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Abstract 

We analyze Hα or CO rotation curves (RCs) extending out to several galaxy effective radii for 100 

massive, large, star-forming disk galaxies (SFGs) across the peak of cosmic galaxy star formation 

(𝑧~0.6 − 2.5), more than doubling the previous sample presented by Genzel et al. (2020) and Price et al. 

(2021). The observations were taken with SINFONI and KMOS integral-field spectrographs at ESO-VLT, 

LUCI at LBT, NOEMA at IRAM, and ALMA. We fit the major axis kinematics with beam-convolved, 

forward models of turbulent rotating disks with bulges embedded in dark matter (DM) halos, including 

the effects of pressure support. The fraction of dark to total matter within the disk effective radius (𝑅𝑒 ∼ 5 

kpc), 𝑓𝐷𝑀(𝑅𝑒) = 𝑉𝐷𝑀
2 (𝑅𝑒)/𝑉𝑐𝑖𝑟𝑐

2 (𝑅𝑒), decreases with redshift: At z~1 (z~2) the median DM fraction is 

0.38 ± 0.23 (0.27 ± 0.18), and a third (half) of all galaxies are “maximal” disks with 𝑓𝐷𝑀(𝑅𝑒) < 0.28. 

Dark matter fractions correlate inversely with the baryonic surface density, and the low DM fractions 

require a flattened, or cored, inner DM density distribution. At 𝑧~2 there is ≈ 40% less dark matter mass 

on average within 𝑅𝑒 compared to expected values based on cosmological stellar-mass halo-mass 

relations. The DM deficit is more evident at high star formation rate (SFR) surface densities (𝛴𝑆𝐹𝑅 ≳

2.5 M⊙ yr−1 kpc−2) and galaxies with massive bulges (𝑀𝑏𝑢𝑙𝑔𝑒 ≥ 1010 M⊙). A combination of stellar or 

active galactic nucleus (AGN) feedback, and/or heating due to dynamical friction, either from satellite 

accretion or clump migration, may drive the DM from cuspy into cored mass distributions. The 
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observations plausibly indicate an efficient build-up of massive bulges and central black holes at 𝑧~2 

SFGs. 

 

1. Introduction 

Low dark matter fractions at z~2. Galaxy rotation curves (RCs) are an essential tool for studying the 

baryonic and dark matter (DM) mass distributions of galaxies. Several studies in the past decade have 

used advanced optical and near-IR imaging spectrographs and millimeter interferometry to obtain RCs for 

high redshift star forming galaxies (SFGs) (e.g., Wuyts et al. 2016; Stott et al. 2016, Genzel et al. 2017, 

2020; Lang et al. 2017; Übler et al. 2018; Tiley et al. 2019; Price et al. 2021; Bouché et al. 2021). Deep 

observations and stacking techniques are critical to probe RCs beyond the disk effective radii, 𝑅𝑒, out to 

where the RC shapes are more sensitive to the presence of dark matter. Genzel et al. (2017; hereafter G17) 

analyzed high S/N H kinematics taken from the KMOS3D and SINS/zC-SINF surveys (Wisnioski et al. 

2015, 2019; Förster Schreiber et al. 2009, 2018) for six individual massive disks at 𝑧 = 0.9 − 2.4, reaching 

~2-3 𝑅𝑒. Detailed forward mass modeling of the major-axis rotation velocity and velocity dispersion 

profiles indicated that all six galaxies are strongly baryon-dominated within 𝑹𝒆 having very low derived 

DM fractions, 𝑓𝐷𝑀(𝑅𝑒) = 𝑉𝐷𝑀
2 (𝑅𝑒)/𝑉𝑐𝑖𝑟𝑐

2 (𝑅𝑒) < 21%. Lang et al. (2017) stacked RCs for ~100 massive, 

main-sequence SFGs from the KMOS3D and SINS/zC-SINF surveys, finding significant decline in the 

circular velocity at large radii. Genzel et al. (2020; hereafter G20) analyzed individual RCs extending to 

several 𝑅𝑒 of 35 additional massive disks (hereafter, RC41) taken from the KMOS3D and SINS/zC-SINF 

surveys, as well as sensitive IRAM/NOEMA CO data sets of 𝑧 ∼ 1 SFGs (Tacconi et al. 2013, 2018; 

Freundlich et al. 2019). This larger sample showed that at 𝑧 ∼ 2 disk galaxies have very low DM fractions 

(𝑓𝐷𝑀(𝑅𝑒) < 20%), and revealed a strong anti-correlation between the DM fractions and baryonic mass 

and averaged baryonic mass surface densities, Σ𝑏𝑎𝑟(< 𝑅𝑒), In a companion paper, Price et al. (2021) 

demonstrated that the G20 results are little affected by the fitting methodology, and that fitting the 2D 

velocity field yields similar results as major-axis 1D RC fitting and indicating that most of the global 

dynamical information is captured along the major-axis. Other studies of SFGs at high-z have analyzed 

RCs based on Hα or CO observations of various samples, in broad agreement with the results obtained in 

G20 when considering comparable aperture radii (Price et al. 2016, 2020; Wuyts et al. 2016; Lang et al. 

2017; Drew et al. 2018; Molina et al. 2019; Tiley et al. 2019; Bouché et al. 2021).  

Dark matter cores. Very low DM fractions suggest flat (“cored”) DM mass distributions in the central 

regions of the halo, in contrast with expectations from cosmological simulations predicting DM mass 

distribution that diverge towards the center (“cusps”, e.g., NFW, see Moore et al. 1999; Klypin et al. 2001; 

Power et al. 2003; Navarro et al. 2004, 2010; Dekel et al. 2017). This difference is amplified if one 

considers adiabatic contraction of the halo by its baryonic content, resulting in steep inner mass 

distributions (see Blumenthal, Flores & Primack 1986; Mo, Mao & White 1998). The observed low DM 

fractions at 𝑧~2 appear more consistent with cores at the scale of the disk effective radius, 𝑅𝑒. In the Local 

Universe, DM cores have been seen extensively in dwarf galaxies but not for massive disks (see review 

by Boldrini 2021, also Spekkens et al. 2005; Kuzio de Naray et al. 2006; Faerman et al. 2013, Oh et al. 

2015; Governato et al. 2012; Cooke et al. 2022). For cores to form in massive galaxies, adiabatic 

contraction needs to be countered by opposing mechanisms. Stellar and active galactic nuclei (AGN) 
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feedback can become effective at high star-formation and black hole accretion rates, redistributing the DM 

on the galactic scale and heating via dynamical friction and small satellite mergers may cause the DM to 

be more reactive to feedback (Navarro Frenk & White 1996; El Zant et al. 2001; Ogiya et al. 2011, 2022; 

De Souza et al. 2011; Chan et al. 2015; Schulze et al. 2020; Dekel et al. 2021). In the FIRE simulation, 

detailed stellar feedback processes form DM cores in massive dwarf galaxies at 𝑧 ∼ 0, but they still result 

in cusps for more massive disk galaxies (Lazar et al. 2018). 

Advantages of high-z RCs. At higher redshifts, the galactic disk and the DM halo are less prone to 

degeneracies in their contribution to the total RC. The small angular sizes of high-z galaxies make 

determinations of their dynamics much more challenging than for low-z disks, but they are most useful in 

constraining the DM content. At 𝑧~1 − 2 a typical disk galaxy is smaller by a factor 2-3 than a galaxy 

with similar virial velocity in the Local Universe (for Λ=0.7, Mo, Mao & White 1998). Meanwhile, the 

concentration parameter (𝑐 = 𝑟𝑣𝑖𝑟/𝑟𝑠) of the DM halo is predicted to be also smaller by a factor 2-3. 

(Navarro, Frenk & White 1996; Bullock et al. 2001; Dutton & Maccio 2014; Ludlow et al. 2014), mainly 

due to the smaller virial radii at higher redshift. The (inner) scale radii of the DM halos remain fairly 

constant. The disk and halo components are therefore better distinguishable at higher z, reducing the 

degeneracy between disk and halo (van Albada & Sancisi 1986). Furthermore, velocity dispersions of 

disks at 𝑧 ∼ 2 are higher by a factor 2-3 than their Local Universe counterparts o (e.g., Kassin et al. 2006; 

Förster Schreiber et al. 2006; Épinat et al. 2012; Wisnioski et al. 2015; Stott et al. 2016; Simons et al. 

2017; Übler et al. 2019). These high velocity dispersions create pressure gradients in the disk, leading to 

partial support and a radial drop in the rotation velocity (“asymmetric drift correction”, see Burkert et al. 

2010, 2016). Crucially, if sizeable, this drop is direct evidence that the dark matter contributions to the RC 

are low and the baryons dominate the gravitational potential. 

This work. We expand on Genzel et al. (2017, 2020) and Price et al. (2021) and present “RC100”: our 

third generation set of outer disk RCs from deep observations of H and/or CO. We add another 59 

galaxies for a total of 100 high-quality extended RCs at a redshift span between z = 0.6 – 2.5, increasing 

statistics and extending the galaxy parameter coverage to smaller radii across the star-formation MS. The 

galaxies sample the main sequence of star formation, with specific characteristics as described in Section 

2. Each galaxy is forward modelled using three different fitting procedures, from which the galaxy 

properties are extracted. We combine the best-fit values from all three methods, finding little effect of 

systematic differences arising from fitting procedures. 

In Section 2 we present the RC100 sample properties, in Section 3 the fitting methodologies used, and 

in Section 4 the main results of the analysis: the dependence of 𝑓𝐷𝑀(𝑅𝑒) on the circular velocity and 

baryonic surface density, as well as the amount of inferred dark matter, its “deficit”, and its connection to 

the star formation rate (SFR) surface density. In section 5 we discuss and summarize our results. 

Throughout the paper, we assume a flat Λ𝐶𝐷𝑀 cosmology with Ω𝑚 = 0.3, ΩΛ = 0.7 and 𝐻0 =

70 km s−1 𝑀𝑝𝑐−1, and a Chabrier (2003) stellar initial mass function. 

2. RC100 Sample and Data Sets 

Instruments and surveys. The RC100 sample, as for the RC41 subset (See G20), is mostly drawn from 

two near-IR Integral Field Unit (IFU) spectroscopic samples with deep observations of H kinematics 
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carried out at the Very Large Telescope (VLT), totaling ~800 SFGs: the seeing-limited KMOS3D survey1 

with the KMOS multi-IFU at 0.6 < 𝑧 < 2.6 (Wisnioski et al. 2015, 2019), and the SINS/zC-SINF survey2 

at 1.3 < 𝑧 < 2.6 with adaptive-optics (AO) and seeing-limited SINFONI data (Förster Schreiber et al. 

