of environments from the dense core to the cluster outskirts. A clear trend emerges, with galaxies further from the cluster core having younger stellar populations. FCC 224, with its old stellar population (t90 = 10.2 Gyr) and significant spatial distance from the Fornax Cluster core (i.e. 1.8 R200), lies more than 4σ above the fit, making it a clear outlier.
	[image: thumbnail]	Fig. D.2. FCC 224 quiescence in the Fornax cluster outskirts. Left: Phase-space diagram for FCC 224 with infall regions from Rhee et al. (2017) shaded from dark to light, indicating progressively later infall times. FCC 224 lies in the yet-to-infall region, close in velocity but spatially distant. Right: Age (t90) vs. projected distance to the cluster core, with SAMI-Fornax dwarfs shown for comparison. Galaxies are colour-coded by age, showing a trend of younger ages at greater distances. FCC 224 is an old galaxy unusually far from the core, deviating by over 4σ from the fit.



These findings highlight the unusual nature of FCC 224 as a quiescent, old galaxy located in a low-density environment. Such a configuration is exceptionally rare among dwarf galaxies, providing further evidence of FCC 224’s distinct evolutionary pathway.


All Figures
	[image: thumbnail]	Fig. 1. Imaging and spectra of FCC 224 (top section) and its GCs (bottom section). Top left: HST/WFC3 F814W image, highlighting the GC candidates in red circles and background/foreground sources in blue squares. The black rectangle and inset axis show the Keck/KCWI white-light image, along with the segmentation image used to separate galaxy from sky spaxels. The orange dashed ellipse marks the effective radius of the galaxy. Top right: Blue and red KCWI spectra of the stellar body of FCC 224, where grey is the observation and red is the pPXF fit. Masked regions of the spectra are marked as grey bands. The CaT lines are marked in the red-arm spectrum by red bands. In both blue- and red-arm spectra, the dashed lines mark key spectral lines (CaH+K and Hβ in the blue-arm spectrum, and the CaT in the red-arm spectrum). Bottom left and middle: Close-up views of the CaH+K and Hβ regions of the stacked GC spectrum using the blue arm of KCWI. In all of the panels showing spectra, the S/N is shown, as well as the recovered kinematics (e.g. velocity and velocity dispersion) by running pPXF. Bottom right: Comparison of the GCLF of FCC 224 to those of DF2, DF4 and to normal dwarf galaxies in the Fornax cluster as a scaled Gaussian curve (Jordán et al. 2015).
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	[image: thumbnail]	Fig. 2. Stellar populations of FCC 224 and comparison with DF2 and DF4. Resolved mass-weighted age (tM) and metallicity ([M/H]) profiles for FCC 224 along the circularised effective radius of the galaxy (orange squares, shaded uncertainties) compared with DF2 (Fensch et al. 2019a) (green squares, shaded). Stars denote integrated stellar populations for FCC 224 (orange), DF2 (green) and DF4 (purple), and circles indicate stacked GC populations for FCC 224 (orange) and DF2 (green). GC stellar population information is not available in the case of DF4. The flat profiles in FCC 224 and DF2 suggest coeval star and GC formation.
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	[image: thumbnail]	Fig. 3. Velocity and velocity dispersion of the GC system. Monte Carlo Markov Chain results of fitting a maximum likelihood function to the velocities recovered for the 5 GCs around FCC 224 with the highest S/N to recover the velocity dispersion and recessional velocity of the host galaxy. The MCMC was run using a uniform prior, and returned [image: equation] km s−1 and a dispersion velocity of [image: equation] km s−1. This velocity dispersion is considered an upper limit based on previous studies that shown that uniform priors tend to overestimate the velocity dispersion of galaxies when a small number of tracers is used.
In the text



	[image: thumbnail]	Fig. 4. Constraints on the velocity dispersion and enclosed mass of FCC 224. Left: Stellar velocity dispersion of stars and GCs in FCC 224 (orange), DF2 (green) and DF4 (purple) compared to two models indicated by shades: (1) No DM within the galaxies, and (2) a normal DM halo as predicted by the stellar mass–halo mass relation (Moster et al. 2013). In both panels, the measurements from the stars are shown in star markers and from the GCs in circles Right: Comparison of the dynamical and stellar masses within 1 Re for the three DM-deficient galaxies, showing that all three lie near the predicted line for galaxies with a DM fraction close to zero.
In the text