2009; 2018; Mancini et al. 2011). In addition, we include targets with resolved kinematics from mm CO 

line emission observed with the IRAM NOEMA interferometer in the PHIBSS and NOEMA3D surveys3 

(Tacconi et al. 2013, 2018; Freundlich et al. 2019; NOEMA3D team, in prep.), two of which also have 

long-slit resolved major-axis H spectroscopy obtained with the LUCI spectrograph at the Large 

Binocular Telescope (LBT; Genzel et al. 2013; Übler et al. 2018). Finally, we include 3 targets with new 

high-resolution ALMA CO data (see also Liu et al., in prep., for J0901+1814). Table 1 summarizes the 

number of targets obtained from the different telescopes with the corresponding emission lines. The total 

on-source integration time is 1418 hours, with a median of 10.7 hours per galaxy. 10 SFGs have integration 

times over 25 hours. 34 SFGs have data from more than one instrument and five combine both H and 

CO data. For these latter cases the agreement in the derived rotation curves and mass distributions is 

excellent (Genzel et al. 2013, Übler et al. 2018, Davies et al. 2020). 

Instrument (line) 
Number of 

galaxies 
Reference 

SINFONI seeing limited (Hα) 34 
Förster Schreiber et al. 2009; Mancini et al. 

2011 

SINFONI-AO (H) 22 Förster Schreiber et al. 2018 

KMOS seeing limited (H) 64 Wisnioski et al. 2015, 2019 

LBT (H) 2 Genzel et al. 2013; Übler et al. 2018 

NOEMA (CO) 9 
Tacconi et al. 2013; 2018; Freundlich et al. 

2019, NOEMA3D team, in prep. 

ALMA (CO) 3 Liu et al., in prep 

Table 1: Number of RC100 galaxies observed by each instrument with the corresponding observed line. 34 

Galaxies have been observed with more than one instrument, and 5 galaxies combine both 𝐻𝛼 and 𝐶𝑂 

observations.  

 

 

1 The fully reduced KMOS data cubes and catalog of galaxy properties are publicly available at 

https://www.mpe.mpg.de/ir/KMOS3D/data. 
2 The fully reduced SINFONI data cubes are publicly available at https://www.mpe.mpg.de/ir/SINS/SINS-

zcSINF-data. 
3 https://www.iram-institute.org/EN/content-page-279-7-158-240-279-0.html and https://www.iram-

institute.org/EN/content-page-419-7-57-412-415-418.html. 

https://www.iram-institute.org/EN/content-page-279-7-158-240-279-0.html
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All details of the target selection, sample properties (including stellar mass, SFR, and size estimates), 

observations, and data reduction of the RC100 parent H or CO surveys are given in the references in 

Table 1. In brief, the targets were primarily mass-selected from photometric samples with confirmed 

spectroscopic redshifts, and cover fairly homogeneously the stellar mass and SFR ranges of the massive 

star-forming galaxy population at 0.5 < 𝑧 < 2.7. Over this redshift range, there is no particular bias at 

stellar masses log(𝑀⋆/𝑀⊙) ≳ 10, except for two factors. The first is a reduced H detection rate at the 

reddest colors (reflecting high dust obscuration or very low SFRs) and galaxies that are well below the 

“main sequence” (MS) of SFR at offsets of 𝛿𝑀𝑆 = log(𝑆𝐹𝑅/𝑆𝐹𝑅𝑀𝑆(𝑀⋆, 𝑧)) ≲ −0.85 dex (Wisnioski et 

al. 2019). The second being a small excess of above-MS galaxies among the PHIBSS 𝑧 > 1 CO samples. 

At lower stellar masses, the IFU and mm interferometry samples contain increasingly fewer galaxies with 

increasing redshift mainly because of (i) the additional K-band magnitude cut applied for the H surveys, 

and (ii) the lower galactic metallicities suppressing CO emission. 

Sample selection. Building on RC41, we followed a similar strategy as detailed by G20 in expanding 

to the RC100 set. We start from the same subset of rotation-dominated (𝑣𝑟𝑜𝑡/𝜎0 > 2.3) SFGs at 

log(𝑀⋆/𝑀⊙) > 9.5 and with −0.6 < 𝛿𝑀𝑆 < 1, representing 65% of the full H+CO parent surveys 

(where the kinematic criterion makes the largest cut, ~25%). We removed galaxies for which residuals 

from night sky line emission in the near-IR affects part of their H line emission profile. We then excluded 

galaxies that are insufficiently spatially resolved in the data sets, and for which the radial coverage of 

detected line emission is too limited for our purposes. In applying the latter steps, we were less strict than 

G20. We combined seeing-limited + AO data sets for several more H targets, and included deeper 

observations of CO targets, which allowed the sample expansion to RC100. Given the often clumpy or 

irregular distribution in H and CO emission, the range of angular FWHM resolution of the observations 

(from ~0.2 for SINFONI AO to 0.5”- 0.8 for the other H and CO data sets), and the range of galaxy 

sizes, it is difficult to adhere to a specific set of S/N, size, and size/beam criteria.  

Figure 1 shows the distribution of the RC100 sample in key galaxy properties, and compares it to the 

population of galaxies in the same redshift interval with stellar masses log(𝑀⋆/𝑀⊙) ≳ 9.5. For 

comparison, we show the sample of 240 of SFGs at similar redshifts from the KMOS3D survey (Wuyts et 

al. 2016, hereafter W16; green dots), as well as 3D-HST massive star-forming galaxies at similar redshifts 

(Skelton et al. 2014; Momcheva et al. 2016; grey dots). We split RC100 into a low redshift bin (𝑧 = 0.6 −

1.2, 33 galaxies) and a high redshift bin (𝑧 = 1.2 − 2.5, 67 galaxies). These ranges span approximately 

equal cosmic time intervals of 7.7-5 and 5-2.5 Gyr after the Big Bang. Compared to RC41, RC100 roughly 

doubles the number of objects at log(𝑀⋆/𝑀⊙) ≳ 10.3 and significantly extends the coverage to smaller 

sizes and higher central baryonic densities, appreciably reducing the bias towards large galaxies. The 

median effective radius is < 𝑅𝑒 > = 5.5 kpc and the median baryonic surface density is < Σ𝑏𝑎𝑟𝑦𝑜𝑛 > =

108.7 M⊙kpc−2. RC100 galaxies probe well the MS SFG population above log(𝑀⋆/𝑀⊙) ≳ 10.3 with a 

median offset (𝛿𝑀𝑆 = 𝑆𝐹𝑅/𝑆𝐹𝑅𝑀𝑆) of 0.26 dex (0.3 for RC41); the lower mass objects tend to lie above 

the MS. The RCs and dispersion profiles extend on average to 2.2𝑅𝑒 (±0.86𝑅𝑒, median 2𝑅𝑒), ranging 

from 1.3𝑅𝑒 to 4𝑅𝑒. This is slightly lower on average compared to RC41, and is a consequence of our less 

strict selection allowing objects with lower S/N (see above). The median beam FWHM for RC100 is 

0.53", corresponding to a median physical scale of 0.75𝑅𝑒 (±0.38𝑅𝑒) at the corresponding redshifts. 
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Figure 1: locations of RC100 on the stellar-mass planes: offset from the SFR-MS (top-left), effective radius (top 

right), bulge mass (bottom-left,) and baryon surface density (bottom-right). RC100 galaxies are shown in blue (𝑧 =

0.6 − 1.2) and red (𝑧 = 1.2 − 2.5) circles, with galaxies included in RC41 (G20) as open circles. Histogram 

above and to the right show the frequency of RC100 galaxies for the two redshift intervals, with the dashed lines 

showing the median values. Green points show the 240 massive SFGs from the 𝐾𝑀𝑂𝑆3𝐷 survey at 𝑧 = 0.6 − 2.5 

(W16). Background grey points are taken from the 3D-HST catalog for the same redshift range. RC100 values 

shown from kinematics, other values are based on photometry. 

Major-axis rotation curves. The dynamical mass of a rotationally supported, isolated disk galaxy can 

be best inferred from the projected rotation curve along its major axis, after correction for instrumental 

resolution (“beam smearing”) and inclination. Circular motions are best captured along the major axis, 

where the effects of radial inflows/outflows and higher-order terms in the gravitational potential have 

lower impact (van der Kruit & Allen 1978; van der Kruit & Freeman 2011). Such effects would be more 

significant along the minor axis, where the line of sight circular motions tend to zero. In addition, the 

minor-axis is not detected as far out as the major-axis (in angular size), meaning it is more sensitive to the 

size of the PSF. Price et al. (2021) addressed these issues directly for RC41, modeling 2D velocity and 

dispersion maps and comparing it against 1D major axis RCs fitting. They showed that there is no 

significant difference when using 1D RC or 2D velocity maps, and that the latter is preferable for exploring 

the non-circular motions. Nonetheless, 2D maps are used to better infer the kinematic major axis and to 

maximize S/N out to large radii by using pseudo-slits depending on isovelocity contours. We construct 

the RCs following the most common approach extracting velocity centroids and velocity dispersion (from 

Gaussian fitting) for suitable slit cuts along the dynamical major-axis of the galaxy (see section 2.1 of G20 

for further details). The RCs of RC100 exhibit a wide variety of rising, flat and falling shapes. Half of all 

RCs have flat slopes in the outer regions, and roughly a quarter show noticeable drops (≥ 10%) from the 

peak velocities. There are no major mergers in RC100, and at most 3 minor mergers. Low mass 

companions (of 0.05 − 0.1 × the mass of the central galaxy) are present in 8 of the cases, although actual 
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evidence for interaction from spectra is not available for most of these cases (G20). As discussed in G20 

such interactions could affect the characteristics and interpretation of the RC, but the clear point-symmetry 

of most of the RC100 speaks against such concerns (See G20, Section 3.1).  

3. Methods 

Mass modelling. We fit each individual galaxy in the RC100 with a mass model consisting of a 

turbulent thick disk with a constant intrinsic velocity dispersion, a stellar bulge, and a dark matter halo. 

Each of the mass components is described with a set of parameters, from which we forward-model the 

observed rotation curve (including beam-smearing and geometrical factors) and compare to the 

observational data. The mass model is described briefly in this Section, and a more detailed discussion 

can be found in Appendix A. However, the choice of fitting procedure can introduce biases and 

degeneracies inherent to the method. The inferred best-fit values can be susceptible to covariances between 

model parameters and/or prior constraints. Price et al. (2021) discusses this in detail in their Appendix A4, 

illustrating the degeneracies when using Bayesian analysis, in particular regarding 𝑓𝐷𝑀(𝑅𝑒) and 𝑀𝑣𝑖𝑟. To 

address this, we fit the velocity and dispersion profiles of each galaxy in RC100 with three fitting 

procedures including least-squares and Bayesian approaches. Each of these procedures have different 

covariances, and by comparing the three sets of best-fit values we can minimize their effect. The three 

methods used are described in this Section, and we find all three procedures to be in good agreement with 

one another, with no systematic bias.  

The disks and bulges are modeled as de-projected Sérsic profiles with a total mass 𝑀𝑏𝑎𝑟𝑦𝑜𝑛 and bulge-

to-total ratio 𝐵/𝑇 = 𝑀𝑏𝑢𝑙𝑔𝑒/𝑀𝑏𝑎𝑟𝑦𝑜𝑛 (with circular velocities following Noordermeer 2008). The bulges 

are all spherical with Sérsic index 𝑛𝑠,𝑏𝑢𝑙𝑔𝑒 = 4 and projected effective radius 𝑅𝑒,𝑏𝑢𝑙𝑔𝑒 = 1 kpc. The disks 

are modeled as flattened spheroids described by an intrinsic axis ratio 𝑞0,𝑑𝑖𝑠𝑘, Sérsic index 𝑛𝑠,𝑑𝑖𝑠𝑘 

(hereafter 𝑛𝑠), and an effective radius 𝑅𝑒,𝑑𝑖𝑠𝑘 (hereafter 𝑅𝑒). Observationally, we assume the light traces 

the disk with a mid-plane distribution following the same profile as the mass distribution (𝑛𝑠, 𝑅𝑒) with a 

constant mass-to-light ratio, and assume the bulge emits no light in the kinematic emission line tracers. In 

our default models we adopt spherically symmetric NFW dark matter density profiles (Navarro, Frenk & 

White 1996), with total mass 𝑀𝑣𝑖𝑟 and concentration parameter 𝑐 = 𝑟𝑣𝑖𝑟/𝑟𝑠. We account for adiabatic 

contraction of the halos only when stated so (Mo, Mao & White 1998). Additionally, we include pressure 

support correction using the self-gravitating disk formulation by Burkert et al. (2010) (see equation [8] in 

Appendix A). Finally, we consider galaxy-scale dark matter fractions, defined as the ratio of the DM and 

circular velocities at 𝑅𝑒: 

[1] 𝑓𝐷𝑀(𝑅𝑒) =
𝑉𝐷𝑀

2 (𝑅𝑒)

𝑉𝑐𝑖𝑟𝑐
2 (𝑅𝑒)

 

 

which will also refer to as 𝑓𝐷𝑀 for shorthand.  

Resolution corrections. The intrinsic model rotational velocities and velocity dispersion are used to 

construct the beam-smeared, projected 1D rotation and dispersion curves along the major-axis, which we 

fit against the observational data. In all three methods we use a Gaussian resolution element (a spatial 

Point-Spread Function and spectral Line-Spread Function), but Methods (A) and (B) convolve the PSF on 
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a 3D cube (𝑥𝑠𝑘𝑦, 𝑦𝑠𝑘𝑦 , 𝑉𝑙𝑜𝑠) before extracting velocities and dispersion from Gaussian fits, whereas 

Method (C) performs the convolution on the rotation velocities on the galactic plane (see Sections 3.1-

3.3). In addition, Method (A) uses a Marquardt-Levenberg least-squares fitting and Methods (B) and (C) 

use Monte-Carlo Markov-Chains (MCMC) using the python package emcee (Foreman-Mackey et al. 

2013) to explore simultaneously the posterior distributions of the parameters. We perform these three 

independent analyses using similar underlying mass models and priors, so that any deviations arise from 

the specific fitting procedure used and resolution correction. We find that the best-fit values are in broad 

agreement with one another considering the uncertainties.  

Priors. We use both ancillary and simulation-based data to constrain our model parameters. Multiband 

photometry covering rest-UV to optical wavelengths and spectral energy distribution (SED) fitting 

following the procedures described by Wuyts et al. (2011) provide estimates for 𝑀⋆ (see also Förster 

Schreiber et al. 2009, 2018; Wisnioski et al. 2019). The scaling relations of Tacconi et al. (2020) provide 

the cold gas mass estimate, 𝑀𝑔𝑎𝑠, given the redshift and stellar mass. The sum of these stellar and gas 

masses provides initial estimates for the total baryonic mass, 𝑀𝑏𝑎𝑟𝑦𝑜𝑛,𝑖𝑛𝑖𝑡 = 𝑀⋆ + 𝑀𝑔𝑎𝑠. The disk axis 

ratio 𝑞0,𝑑𝑖𝑠𝑘 is taken to be ~0.2 − 0.25, a typical value for disks at these redshifts (van der Wel et al. 

2014). The inclination, 𝑅𝑒 and Sérsic index of the disk are provided from 2D optical high-resolution HST 

imaging accounting for the finite intrinsic thickness of the disk, 𝑞0,𝑑𝑖𝑠𝑘 (Lang et al. 2014 Tacchella et al. 

2015). The concentration of the halo is determined from a scaling relation motivated from simulations 

(e.g., Dutton & Macciò 2014) with a dependence on redshift only (the assumed concentration has little 

impact on the best-fit values, see G20 Appendix A.4 for further discussion). For further discussion on the 

mass modelling and fitting procedures, we refer the reader to Appendices A, A.1 & A.2. 

3.1 Marquardt–Levenberg (ML) gradient least-squares using DYSMAL (A) 

For the first method considered here, we use a least squares approach to fit both the 1D major-axis 

rotation curve and dispersion curve via full forward modeling using our assumed mass model, following 

the methodology introduced in G20. The mass model is used to construct a 4D hypercube (over 

𝑥𝑠𝑘𝑦, 𝑦𝑠𝑘𝑦, 𝑧𝑠𝑘𝑦, 𝑉𝑙𝑜𝑠), which is collapsed along the line of sight according to the galaxy’s inclination and 

convolved with both the spatial PSF and the spectral line spread function (LSF) to yield a model 3D cube 

including all observational effects. We extract 1D rotation and dispersion curves along the major-axis with 

Gaussian fitting using aperture extraction with the same slit/aperture positions and sizes.  

We used ML gradient least-squares fitting for 4 free parameters, rising to 6 free parameters in rare 

cases, with the primary four being the total baryonic mass (log 𝑀𝑏𝑎𝑦𝑟𝑜𝑛), bulge-to-total ratio (𝐵/𝑇), 

velocity dispersion (𝜎0) and dark matter halo mass (𝑀𝑣𝑖𝑟). In some cases, the disk effective radius (𝑅𝑒) 

and inclination (𝑖) were also used as free parameters, constrained by ancillary imaging data. In most cases, 

the inclination and effective radius are fixed from photometric-determined values. Qualitative constraints 

were recovered from the 1D 𝐻𝛼 or 𝐶𝑂 flux observations for the Sérsic index of the disk (𝑛𝑠), but they 

were not explicitly fitted. Adiabatic contraction of the halo was also considered for all cases, and the dark 

matter fractions were calculated as an average of a regular NFW halo and a contracted NFW halo.  
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3.2  MCMC using DysmalPy (B) 

We perform an MCMC analysis using the 𝑒𝑚𝑐𝑒𝑒 python package (Foreman-Mackey et al., 2013) on 

the 1D velocity and dispersion profiles following the procedures used in Price et al. (2021). We extract 

these curves using the same full forward-model approach used in Method A, using the same instrumental 

and spectral parameters. The key points of this fitting are summarized here, and we refer the reader to 

Price et al. (2021) for a complete description (their Section 3.2). The MCMC parameter space exploration 

was conducted on 4 free parameters: log 𝑀𝑏𝑎𝑦𝑟𝑜𝑛, 𝑅𝑒, 𝜎0, 𝑓𝐷𝑀(𝑅𝑒), with Gaussian priors for log 𝑀𝑏𝑎𝑟𝑦𝑜𝑛 

centered on 𝑀𝑏𝑎𝑟𝑦𝑜𝑛,𝑖𝑛𝑖𝑡 derived from ancillary data, and 𝑅𝑒 centered on inferred values from method A 

(either from HST imagery or least-squares fitting). Flat priors are used for 𝑓𝐷𝑀(𝑅𝑒) and 𝜎0 (see Table 2 

of Price et al. 2021). The 𝐵/𝑇 ratio is determined from Method A and taken to be constant. The best-fit 

values for this analysis are taken to be the maximum a posteriori (MAP) values of the fit parameters, based 

on a joint analysis of the posteriors for all 4 free parameters using a multi-dimensional Gaussian kernel 

density estimator to account for degeneracies between the parameters. The 1𝜎 uncertainties are determined 

from the shortest 68% intervals of the individual parameters’ marginalized posterior distributions. 

3.3  MCMC using galaxy-plane beam-projection (C) 

For the third method we used a similar Bayesian fitting approach as Method B, using the python 

package 𝑒𝑚𝑐𝑒𝑒 (Foreman-Mackey et al., 2013), but with an alternate treatment of the beam-smearing. 

The 1D major-axis beam-smeared RC is fitted to the observational data from which the best-fit parameters 

are inferred. For a given set of model parameters, the intrinsic circular velocity is calculated in the galactic 

plane. A circular beam with a Gaussian PSF intersects the plane with an effective projected area depending 

on the inclination of the galaxy on the sky, increasing for high inclinations (𝑖 = 0 face-on). The beam-

smeared velocity is given by a flux-weighted average of the line-of-sight circular velocity over the 

projected area of the beam, and the dispersion as its standard deviation. We extract points along the major 

axis and compare them to the observed data points. The fitting procedure performs a least-squares 

minimization for the rotation and dispersion curve simultaneously.  

We used a MCMC parameter exploration with 4 free parameters: log 𝑀𝑏𝑎𝑟𝑦𝑜𝑛, 𝑅𝑒, 𝜎0 and log 𝑀𝑣𝑖𝑟. 

The dark matter fractions are calculated at each step of the fitting process from the given set of parameters 

(following eq. [1]). We use Gaussian priors for log 𝑀𝑏𝑎𝑟𝑦𝑜𝑛 centered on 𝑀𝑏𝑎𝑟𝑦𝑜𝑛,𝑖𝑛𝑖𝑡 derived from 

ancillary data, and for 𝑅𝑒 centered on our results from Method A. Wide Gaussian priors are used for 

log 𝑀𝑣𝑖𝑟 centered on abundance-matching relations (Moster et al. 2018), and a flat prior is used for 𝜎0. 

The best-fit values from these fits are taken as the median values, with 1𝜎 uncertainties derived from the 

closest 68% intervals of the parameters’ posterior distributions. 

4. Results 

Comparison of the three analysis methods. We derive the best fitting kinematic parameters, 𝑓𝐷𝑀(𝑅𝑒), 

𝑀𝑏𝑎𝑟𝑦𝑜𝑛, 𝑅𝑒, 𝐵/𝑇 and 𝜎0, for each of the RC100 galaxies using all three methods. The inferred values are 

found to be in good agreement within the uncertainties, and we take the average value of all three methods 

to be used in the following analysis (See Appendix B for the complete table). Comparing all sets of results, 

we calculate the absolute difference between pairs of values in terms of the combined uncertainty: Δ𝑋𝑖𝑗 =



10 

 

|𝑋𝑖 − 𝑋𝑗 |/√Δ𝑋𝑖
2 + Δ𝑋𝑗

2. Here, 𝑖, 𝑗 are indices for the three fitting Methods )A, B and C(, 𝑋𝑖 is a model 

parameter for a galaxy for the method 𝑖, and Δ𝑋𝑖 is the uncertainty in the parameter. A value of Δ𝑋𝑖𝑗 < 1 

would be interpreted as a good agreement. On average, all model parameters reach this criterion. 