	[image: thumbnail]	Fig. 5. Star formation history of FCC 224. The SFH indicates early and fast quenching, with 90% of its stellar mass having formed only ∼4.5 Gyr after the Big Bang (t90 ∼ 10 Gyr) and a quenching timescale (t50 − t90) of only 2.5 Gyr.
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	[image: thumbnail]	Fig. 6. The identified signatures of DM absence in dwarf galaxies. Left column: Galaxies found to be deficient of DM within 1 Re. Middle column: Shared properties of these galaxies that are unusual and different from other dwarf galaxies. Right column: We propose that these properties can be used to select DM-free dwarf galaxy candidates from a dedicated survey.
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	[image: thumbnail]	Fig. A.1. Spectral resolution profiles (line spread function) of KCWI. The profiles are provided by the FWHM as a function of wavelength. The resolution adopted for the blue side is 2.63 Å (R = 1908) at 5075 Å. For the red side, the resolution is nearly constant across the spectrum with an adopted resolution of 0.84 Å (R = 10238) at 8600 Å.
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	[image: thumbnail]	Fig. B.1. Sky subtraction methodology. On the top left we show the steps applied to reduce the blue-arm data. The right column shows the steps involved in reducing the red-arm data, much more complex given the cosmic ray frequency and presence of many skylines. The bottom left panel shows the power of each method in removing the contribution of skylines in the red-arm spectra. The blue and green lines in the bottom left panel compare the sky levels at each step of the sky subtraction process. Green is after running only KCWIDRP with a sky mask and the blue shows the sky level after applying ZAP.
In the text



	[image: thumbnail]	Fig. C.1. Velocities of Individual GCs. First six rows: Left: Close-up of each GC in the KCWI FoV with F814W magnitudes. Middle and right: Blue-arm KCWI spectra focusing on CaH+K and Hβ regions. Each spectrum displays the recovered radial velocity, its offset from the galaxy’s systemic velocity (from integrated starlight), and the S/N. Last row: Radial velocity distribution of GCs around FCC 224. GC5 is excluded due to low S/N. The three Gaussian curves represent expected velocity dispersion from the stellar mass-halo mass relation (Moster et al. 2013) (red), stellar contribution alone (green), and MCMC-derived GC system dispersion using uniform priors (orange).
In the text



	[image: thumbnail]	Fig. D.1. Characterisation of the environments of the galaxies. Upper panel: FCC 224 (shown with the orange star marker). Lower panel: DF2/DF4 (green and purple stars, respectively). These are based on the 2MASS XSC, revealing that the galaxies are in low-density regions: FCC 224 in the outskirts of the Fornax Cluster and DF2/DF4 in the sparsely populated NGC 1052 group, distant from massive galaxies.
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	[image: thumbnail]	Fig. D.2. FCC 224 quiescence in the Fornax cluster outskirts. Left: Phase-space diagram for FCC 224 with infall regions from Rhee et al. (2017) shaded from dark to light, indicating progressively later infall times. FCC 224 lies in the yet-to-infall region, close in velocity but spatially distant. Right: Age (t90) vs. projected distance to the cluster core, with SAMI-Fornax dwarfs shown for comparison. Galaxies are colour-coded by age, showing a trend of younger ages at greater distances. FCC 224 is an old galaxy unusually far from the core, deviating by over 4σ from the fit.
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        Velocity and velocity dispersion of the GC system. Monte Carlo Markov Chain results of fitting a maximum likelihood function to the velocities recovered for the 5 GCs around FCC 224 with the highest S/N to recover the velocity dispersion and recessional velocity of the host galaxy. The MCMC was run using a uniform prior, and returned [image: equation] km s−1 and a dispersion velocity of [image: equation] km s−1. This velocity dispersion is considered an upper limit based on previous studies that shown that uniform priors tend to overestimate the velocity dispersion of galaxies when a small number of tracers is used.
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        Star formation history of FCC 224. The SFH indicates early and fast quenching, with 90% of its stellar mass having formed only ∼4.5 Gyr after the Big Bang (t90 ∼ 10 Gyr) and a quenching timescale (t50 − t90) of only 2.5 Gyr.
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        Spectral resolution profiles (line spread function) of KCWI. The profiles are provided by the FWHM as a function of wavelength. The resolution adopted for the blue side is 2.63 Å (R = 1908) at 5075 Å. For the red side, the resolution is nearly constant across the spectrum with an adopted resolution of 0.84 Å (R = 10238) at 8600 Å.
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        Characterisation of the environments of the galaxies. Upper panel: FCC 224 (shown with the orange star marker). Lower panel: DF2/DF4 (green and purple stars, respectively). These are based on the 2MASS XSC, revealing that the galaxies are in low-density regions: FCC 224 in the outskirts of the Fornax Cluster and DF2/DF4 in the sparsely populated NGC 1052 group, distant from massive galaxies.
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        FCC 224 quiescence in the Fornax cluster outskirts. Left: Phase-space diagram for FCC 224 with infall regions from Rhee et al. (2017) shaded from dark to light, indicating progressively later infall times. FCC 224 lies in the yet-to-infall region, close in velocity but spatially distant. Right: Age (t90) vs. projected distance to the cluster core, with SAMI-Fornax dwarfs shown for comparison. Galaxies are colour-coded by age, showing a trend of younger ages at greater distances. FCC 224 is an old galaxy unusually far from the core, deviating by over 4σ from the fit.
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