Furthermore, the Pearson coefficients between all sets of results are ≥ 0.72 up to 0.94. For a more detailed 

discussion on the comparisons see Appendix C. Finally, for the lensed galaxy J0901+1814 we adopt the 

inferred values from a detailed kinematic modeling of the de-lensed rotation curve reaching spatial a 

resolution of 600 pc in the source plane (Liu et al., in prep.) 
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Figure 2: Rotation curves and best-fit model results (A, red curve) for the RC100 sample, ordered by redshift 

from top-left to bottom-right. In each panel, the bottom axis is in units of arcsec and the top in kpc. 
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4.1 Dependance of 𝒇𝑫𝑴(𝑹𝒆) on redshift 

Low galaxy-scale DM fractions at high-z. While in the Local Universe disk galaxies are mostly DM 

dominated, at higher redshifts the instance of baryon dominated disk galaxies greatly increases. Looking 

at the circular velocities at 𝑅𝑒, 𝑉𝑐(𝑅𝑒), compared to 𝑓𝐷𝑀(𝑅𝑒), 𝑧~0 disks show an anti-correlation with 

DM fractions, where only the more massive galaxies (𝑉𝑐 ≳ 250 km/s) become baryon dominated 

(Barnabé et al. 2012; Dutton et al. 2013; Martinsson et al. 2013, Courteau et al. 2015; Cecil et al. 2016). 

As demonstrated by G20, and reaffirmed by our increased statistics, RC100 galaxies become increasingly 

baryon dominated at higher redshifts, even at much lower circular velocities (𝑉𝑐 ≈ 100 km/s).  

Figure 3 shows 𝑓𝐷𝑀(𝑅𝑒) vs. the circular velocity at 𝑅𝑒 (corrected for pressure support) for the two 

redshift bins: 𝑧 = 0.6 − 1.2 (blue), 𝑧 = 1.2 − 2.5 (red). The median DM fractions of 𝑧 = 0.6 − 1.2 

RC100 galaxies is < 𝑓𝐷𝑀 > = 0.38 ± 0.23 while for 𝑧 = 1.2 − 2.5 the median DM fractions drops to 

0.27 ± 0.18, similar to that of “maximal disks” (𝑓𝐷𝑀(𝑅𝑒) ≤ 28%). At 𝑧 ∼ 1, the share of RC100 galaxies 

with fractions lower than “maximal disks” is only roughly 33%. Additionally, the scatter in 𝑓𝐷𝑀(𝑅𝑒) for 

a given circular velocity is greater at 𝑧 ∼ 2 than at 𝑧 ∼ 1, across a wide range of circular velocities. This 

can be seen by the corresponding Spearman Rank coefficients, which are -0.35 and -0.06 at 𝑧 ∼ 1 and 𝑧 ∼

2 respectively, pointing towards a large galaxy-to-galaxy variance when determining their DM content, 

where some accumulate DM efficiently while others do not. In fact, at 𝑧 ∼ 2 the dark matter content of 

disk galaxies is much closer to that of local early-type galaxies (ETGs, green triangle; Cappellari et al. 

2011, 2013), their possible descendants. These baryon-dominated SFGs at 𝑧 ∼ 2 could have depleted their 

gas reservoirs rapidly and quenched their star formation, evolving into local ETGs, while the 𝑧 ∼ 2 DM 

dominated SFGs managed to retain their star formation processes and settle as LTGs. Finally, our sample 

is augmented at 𝑧 ∼ 1 with nine low-mass, low central baryon surface density SFGs observed with MUSE 

(Bouché et al. 2021), continuing the trend set by 𝑧 ∼ 0 disks.  

 

Figure 3: Galaxy scale dark matter fractions of RC100 galaxies at 𝑧 = 0.6 − 1.2 (left panel, blue circles) and 

𝑧 = 1.2 − 2.5 (right panel, red circles), with 𝑉𝑐(𝑅𝑒) the circular velocity at 𝑅𝑒. The average uncertainties are 

given in large grey crosses. RC100 is extended at 𝑧 ∼ 1 with nine massive SFGs at observed with MUSE towards 

lower surface density SFGs (open blue circles, Bouché et al. 2021). 𝑧 = 0 disk galaxies from the SWELLS and 

DiskMass surveys are shown in grey triangles (Barnabé et al. 2012; Martinsson et al. 2013), with a linear trend in 

a solid-dashed grey line, and the Milky Way is shown for comparison (purple star; Bovy & Rix 2013; Bland-

Hawthorn & Gerhard 2016). In both panels the brown solid box shows the average values from 𝐾𝑀𝑂𝑆3𝐷 for the 
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same redshift bins (W16) and the green triangles shows average values for 260 𝑧 = 0 ETGs from ATLAS-3D 

(Cappellari et al. 2011, 2013). TNG100 values for the hydrodynamical (DM-only) version is given by dashed 

(solid) line at 𝑧 = 0 and 𝑧 = 2.  

Comparisons to simulations. Cosmological simulations provide predictions for the dark matter 

fractions, which are found to be in tension with the RC100 results 𝑓𝐷𝑀(𝑅𝑒) at higher redshifts. The Illustris 

TNG100 cosmological simulation calculates 𝑓𝐷𝑀 for massive disk galaxies in two different ways, to 

estimate the effect of the baryons on the dark matter: firstly with a full hydrodynamical simulation 

including the reaction of DM to the baryons (dashed lines in Figure 3), and secondly by embedding a 

formed galaxy in a halo resulting from a DM-only version of the simulation (Solid lines in Figure 3; Lovell 

et al., 2018). Generally, the full hydrodynamical simulations recover higher 𝑓𝐷𝑀 values than the DM-only 

versions, due to the contraction of DM. These predictions match well for the Local Universe, but at 𝑧 ∼ 2 

the hydrodynamical predictions of TNG100 do not reach the very low values of 𝑓𝐷𝑀(𝑅𝑒) < 0.2 (Despite 

the simulated galaxies having typically smaller 𝑅𝑒, see Übler et al. 2021). These lower observed dark 

matter fractions compared to the TNG100 values could point toward stronger, more effective, feedback 

than adopted in the simulations.  

Stellar and AGN feedback, with efficient heating from dynamical friction on merging satellites, can 

cause the DM to form cores in initially cuspy profiles (De Souza et al. 2011; Ogiya and Mori 2011; 

Governato et al. 2012; Lazar et al. 2018; Schulze et al. 2020; Dekel at al. 2021; Li et al. 2022; Ogiya and 

Nagai 2022). The MAGNETICUM simulation, which includes higher resolution and more detailed 

feedback processes, have shown that dark matter fractions fall from an average of < 𝑓𝐷𝑀 >𝑧=0= 0.36 ±

0.10 to < 𝑓𝐷𝑀 >𝑧=2= 0.10 ± 0.05 (Remus et al. 2017), in better agreement with our observations. In the 

FIRE simulation, detailed stellar feedback processes have formed cores in the DM halo of massive dwarf 

galaxies at 𝑧 = 0 (Chan et al. 2015; Lazar et al. 2018), but more massive galaxies (akin to RC100) remain 

cuspy. The dominant mechanism for massive galaxies is more likely to be AGN feedback rather than 

stellar-driven feedback. 

Redshift dependence. Based on these findings, our first major conclusion is that dark matter fractions 

decrease as the redshift increases, more strongly than predicted from cosmological simulations. The 

median dark matter fractions decline from < 𝑓𝐷𝑀(𝑅𝑒) > = 0.38 at 𝑧 = 0.85 to < 𝑓𝐷𝑀(𝑅𝑒) > = 0.17 at 

𝑧 = 2.44, showing a clear declining trend. Our sample is extended at 𝑧 = 0 by disk galaxies from the 

DISKMASS and SWELLS surveys. TNG100 (full hydrodynamical) predictions for 𝑀⋆ = 1010 M⊙ 

(solid) and 𝑀⋆ = 1011 M⊙ (dashed) galaxies overestimates DM fractions by a factor of ~2, mostly at the 

higher redshifts. As the majority of RC100 galaxies are have stellar masses between these values, they 

should populate the space between the TNG100 curves, yet they are consistently below them at all 

redshifts. We can describe the trend set by the RC100 median DM fractions reasonably well using a power 

law of the form < 𝑓𝐷𝑀(𝑅𝑒) > (z) = a (1 + z)−b, where we find 𝑎 = 0.75 ± 0.23 and 𝑏 = 1.07 ± 0.33. 

This relation also matches well with the 𝑧 = 0 disks, even though we do not explicitly fit for them. Since 

RC100 does not necessarily represent the entire SFG population at high-z, this relation should be taken 

heuristically.  
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Figure 4: Dark matter fractions of massive SFGs decrease with redshift, from 0.7 at 𝑧 = 0 to 0.37 at 𝑧 = 0.85 

and 0.17 at 𝑧 = 2.44. Hexagons show median values of 𝑓𝐷𝑀(𝑅𝑒) binned at finer redshift bins, with the error bars 

showing the standard deviation and hexagon size representing uncertainty of the mean for each bin (𝜎/(𝑁 − 1)). 

Red hexagons show RC100 galaxies and the blue hexagon shows 𝑧 = 0 disks from the SWELLS and DiskMass 

surveys. The dashed grey line is a best-fit power law for the RC100 alone, with the values given in the plot. The 

shaded region shows the values from W16 for 240 SFGs at similar redshift ranges, which are higher at 𝑧 ∼ 1 −

1.5 due to the typical larger disk sizes of RC100. TNG100 DM fractions from the full hydrodynamical suite are 

shown by blue lines for disk galaxies with 𝑀⋆ = 1010𝑀⊙ (dashed) and 𝑀⋆ = 1011𝑀⊙ (solid). 

4.2 Baryonic surface density 

Strong anti-correlation with baryonic surface density. One of the key results of G20 and W16 is the 

tight correlation between 𝑓𝐷𝑀(𝑅𝑒) and log Σ𝑏𝑎𝑟𝑦𝑜𝑛(𝑅𝑒), which is also present in our extended RC100 data 

set (See Figure 5). We find that the anti-correlation is observed in both redshift bins of RC100, although 

it is stronger among the lower redshift galaxies (Spearman coefficient of -0.84) than at higher redshifts 

(Spearman coefficient = -0.64). This is further caused by the large scatter noticed in Figure 3, pointing 

towards larger galaxy-to-galaxy variance at higher redshifts. RC100 galaxies span almost 2 orders of 

magnitude in surface density, with the higher redshift galaxies having larger Σ𝑏𝑎𝑟𝑦𝑜𝑛(𝑅𝑒) on average. 

Continuing our analysis in Section 4.1, roughly 67% of 𝑧 ∼ 1 RC100 galaxies occupy a similar parameter 

space as local spirals, while only 33% overlap with the distribution of 𝑧 = 0 ETGs (green crosses). At 

high-z, it is reversed: roughly two thirds of the galaxies occupy the same space as 𝑧 = 0 ETGs (green 

triangles), with some even nearing ETGs at 𝑧 ∼ 1.7 (VIRIAL, Mendel et al. 2020). High-z SFGs are more 

similar to local early-type galaxies in their central DM content and baryonic surface densities than to 

local late-types. This leads to question whether such highly baryon-dominated SFGs quench their star 

formation and become ETGs at later stages of their evolution. In both redshift intervals, TNG100 (full 

hydrodynamical) overestimates the DM fractions especially at high baryon surface density, deviating from 

the W16 relation above log Σ𝑏𝑎𝑟𝑦𝑜𝑛 ≳ 108.5M⊙kpc−2. The MAGNETICUM simulation reaches lower 

𝑓𝐷𝑀 at 𝑧 ∼ 2, in better agreement with our observations, but is also overestimating 𝑓𝐷𝑀(𝑅𝑒) at high baryon 
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surface density. These findings further suggest that some mechanism allows baryons to accumulate 

efficiently in the central regions of the galaxy (reaching high surface density), either without contracting 

the surrounding dark matter at all or by effectively redistributing the central dark matter, so the central 

regions become baryon dominated.  

 

Figure 5: Anti-correlation of Dark matter fractions with baryon surface density. RC100 galaxies at 𝑧 = 0.6 −

1.2 (left panel, blue circles) and 𝑧 = 1.2 − 2.5 (right panel, red circles) have Spearman coefficients of (-0.84) and 

(-0.64), respectively, indicating a strong anti-correlation. The median uncertainties of RC100 are shown in grey 

crosses. RC100 galaxies lie on a similar trend found by W16 from modeling the inner RCs of 240 massive star-

forming galaxies (dashed curve), also occupied by 𝑧 ∼ 1 nine MUSE SFGs (open blue circles), as well as local 

𝑧 = 0 LTGs (grey triangles) and 𝑧 = 0 ETGs (green triangle). 𝑧 ∼ 1.7 massive quiescent galaxies from the 

VIRIAL survey (25 galaxies, brown triangle; Mendel et al. 2020) have higher baryon surface density and do not 

overlap with (almost) any RC100 galaxy. Blue and pink lines show TNG100 values for 𝑧 = 0 and 𝑧 = 2, 

respectively (Lovell et al. 2018). 

3.2 4.3 DM deficit compared to Stellar-Mass Halo-Mass relations  

A deficit in dark matter content. We investigate the dark matter content on galactic scales as inferred 

from our dynamical fitting, compared to the amount of DM arising from stellar-mass-halo-mass (SMHM) 

scaling relation for NFW halos (Moster et al. 2018). As the 3D enclosed mass for an NFW profile is 

increasing with disk size (𝑀𝑁𝐹𝑊 ∝ 𝑟2 at small radii), larger disks that probe further into the halo contain 

more dark matter mass. To counteract this effect, we consider the projected DM mass surface density on 

the area defined by 𝑅𝑒: 

[2] Σ𝐷𝑀(𝑅𝑒) =
𝑀𝐷𝑀(𝑅𝑒)

𝜋𝑅𝑒
2  

For an NFW halo the mass within 𝑅𝑒 is a simple function of (𝑐, 𝑀𝑣𝑖𝑟 , 𝑅𝑒) that can be calculated directly. 

By comparing the two we can estimate the amount of missing DM content. We therefore calculate this 

property twice: once using the kinematically inferred 𝑀𝑣𝑖𝑟 from our fitting, and once by using 𝑀𝑣𝑖𝑟(𝑀⋆, 𝑧) 

from the SMHM scaling relations of Moster et al. 2018. We use stellar masses derived from 3D-HST 
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photometry for each of our RC100 galaxies and correct it for the kinematically inferred baryon mass, 

𝑀⋆,𝑓𝑖𝑡 =
𝑀𝑏𝑎𝑟𝑦𝑜𝑛,𝑓𝑖𝑡

𝑀⋆,𝐻𝑆𝑇+𝑀𝑔𝑎𝑠
𝑀⋆,𝐻𝑆𝑇, with 𝑀𝑔𝑎𝑠 the gas mass determined from scaling relations (Tacconi et al. 

2020). The kinematically corrected stellar masses are used to match the total halo mass for the galaxy, 

𝑀𝑣𝑖𝑟
𝑆𝑀𝐻𝑀, which is then used to get Σ𝐷𝑀

𝑆𝑀𝐻𝑀(𝑅𝑒).  

Massive SFGs with low 𝑓𝐷𝑀(𝑅𝑒) can have up to an order of magnitude lower Σ𝐷𝑀(𝑅𝑒) than predicted 

from SMHM relations, and this deficit is more evident for galaxies with massive bulges. Halos following 

the SMHM relation will generally have a fairly constant Σ𝐷𝑀(𝑅𝑒), of the order of ∼ 108 −

108.5 𝑀⊙𝑘𝑝𝑐−2 (shown as a grey shaded area in Figure 6), and at low DM fractions we know that 

Σ𝐷𝑀(𝑅𝑒) ∝ 𝑓𝐷𝑀(𝑅𝑒). Roughly 25% of all RC100 galaxies have dark matter surface densities that are at 

least 0.5 dex lower than predicted, the majority of them at 𝑧 > 1.2. We define the offset in DM surface 

density as: 

[3] Δ log Σ𝐷𝑀(𝑅𝑒) = log Σ𝐷𝑀(𝑅𝑒) − log Σ𝐷𝑀
𝑆𝑀𝐻𝑀(𝑅𝑒) 

Negative values note a deficit in the DM content within 𝑅𝑒. The median offset for RC100 at 𝑧 ∼ 1 

(𝑧 ∼ 2) is −0.06 dex (−0.18 dex), meaning half of RC100 galaxies have removed more than 33% of their 

original DM mass within 𝑅𝑒 at 𝑧 ∼ 2. In terms of the baryon surface density (Figure 6, left panel), we see 

no correlation at either redshift interval (Spearman coefficients ≈ −0.02). Even so, DM deficits seem to 

be more frequent above some baryon surface density threshold. For Σ𝑏𝑎𝑟𝑦𝑜𝑛(𝑅𝑒) > 108.5 M⊙kpc−2 the 

median offset is < Δ log Σ𝐷𝑀(𝑅𝑒) (𝑅𝑒) >= −0.22 dex, while at lower baryon surface densities there is 

an abundance of DM, with a median offset of +0.10 dex. This is even more apparent when splitting also 

by redshift: at 𝑧 ∼ 2 disks with Σ𝑏𝑎𝑟𝑦𝑜𝑛(𝑅𝑒) > 108.5 M⊙kpc−2 have a median offset in DM surface 

density of −0.27 dex, while at lower baryon surface density it is only < ΔΣ𝐷𝑀(𝑅𝑒) >= −0.08 dex. At 

𝑧 ∼ 1 there is a similar behavior, with a median offset of −0.11 dex (+0.18 dex) for high (low) baryon 

surface density (see Table 2). 

Bulge mass. The emergence of a deficit of DM can be seen more clearly with respect to the bulge mass. 

In Figure 6 (right panel), it is clear that the deviation from the expected SMHM (shaded region) exists 

mostly for bulge masses above 1010𝑀⊙. We find no correlation between Σ𝐷𝑀(𝑅𝑒) and 𝑀𝑏𝑢𝑙𝑔𝑒, but we 

notice that having a massive bulge is linked with a deficit of DM, while having a smaller bulge with an 

abundance of DM. The median offset for 𝑀𝑏𝑢𝑙𝑔𝑒 > 1010𝑀⊙ is −0.13 dex while it is +0.09 dex for 

galaxies with less massive bulges. This effect is also greater at 𝑧 ∼ 2, where the median offset is 

−0.30 dex (+0.06 dex) for bulge masses above (below) 1010𝑀⊙, and much milder at 𝑧 ∼ 1 the offset is 

−0.09 dex (+0.18 dex) respectively (see Table 2). In a different way to find such threshold bulge mass, 

we slice the data set at different values of 𝑀𝑏𝑢𝑙𝑔𝑒 and look for the value at which the Spearman coefficient 

becomes statistically significant (𝑝 < 0.05). We find that this occurs at 𝑀𝑏𝑢𝑙𝑔𝑒,𝑡ℎ𝑟𝑒𝑠ℎ = 1010.5𝑀⊙, 

yielding a correlation coefficient of −0.39 corresponding to an anti-correlation. 𝒛 ∼ 𝟐 SFGs with high 

baryon surface density and bulge mass are more likely to have a deficit of approximately 50% less DM 

compared to SMHM relations within 𝑹𝒆.  

However, determining bulge masses at these redshifts is uncertain at these redshifts, due to the low 

spatial resolution. Resolution effects can mask out some of the contribution of the bulge to the RC, which 
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makes the high-resolution adaptive optics (AO) subset of RC100 to be a very valuable source for 

determining bulge masses. For these AO galaxies (shown by the stars in Figure 6), the median offset for 

galaxies with bulge masses above (below) 1010M⊙ −0.47 (+0.15) dex. The incidence of a detected 

broad component linked with an AGN increases dramatically at the same bulge mass cutoff (~30% −

50%, Genzel et al. 2014; see also Förster Schreiber et al. 2019). Also, it is well known that bulge mass is 

correlated with the central BH mass (Madau & Dickinson, 2014). Rapid bulge growth at 𝑧 ∼ 2 can thus 

lead to two opposite effects: (1) contracting the surrounding DM towards the inner regions of the galaxy 

by deepening the gravitational well, and (2) increased feedback driving DM from the inner regions to the 

outer parts of the halo. The efficiency of either mechanism is key to determining the final state of the DM 

halo. Inflow of baryons during the build-up of the bulge can heat up the DM via dynamical friction, making 

AGN feedback more effective (El Zant et al. 2001; Dekel et al. 2021; Ogiya et al. 2022).  

 

Figure 6: Dark matter surface density as a function of baryonic surface density (left) and kinematically inferred 

bulge mass (right) for RC100 in the low (blue, 𝑧 = 0.6 − 1.2) and high (red, 𝑧 = 1.2 − 2.5) redshift intervals. 

RC100 galaxies with adaptive optics are shown as stars (right panel). Open grey triangles show the dark matter 

surface densities assuming the Moster et al. (2018) SMHM scaling relations and an NFW halo. At high 

𝛴𝑏𝑎𝑟𝑦𝑜𝑛(𝑅𝑒) and bulge mass (given by the vertical dashed line) DM deficits are more abundant. Only a few 

galaxies lie significantly above the predicted values, but roughly 25% of the galaxies have a large DM deficit of up 

to an order of magnitude. 

Δ log Σ𝐷𝑀(𝑅𝑒)

= log Σ𝐷𝑀(𝑅𝑒)

− log Σ𝐷𝑀
𝑆𝑀𝐻𝑀(𝑅𝑒) 

Σ𝑏𝑎𝑟𝑦𝑜𝑛

/𝑀⊙𝑘𝑝𝑐−2 

𝑀𝑏𝑢𝑙𝑔𝑒/𝑀⊙ 

         (w/ AO) 

Σ𝑆𝐹𝑅

/𝑀⊙ 𝑘𝑝𝑐−2𝑦𝑟−1 

< 108.5 ≥ 108.5 < 1010 ≥ 1010 < 100.25 ≥ 100.25 

𝑅𝐶100 −0.09 +0.1 −0.22 −0.08 −0.11 −0.06 −0.3 

𝑧 = 0.6 − 1.2 −0.06 +0.19 −0.11 −0.08 +0.05 −0.02 −0.13 
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𝑧 = 1.2 − 2.5 −0.18 −0.09 −0.27 
−0.14 

(+0.15) 

−0.3 

(−0.47) 
−0.14 −0.38 

Table 2: Median values of the dark matter offset, 𝛥 𝑙𝑜𝑔 𝛴𝐷𝑀(𝑅𝑒) = 𝑙𝑜𝑔 𝛴𝐷𝑀(𝑅𝑒) − 𝑙𝑜𝑔 𝛴𝐷𝑀
𝑆𝑀𝐻𝑀(𝑅𝑒), in 

different parameter ranges of RC100. In general, at 𝑧 ∼ 2 the offset is lower than in 𝑧 ∼ 1, indicating a larger deficit 

in DM within 𝑅𝑒 at higher redshifts. High baryon surface density, bulge mass, SFR surface density and hosting an 

AGN all have a larger median offset, when looking at the same redshift range. The values given in parentheses for 

Mbulge address only the 22 galaxies including adaptive optics observations. 

4.4  SFR surface density 

SFR surface density linked with DM deficit. Strong feedback is needed to drive DM outwards from 

the center of the galaxy, which can be traced by the SFR. Bouché et al. (2021) showed that DM cores are 

linked with higher SFR surface density at 𝑧 ∼ 1 low surface density disk galaxies, and the FIRE and 

MAGNETICUM simulations shown stellar and AGN feedback can create low DM fractions. The SFRs of 

the RC100 galaxies range over two orders of magnitude, from 3 − 650 𝑀⊙ 𝑦𝑟−1. We look at the average 

surface density of the SFR within 𝑅𝑒, Σ𝑆𝐹𝑅 =
𝑆𝐹𝑅

𝜋𝑅𝑒
2, which spans almost three orders of magnitude from 

0.02 − 18 M⊙ yr−1 kpc−2 for all RC100 galaxies. A deficit in DM is found more frequently in galaxies 

with higher SFR surface density. This is seen in Figure 7 by the number of “red” points found below the 

grey shaded region representing the SMHM “expected” values. In the top two panels of Figure 7, we bin 

Σ𝐷𝑀(𝑅𝑒) for several bins of Σ𝑏𝑎𝑟𝑦𝑜𝑛(𝑅𝑒) and 𝑀𝑏𝑢𝑙𝑔𝑒, and calculate the median Σ𝑆𝐹𝑅 at each bin. The drop 

from the SMHM predicted values is more apparent at higher SFR surface densities.  

The median offset in DM surface density is < Δ log Σ𝐷𝑀(𝑅𝑒) > = −0.29 (−0.06) dex above (below) 

Σ𝑆𝐹𝑅 = 100.25𝑀⊙ 𝑦𝑟−1 𝑘𝑝𝑐−2. At 𝑧 ∼ 2 this effect is even greater, with a median offset of −0.38 (-0.14), 

respectively (see Table 2). We find that a correlation becomes statistically significant for Σ𝑆𝐹𝑅 ≥

100.4 M⊙yr−1kpc−2, yielding a Spearman correlation coefficient of -0.45. High SFR surface density 

correlates with a larger deficit in DM. Naturally, high Σ𝑆𝐹𝑅 leads to stronger stellar feedback. If the 

baryonic mass is small while the SFR is high, we would expect adiabatic contraction to be less efficient 

and the feedback leading to larger deficits in the DM. However, we see the opposite. This might be because 

stellar feedback is considered to be less effective in massive SFGs as it does not inject enough energy 

(Dekel & Silk 1986). A second explanation would incorporate the fact that SFR and bulge mass correlate 

with AGN strength, which is considered to be more efficient for such galaxies (Madau & Dickinson 2014; 

Förster Schreiber et al. 2019). Feedback from AGN can affect the form of the DM distribution (Waterval 

et al. 2022). When considering AGN feedback, larger baryonic masses would lead to stronger feedback 

and a larger deficit in DM, matching with our observed trends.  
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Figure 7: Same as Figure 6, now color coded by SFR surface density for the range of RC100 galaxies. The top 

row shows binned median values with error bars showing the standard deviation and the hexagon size showing the 

uncertainty of the mean (𝜎/√𝑁 − 1). The DM deficit at high baryonic surface density and bulge mass is linked 

with high 𝛴𝑆𝐹𝑅 ≳ 100.25 𝑀⊙ 𝑦𝑟−1 𝑘𝑝𝑐−2. The binned values show the drop more clearly for 𝛴𝑏𝑎𝑟𝑦𝑜𝑛  (𝑅𝑒) ≳

109𝑀⊙ 𝑘𝑝𝑐−2 and 𝑀𝑏𝑢𝑙𝑔𝑒 ≳ 1010 𝑀⊙, both occurring at high 𝛴𝑆𝐹𝑅. 

4.5  Dark matter cores at 𝒛 ∼ 𝟐 

Low DM fractions as cored distributions. The DM deficits may reflect cored DM profiles rather than 

cuspy distributions, such as classical NFW profiles (c.f. G20). The inferred dark matter within 𝑅𝑒 is 

constrained by the observed kinematics, but the functional form of the dark matter halo, however, is a 

choice of the model. If within the disk effective radius there is less dark matter than expected, then 

assuming NFW and integrating out to the virial radius will give a total halo mass that can be much lower 

than predicted by the SMHM relation. For very low DM fractions this would imply that the DM is 

outweighed by baryons on the virial scale, with 𝑀𝑏𝑎𝑟𝑦𝑜𝑛/𝑀𝑣𝑖𝑟 ≳ 1, which seems highly improbable in a 

standard Λ𝐶𝐷𝑀 cosmology. Alternatively, we can assume a total halo mass given by the SMHM relation 

matching the kinematically inferred 𝑀⋆, and use a generalized version of the NFW profile with a varying 

inner slope: 

[3] 𝜌𝑔𝑁𝐹𝑊(𝑟) =
𝜌𝑜

(𝑟/𝑟𝑠)𝛼(1+𝑟/𝑟𝑠)3−𝛼 

with 𝜌0 the characteristic density, 𝑟𝑠 the scale radius of the halo and 𝛼 is the inner slope. In this case, 

the total mass would be given by integrating the density profile all the way to the virial radius: 

[4] 𝑀𝑣𝑖𝑟
𝑆𝑀𝐻𝑀 = ∫ 4𝜋𝑟2𝜌𝑔𝑁𝐹𝑊(𝑟)

𝑟𝑣𝑖𝑟

0
 

Taking the same concentration parameter used in this analysis with the halo mass from the SMHM 

relation, this equation can be solved numerically to derive 𝛼. A cored density distribution would naturally 

explain the low central dark matter fraction (and dark matter deficit), while still maintaining the predicted 

total virial mass of the halo. For this purpose, we can look at the “effective slope”, that is, the slope that 

would give the same amount of kinematically inferred dark matter within 𝑅𝑒 for a total mass determined 
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from the SMHM relation. Figure 8 plots the dark matter fractions as a function of this “effective slope”, 

showing that as the halo profile tends to a core (𝛼 → 0) the dark matter fractions approach 𝑓𝐷𝑀(𝑅𝑒) <

0.2, and that profiles cuspier than NFW (𝛼 > 1) result in high 𝑓𝐷𝑀(𝑅𝑒). This is also redshift dependent, 

as 25% of RC100 galaxies at 𝑧 ∼ 2 have a slope of 𝛼 < 0.5 while this is true for only 10% of 𝑧 ∼ 1 

galaxies. The median slope for 𝑧 ∼ 1 galaxies is 0.93, while for the 𝑧 ∼ 2 galaxies it is 0.77. This picture 

is consistent with our previous results of low DM fractions at higher redshifts, as cored DM distributions 

would yield lower 𝑓𝐷𝑀(𝑅𝑒). 

 

Figure 8: Effective inner slope (𝜌 ∝ 𝑟−𝛼) matching the inferred DM within 𝑅𝑒 assuming the SMHM relation 

holds for the total halo mass (Moster et al. 2018). Blue (red) circles show 𝑧 = 0.6 − 1.2 (𝑧 = 1.2 − 2.5) RC100 

galaxies. The vertical grey line shows the NFW slope (𝛼 = 1), with smaller values representing cored distributions 

and higher representing effective adiabatic contraction. Low dark matter fractions gravitate towards smaller inner 

slopes, with negligible fractions 𝑓𝐷𝑀 ≲ 0.1 matching with flat cores. Cores are preferential for high-z galaxies, 

with roughly 25% (18) of the high-z galaxies having a slope less than 0.5 and only 10% (3) of the low-z galaxies. 

4.6  Adaptive optics (AO) assisted subset of RC100 

Better constraint on bulges. Determining bulge masses in our high-z data sets is a difficult task, given 

that the assumed bulge radius of 1 kpc is comparable to the angular resolution of HST imaging and AO-

assisted IFU data with FWHM ~ 1.5 kpc. However, the inner rotation and dispersion curves are more 

sensitive to the presence of a bulge, with a specific feature (central rise) in the observed velocity dispersion 

due to sharp gradients in the rotation velocity. Higher resolution gives better constraints on the determining 

the bulge mass, as such features would become less effected by other components. At our best angular 

resolution, the AO-assisted data separates this feature most distinctively.  
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Figure 9: RC100 galaxies observed with adaptive-optics (PSF FWHM ~0.1-0.3”). Left: DM surface density as 

a function of bulge mass, with predicted values assuming the SMHM relation of Moster et al. (2018) in grey 

triangles. Right: Ratio of inferred DM surface densities to values from assuming the SMHM relation (“offset”). In 

both panels color coding shows star-formation surface density. Both panels show an anti-correlation with a 

Spearman coefficient of -0.52 (left) and -0.71 (right). Galaxies showing a deficit in DM tend to have higher SFR 

surface densities. 

 

Massive bulges drive DM deficit. This AO assisted subset of RC100 contains 22 galaxies (Förster 

Schreiber et al. 2018), for which the dependence of the DM surface density on bulge mass becomes more 

evident. Figure 9 shows Σ𝐷𝑀(𝑅𝑒) (left) and the offset Δ log Σ𝐷𝑀(𝑅𝑒) (right( vs. 𝑀𝑏𝑢𝑙𝑔𝑒, color coded by 

Σ𝑆𝐹𝑅. A clearer anti-correlation can be seen, with higher bulge mass higher SFR resulting in much lower 

DM content (Spearman coefficient = -0.52, -0.71 respectively, both 𝑝 < 0.05). As in the previous section, 

we find that 𝑀𝑏𝑢𝑙𝑔𝑒 ≈ 1010 M⊙ splits the subset reasonably well, with a lower offset (DM “deficit”) 

above it and high offset (DM abundance) above it (see Table 2). We fit the left panel of Figure 9 with a 

power law of the form log (
Σ𝐷𝑀(𝑅𝑒)

M⊙kpc−2) = 𝐴 + 𝐵 log (
𝑀𝑏𝑢𝑙𝑔𝑒

1010𝑀⊙
) , finding 𝐴 = 8.42 ± 0.07 and 𝐵 = −0.35 ±

0.11. 

Removed DM is a fraction of bulge mass. The amount of DM driven out of the inner regions of the 

galaxy is dependent on the bulge mass. Among these galaxies with a deficit of DM, Figure 10 plots the 

amount of removed dark matter when comparing to the predicted SMHM relation, 𝑀𝐷𝑀,𝑟𝑒𝑚𝑜𝑣𝑒𝑑(𝑅𝑒) =

𝑀𝐷𝑀
𝑆𝑀𝐻𝑀(𝑅𝑒) − 𝑀𝐷𝑀(𝑅𝑒), as a function of 𝑀𝑏𝑢𝑙𝑔𝑒. On average, these galaxies removed a DM mass 

equivalent to ≈ 25% of the bulge mass, and none have removed more than the mass of the bulge. Our 

results are in broad agreement with G20, which have shown that the removed DM mass is 30% ± 10% 

of the bugle mass. It is plausible to connect the formation of the DM core with the creation of a massive 

central bulge of 𝑀𝑏𝑢𝑙𝑔𝑒 ≳ 1010 M⊙ already at 𝑧 ∼ 2, for which the amount of removed DM is correlated 

with the mass of the bulge. These galaxies also have 𝐵/𝑇 ratios of ≈ 0.5 on average. A plausible 

explanation is due to radial inflows transporting baryons to the center and heat the dark matter via 

dynamical friction, increasing its kinetic energy and making it less bound gravitationally. If this is 

followed by strong feedback (most likely AGN-driven) this could lead to driving DM from the disk scale 
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to the out halo (El Zant et al. 2001; Governato et al. 2012; Freundlich et al. 2020; Dekel et al. 2021; Li et 

al. 2022; Ogiya & Nagai 2022). However, given the large uncertainties (due to comparing two highly 

uncertain values) this relation is not strongly constrained. 

 

Figure 10: AO-RC100 galaxies with a DM deficit, showing the amount of removed dark matter within 𝑅𝑒 

compared to predicted SMHM relations, 𝑀𝐷𝑀,𝑟𝑒𝑚𝑜𝑣𝑒𝑑(𝑅𝑒) = 𝑀𝐷𝑀
𝑆𝑀𝐻𝑀(𝑅𝑒) − 𝑀𝐷𝑀(𝑅𝑒), as a function of bulge 

mass, with the mean uncertainty shown as the large grey cross. Color bar shows the SFR surface density. No 

galaxies have removed DM matter mass greater than their bulge mass (solid line). The blue line is showing the 

moving average, approximately matching a removal of 25% of the bulge mass, showing similar values to the 20%-

40% range presented in G20 (purple shaded region). 

5. Summary 

We have presented kinematic forward-modeling for 𝐻𝛼 and 𝐶𝑂 extended rotation curves (∼ 2 𝑅𝑒) of 

a hundred main-sequence massive star-forming galaxies (MS SFGs) at redshifts 𝑧 = 0.6 − 2.5. Our three 

fitting procedures were applied individually for each RC and the best-fit values agree very well with one 

another (Pearson correlation coefficients of ≥ 0.72 and up to 0.94, see Appendix C). These provides more 

robust estimates for the best-fitting values of the mass modelling for each galaxy, namely 

𝑓𝐷𝑀(𝑅𝑒), 𝑀𝑏𝑎𝑟𝑦𝑜𝑛, 𝑅𝑒 , 𝜎0.  

Our most prominent result is that at 𝑧 ∼ 2 SFGs can become heavily baryon dominated within 𝑅𝑒, with 

half of all disks being less than “maximal” (𝑓𝐷𝑀(𝑅𝑒) < 0.28), while some can become dark matter 

dominated (up to 𝑓𝐷𝑀(𝑅𝑒) ≈ 0.80). The median DM fractions for RC100 decrease with redshift as <

𝑓𝐷𝑀(𝑅𝑒) > = 0.75±0.23 (1 + z)−1.07±0.33, from 0.38 at 𝑧 = 0.85 to 0.17 at 𝑧 = 2.44. Such low DM 

fractions can be attributed to flat (“cored”) DM distributions. In addition, we find a strong correlation 

between 𝑓𝐷𝑀(𝑅𝑒) and the baryon surface density within 𝑅𝑒, Σ𝑏𝑎𝑟𝑦𝑜𝑛(𝑅𝑒), agreeing well with similar 

studies on high redshift SFGs. We note that these baryon-dominated SFGs at 𝑧 ∼ 2 are more similar to 

early type galaxies (ETG) in the Local Universe, making them their plausible progenitors.  
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The kinematically inferred DM within 𝑅𝑒 can be much lower (but sometimes higher) than precited by 

stellar-mass halo-mass (SMHM) relations (e.g., Moster et al. 2018). In RC100, the “deficit” of dark matter 

within 𝑅𝑒 is more frequent at 𝑧 ∼ 2, and at high baryon surface density (Σ𝑏𝑎𝑟𝑦𝑜𝑛 > 108.5 M⊙kpc−2) and 

massive bulges (𝑀𝑏𝑢𝑙𝑔𝑒 > 1010 M⊙). We also find larger DM deficits at higher SFR surface density 

(Σ𝑆𝐹𝑅 > 100.25 M⊙kpc−2yr−1), with half of all RC100 galaxies having more than 50% of their DM 

within 𝑅𝑒 removed. There is a strong correlation of the DM deficit with 𝑀𝑏𝑢𝑙𝑔𝑒 and Σ𝑆𝐹𝑅, seen clearly for 

the adaptive-optics assisted subset of RC100. The removed DM mass for these AO-RC100 galaxies is on 

average 25% of the bulge mass, with none removing more DM mass than their bulge's mass.  

In massive galaxies AGN feedback is expected to dominate over stellar feedback, as the central BH 

mass scales with the mass of the system, which can lead to a change in the shape of the DM distribution 

on large scales. Galaxies with bulge masses above 1010 M⊙ are much more likely to have a broad nuclear 

component indicative of an AGN feedback (~30% − 50% of galaxies, Genzel et al. 2014), and higher 

SFR surface density a higher incidence of SF-driven broad components (~15% − 25% of galaxies, 

Förster Schreiber et al. 2019). Strong AGN driven outflows or bursty star formation can remove large 

amounts of baryons from the inner regions of the galaxy, leading to a formation of a core in the DM halo 

as the particle adjust to the change in the gravitational potential (De Souza et al. 2011; Ogiya and Mori 

2011; Governato et al. 2012; Li et al. 2022). Dynamical friction due to radial inflows may pre-heat the 

DM particles, making them more reactive to the feedback (Freundlich et al. 2020; Dekel et al. 2021; Ogiya 

& Nagai 2022). Most of these models currently suggest that cores only form if the galaxy suddenly loses 

the majority of its gas content, which, if significant, can quench star formation and lead the galaxy to 

become an ETG in its later stages of evolution. 

Our increased statistics and deep high-quality observations allow us to strengthen our previous 

conclusions (Genzel et al. 2017, 2020; Price et al. 2021) of baryon dominated disks at 𝑧~2, linking the 

DM deficit to cored distributions and high Σ𝑏𝑎𝑟𝑦𝑜𝑛 , 𝑀𝑏𝑢𝑙𝑔𝑒 and Σ𝑆𝐹𝑅, with AGN and SF-driven feedback 

as possible mechanism driving DM outwards. Future observations at higher resolution are important in 

order to better constrain the inner structures of these galaxies, including the bulges, as well as their clumpy 

structure, and in assessing the importance of non-circular motions that could signal efficient radial inflow 

of matter rapidly accumulating at the galaxy centers.  
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Appendix A 

The mass model consists of a thick turbulent disk with a constant velocity dispersion, a bulge and a 

dark matter halo. The disk and bulge are modeled as de-projected Sérsic profiles with total baryonic mass 

(𝑀𝑏𝑎𝑟𝑦𝑜𝑛) and bulge-to-total ratio 𝐵/𝑇 = 𝑀𝑏𝑢𝑙𝑔𝑒/𝑀𝑏𝑎𝑟𝑦𝑜𝑛. Light traces mass with a constant 𝑀/𝐿 ratio 

and the bulge does not emit light in the kinematic tracers. The projected surface density for the disk and 

bulge follows a Sérsic profile (Binney & Tremaine 1987): 

[5] Σ𝑆é𝑟𝑠𝑖𝑐(𝑟) = Σ0𝑒
−𝑏(

𝑟

𝑅𝑒
)

1/𝑛𝑠

 

where 𝑅𝑒 is the effective radius, 𝑛𝑠 is the Sérsic index (𝑛𝑠 = 1 for an exponential disk), Σ0 =

𝑀

2𝜋𝑅𝑒
2

𝑏2𝑛𝑠

𝑛𝑠Γ(2𝑛𝑠)
 is the characteristic density, and 𝑏 is given by the implicit equation 

1

2
Γ(2𝑛𝑠) = 𝛾(2𝑛𝑠, 𝑏) (Γ 

and 𝛾 are the gamma function and the lower incomplete gamma function, respectively). We assume the 

bulge to be spherical with a Sérsic index of 𝑛𝑠,𝑏𝑢𝑙𝑔𝑒 = 4 and projected effective radius of 𝑅𝑒,𝑏𝑢𝑙𝑔𝑒 =

1 kpc. The disk is taken as a flattened spheroid with vertical to radial extent ratio 𝑞0,𝑑𝑖𝑠𝑘 (0.2 − 0.25 for 

disks at high-z), Sérsic index 𝑛𝑠,𝑑𝑖𝑠𝑘 (hereafter 𝑛𝑠), and effective radius 𝑅𝑒,𝑑𝑖𝑠𝑘 (hereafter 𝑅𝑒). The circular 

velocity from the de-projected density distribution is given by Noordermeer (2008). 
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The dark matter halo is assumed to be spherically symmetric and follow a NFW density profile 

(Navarro, Frenk & White 1996) with a total mass 𝑀𝑣𝑖𝑟 and concentration parameter 𝑐 = 𝑟𝑣𝑖𝑟/𝑟𝑠. The virial 

radius is given as the radius in which the mean density is 200𝜌𝑐. The density profile is given by: 

[6] 𝜌𝐷𝑀(𝑟) =
𝜌0

(𝑟/𝑟𝑠)(1+𝑟/𝑟𝑠)2 

were 𝜌0 is a characteristic density and 𝑟𝑠 is the scale radius. The circular velocity is given by 𝑉𝐷𝑀(𝑟) =

√
𝐺𝑀𝐷𝑀(𝑟)

𝑟
. Adiabatic contraction of the halo due to the formation of the galaxy is considered only when 

stated so, otherwise a regular NFW profile is used. As will be defined later, the DM fraction can be used 

as a free parameter for the mass of the halo instead of 𝑀𝑣𝑖𝑟. 

The circular velocity due to the gravitational potentials of all three mass components is: 

[7] 𝑉𝑐𝑖𝑟𝑐
2 (𝑟) = 𝑉𝑑𝑖𝑠𝑘

2 (𝑟) + 𝑉𝑏𝑢𝑙𝑔𝑒
2 (𝑟) + 𝑉𝐷𝑀

2 (𝑟) 

where 𝑉𝑑𝑖𝑠𝑘(𝑟), 𝑉𝑏𝑢𝑙𝑔𝑒(𝑟), 𝑉ℎ𝑎𝑙𝑜(𝑟) are the circular velocities of the disk, bulge and DM halo. 

Additionally, pressure gradients due to turbulent motions lead to a reduction in the circular velocity. In 

general, the correction for an isotropic self-gravitating disk with velocity dispersion 𝜎 is in the form of 

𝑉𝑟𝑜𝑡
2 (𝑟) = 𝑉𝑐𝑖𝑟𝑐

2 (𝑟) + 2𝜎2 𝑑 ln Σ

𝑑 ln 𝑟
 (Burkert et al. 2010). We take the correction for an exponential disk with 

a constant velocity dispersion 𝜎0: 

[8] 𝑉𝑟𝑜𝑡
2 (𝑟) = 𝑉𝑐𝑖𝑟𝑐

2 (𝑟) − 3.36𝜎0
2 (

𝑟

𝑅𝑒
) 

with 𝑉𝑑𝑖𝑠𝑘(𝑟), 𝑉𝑏𝑢𝑙𝑔𝑒(𝑟), 𝑉ℎ𝑎𝑙𝑜(𝑟) the velocity at radius 𝑟 due to the disk, bulge and halo respectively. 

The correction is always negative and proportional to (𝑟/𝑅𝑒), thus increasing in the outer rotation curve. 

If the velocity dispersion is high enough compared to the peak rotation curve (i.e., low 𝑉/𝜎0), the RC will 

start decreasing significantly close to ~𝑅𝑒. 

Appendix A.1 

In Methods A and B described in section 3 we construct fully-forward 4D hypercube models used, 

which are outlined here and the reader is referred to G20 and Price et al. (2021) for details. We create a 

4D hypercube for each galaxy based on the parameter values, by generating a velocity Gaussian at each 

point on the 3D cube oriented with the plane of the sky (𝑥𝑠𝑘𝑦, 𝑦𝑠𝑘𝑦, 𝑧𝑠𝑘𝑦), given the galaxy’s inclination 

and position angle (PA). The velocity Gaussian is centered on the intrinsic projected rotation velocity 

(𝑉𝑟𝑜𝑡) with intrinsic dispersion (𝜎0) and flux assuming that the disk mid-plane line intensity follows the 

disk mass distribution (i.e., constant 𝑀/𝐿). We assume a Gaussian vertical flux distribution reflecting the 

assumed disk intrinsic axis ratio. The 4D hypercube is collapsed along the line-of-sight (𝑧𝑠𝑘𝑦), resulting 

in a model-intrinsic 3D cube (𝑥𝑠𝑘𝑦, 𝑦𝑠𝑘𝑦, 𝑉𝑙𝑜𝑠). We convolve this cube with both the spatial PSF and the 

spectral line spread function (LSF) to yield a model 3D cube that includes all observational effects. We 

then perform an aperture extraction on this 3D model cube – using the same slit/apertures and Gaussian 

fitting to measure 𝑉𝑜𝑏𝑠 and 𝜎𝑜𝑏𝑠 as used on the observational data – to obtain 1D model rotation and 

dispersion curves along the galaxy major axis. Finally, since the observed 1D dispersions have been 

corrected for the instrumental resolution, the extracted model dispersions are also corrected by subtracting 

the instrument dispersion in quadrature. 
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Appendix A.2 

This section further explains the procedure we refer to as “beam-projection” beam smearing. This is a 

𝑃𝑦𝑡ℎ𝑜𝑛 implementation of a 2D convolution on the galactic plane of the rotation velocities. The intrinsic 

velocities are calculated from the same mass modelling (disk, bulge and DM halo) described in Section 2 

and Appendix A.  

We construct a two-dimensional velocity grid on the galactic plane (𝑥𝑔𝑎𝑙 , 𝑦𝑔𝑎𝑙), so that the cylindrical 

radius is 𝑟 = √𝑥𝑔𝑎𝑙
2 + 𝑦𝑔𝑎𝑙

2 , with the spatial resolution chosen to be much smaller than the beam size (∼

1/50) and uniformly sampled. This ensures that the grid is sampled finely enough so that numerical errors 

are negligible. We position the coordinates so that the major-axis lies on the x-axis and the minor-axis on 

the y-axis of the galaxy, so that projected rotation velocities along the line-of-sight are given by their 

coordinates on the galaxy’s plane, with 𝑉𝐿𝑂𝑆(𝑟) = 𝑉𝑟𝑜𝑡(𝑟) cos (
𝑥𝑔𝑎𝑙

𝑟
). We convolve the velocity-grid with 

a Gaussian PSF weighted by the flux-intensity assuming a mass-to-light ratio of 1. Only the disk 

contributed directly to the light weighting, as the bulge is assumed to make no contribution to the line 

emission. Inclination is crucial, as it not only lowers the observed velocity by a factor of sin(𝑖), it changes 

the way the beam interacts with the galactic plane. With 𝑖 = 0° being face-on, the projected area of the 

beam on the galaxy’s plane increases with increasing inclination. As the minor-axis coincides with the 

galaxy y-axis, this means that the y coordinate of the PSF is elongated as the inclination increases. In the 

galactic coordinates, the beam projects an ellipse with its FWHM elongated along the y-axis by a factor 

of 𝑦𝐹𝑊𝐻𝑀,𝑔𝑎𝑙 = 𝑦𝐹𝑊𝐻𝑀/ cos(𝑖). The observer PSF is taken to be Gaussian with a 𝜎 = 𝐹𝑊𝐻𝑀/

(2√2 ln 2), so on the galactic plane the PSF would take the form of: 

𝑃𝑆𝐹𝑔𝑎𝑙 = exp {−
𝑥𝑔𝑎𝑙

2

2𝜎𝑏𝑒𝑎𝑚
2

−
𝑦𝑔𝑎𝑙

2

2(𝜎𝑏𝑒𝑎𝑚/ cos(𝑖))2} 

where 𝑃𝑆𝐹𝑔𝑎𝑙 is the projected Gaussian beam on the galactic coordinates. Larger inclination would 

change the contribution of similar 𝑦𝑔𝑎𝑙 values to the convolution, allowing farther regions to become 

relevant. As we approach an edge-on geometry, 𝑖 → 90°, the denominator on the last term diverges, 

𝜎𝑏𝑒𝑎𝑚/ cos(𝑖) → ∞, and the 𝑃𝑆𝐹𝑔𝑎𝑙 becomes effectively dependent on one coordinate alone. For a face-

on galaxy, 𝑖 = 0°, we recover the circular PSF (although in this case the observed tangential line-of-sight 

will be formally zero). 

Appendix B 

Following our three fitting methods, we average the best-fit values with their combined uncertainties. 

The values are listed in the following table, in column order: (1) Galaxy name, (2) redshift, (3) PSF 

FWHM, (4) integration time, (5) logarithmic offset in SFR from the MS at the stellar mass and redshift of 

the galaxy, (6) stellar mass, (7) total baryonic mass, (8) bulge mass, (9) disk effective radius, (10) DM 

fraction within 𝑅𝑒, (11) circular velocity at 𝑅𝑒, (12) intrinsic velocity dispersion, (13) halo mass assuming 

the SMHM, (14) SFR surface density within 𝑅𝑒, (15) kinematically inferred DM surface density. 
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Table 3: RC100 galaxy best-fit parameters and characteristics 
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Appendix C 

We used each of the methods (A, B or C) discussed in section 3 to individually fit each galaxy of 

the RC100 set, for which the four primary galaxy parameters were obtained: 𝑓𝐷𝑀(𝑅𝑒), 𝑙𝑜𝑔 𝑀𝑏𝑎𝑟𝑦𝑜𝑛, 

𝑅𝑒, and 𝜎0. In total, this accumulates to 400 values for each method considered. The average difference 

normalized by the combined uncertainty for each of the model parameters is given in table 2. A value 

of < 1 represents a good agreement between fitting methods for that parameter. In Figure 11 we 

compare the best fit values of each method against another method, for each of the four model 

parameters. We also note the median uncertainty, the Pearson correlation coefficients and the median 

absolute difference in each panel. All of the parameters correlate strongly with one another, with 

Pearson coefficients of ≥ 0.72 and up to 0.92. Some variation in inferred values is expected, as 

degeneracy between model parameters can be susceptible to the way the parameter space is sampled 

(See Price et al. 2021 for further discussion regarding degeneracies).  

 Δ𝑓𝐷𝑀(𝑅𝑒) Δ log 𝑀𝑏𝑎𝑟𝑦𝑜𝑛 Δ𝑅𝑒 Δ𝜎0 

𝐴 − 𝐵 0.77 0.69 0.47 1.23 

𝐴 − 𝐶 0.59 0.66 0.43 1.05 

𝐵 − 𝐶 0.56 0.69 0.53 0.62 

 

Table 4: Average difference in inferred values between each set of fitting methods, 𝛥𝑋𝑖𝑗 =

|𝑋𝑖 − 𝑋𝑗 |/√𝛥𝑋𝑖
2 + 𝛥𝑋𝑗

2, 𝑖, 𝑗 stand for the three fitting methods )A, B and C(, 𝑋𝑖 is a given model parameter for 

a galaxy for the method 𝑖, and 𝛥𝑋𝑖 is the uncertainty in the parameter. 

Figure 12 shows the differences in inferred values, Δ𝑋(𝑖 − 𝑗) = 𝑋(𝑖) − 𝑋(𝑗), where 𝑋 is a model 

parameter and 𝑖, 𝑗 are two different methods used. Zero difference means a perfect agreement between 

methods, and the uncertainty is given by the horizontal error bar. Two important distinctions can be 

made: (i) the difference distributions peak around zero and are symmetric meaning there are no strong 

systematic biases, and (ii) the spread of the distributions is of the order-of-magnitude of the uncertainty. 

This makes most discrepancies between fitting procedures a feature of the underlying uncertainties and 

degeneracies of the parameters instead of a genuine discrepancy. Such degeneracies help reveal the 

limits of the “allowed” part of the parameter space. Therefore, taking the mean of the three values (A, 

B & C) gives a clearer estimate of each parameter’s value.  
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Figure 11: Parameter correlations for each of the four primary model parameters: dark matter fractions 

𝑓𝐷𝑀(𝑅𝑒), total baryon mass 𝑙𝑜𝑔 𝑀𝑏𝑎𝑟𝑦𝑜𝑛, disk effective radius 𝑅𝑒, and constant velocity dispersion 𝜎0. Each 

point shows the best fit value for a single galaxy for a combination of two methods: A, B or C. The median error 

is given in a grey cross and the dashed line shows the one-to-one relation. The absolute median difference is 

shown in the top left of each panel as < 𝛥 > (in the same units), and the Pearson correlation coefficient is also 

noted. 
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Figure 12: Histograms of the differences between the best fit galaxy parameters between the three fitting 

methods: A, B and C. The vertical dashed line represents a one-to-one agreement, and the error bar denotes the 

typical uncertainty. The majority of the galaxies are close to zero, well within the uncertainties, for every choice 

of two sets of results. 
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