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ABSTRACT

The nearby elliptical galaxy Centaurus A (Cen A) is surrounded by a flattened system of dwarf satellite galaxies with coherent motions.
Using a novel Bayesian approach, we measured the mean rotation velocity v, and velocity dispersion oy, of the satellite system. We
found v, /0 = 0.7, indicating that the satellite system has non-negligible rotational support. Using Jeans’ equations, we measured a
circular velocity of 258 kms™! and a dynamical mass of 1.2 X 10'* M, within 800 kpc. In a A cold dark matter cosmological context,
we found that the Cen A group has a baryon fraction My,/Mgy =~ 0.035 and is missing ~77% of the cosmologically available baryons.
Consequently, Cen A should have a hot intergalactic medium with a mass of ~8 x 10!! M, which is more than ~20 times larger
than current X-ray estimates. Intriguingly, the whole Cen A group lies on the baryonic Tully-Fisher relation defined by individual
rotationally supported galaxies, as expected in Milgromian dynamics (MOND) with no need of missing baryons.

Key words. dark matter — cosmology: observations — galaxies: dwarf — galaxies: elliptical and lenticular, cD — galaxies: halos —

galaxies: kinematics and dynamics

1. Introduction

Galaxy groups are a key testbed for the A cold dark
matter (ACDM) cosmological model (Kroupaetal. 2010;
Bullock & Boylan-Kolchin 2017; Oppenheimer et al. 2021) as
well as for alternative theories (Banik & Zhao 2018; Milgrom
2019). In the Local Volume (D < 11 Mpc), about half of all
major galaxies reside in virialized groups, while the remain-
ing half constitutes the so-called field population (Karachentsev
2005). More massive galaxy clusters, which are absent in the
Local Volume, are estimated to contain a minor fraction of
the galaxy population, about 10%—15% (Karachentsev 2005).
Unfortunately, estimating the dynamical mass (Mgy,) of galaxy
groups is more challenging than for galaxy clusters. Only a sub-
sample of galaxy groups have a high-density hot medium that
can be studied with existing X-ray telescopes to estimate Mgy,
from hydrostatic equilibrium (e.g., see Kourkchi & Tully 2017
and references therein). Moreover, galaxy groups are too diffuse
to produce a detectable gravitational lensing signal from back-
ground galaxies. The only remaining approach is to use the line-
of-sight velocities of galaxy members, as it was pioneered by
Zwicky (1933) almost a century ago.

Dynamical mass estimates for galaxy groups usually
rely on the fvirial theorem and/or on the “zero-velocity
surface” method (Lynden-Bell 1981; Sandage 1986;

* Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under the ESO pro-
gram 0101.A-0193.

Karachentsev 2005; Karachentsev et al. 2009; Tully 2015;
Kashibadze & Karachentsev 2018). Both methods assume that
the member galaxies are isotropically distributed (spherical
symmetry) and follow random orbits. These assumptions
appear unreasonable for our own Local Group: most dwarf
satellites of the Milky Way and M31 are distributed in nar-
row planar structures with significant angular momentum
(Pawlowski et al. 2012; Ibata et al. 2013; Pawlowski & Kroupa
2020; Santos-Santos et al. 2020; Pawlowski & Tony Sohn
2021). Flattened distributions of galaxies are also observed
on larger spatial scales out to 1-2Mpc in the Local
Group (Pawlowski et al. 2013) and in other nearby groups
(Miiller et al. 2017; Byunetal. 2020; Heesters etal. 2021;
Martinez-Delgado et al. 2021). Thus, it is important to check
the accuracy of these methods by comparing them with different
approaches to estimate Mgyp.

The Centaurus group is one of the best studied galaxy
systems in our cosmic neighborhood (e.g., Coté et al. 1997;
Jerjen et al. 2000a; Karachentsev et al. 2002; Crnojevi¢ et al.
2011; Miiller et al. 2015; Taylor et al. 2018). Similarly to the
Local Group, it is composed of two main giant galaxies — Cen-
taurus A (Cen A) and M83 — each one with its own system of
dwarf satellite galaxies. In this article we focus on Cen A and its
dwarf galaxy satellites, which we refer to as the “Cen A group”
for simplicity.

The combination of accurate distances based on the tip of the
red giant branch (TRGB) method and line-of-sight velocity mea-
surements for 28 dwarf galaxies show that the Cen A satellite
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system forms a flattened and kinematically coherent structure
(Tully et al. 2015; Miiller et al. 2016, 2018, 2021a), analogous
to those found around the Milky Way and M31. Satellite sys-
tems with a similar kinematic coherence are extremely rare in
ACDM simulations, leading to the so-called planes of satellites
problem (Kroupa et al. 2010; Libeskind et al. 2015; Pawlowski
2018). These observations also suggest that dynamical mass esti-
mates of Cen A should consider a flattened (non-spherical) sys-
tem with both rotation and pressure support.

In this article, we use a Bayesian model to show that
the satellite system of Cen A has significant rotational support
(Sect. 2). Next, we use the Jeans’ equation in cylindrical symme-
try to estimate the circular velocity and dynamical mass of the
Cen A group (Sect. 3). Finally, we compare our new mass esti-
mate with previous determinations in the literature and discuss
the implications for ACDM cosmology and alternative theories
(Sect. 4).

2. Kinematics of Cen A satellite system

Cen A has 42 confirmed satellites and 30 additional candi-
dates that await membership confirmation (Miiller et al. 2019).
Here we consider 27 galaxies from Miiller et al. (2021a) that
have both TRGB distances and line-of-sight velocities (see their
Table A.1)', as well as one dwarf galaxy with only veloc-
ity information, giving a total of 28 dwarf galaxies. For three
galaxies, the EDD team? (Tully et al. 2009) has re-reduced and
updated the available HI data. The new values for the line-of-
sight velocities are 468 + 2km s~! for NGC 5102, 516+ 3km s™!
for ESO 324-024, and 545 +2kms~! for ESO325-011, which
we adopt here. Throughout the paper, based on EDD, we adopt a
distance of 3.68 Mpc for Cen A; we note, however, that an aver-
age distance of 3.8 0.1 Mpc for Cen A was found using dif-
ferent distance estimates (Rejkuba 2004; Harris et al. 2010). We
used the EDD value to be as self-consistent as possible.

We built a Bayesian model to quantify the relative degrees
of rotation and pressure support in the satellite system. Sim-
ilar models have been used to study the motion of globu-
lar clusters within their host galaxies (e.g., Co6té et al. 2001;
Veljanoski & Helmi 2016; Fahrion et al. 2020a; Lewis et al.
2020). Our model assumes that the satellite system is centered
on CenA and that its galaxy members rotate in a common
plane with a mean velocity v,. Deviations from purely circu-
lar motions (out-of-planar motions and more complex orbits) are
encapsulated in the parameter o7, that is a proxy for the mean
velocity dispersion of the satellite system. This parameter sums
quadratically to the observational error d, 4 on the line-of-sight
velocity veps 4 Of a satellite k, giving the observed deviation from
purely circular motions:

2 2

_ 2
O-Obs,k = Oin + 6v,k'

ey
The projected velocity of a satellite galaxy along the line of

sight is then given by

—ARra Sin (PA) + Apec « cos (PA)

Umod(Urol’ i PA) = Urot sin (l) D
3Dk

@)

' The references are: Peterson & Caldwell (1993), Banks et al. (1999),
Jerjen et al. (2000a,b), Koribalski et al. (2004), Doyle et al. (2005),
Saviane & Jerjen (2007), Bouchard et al. (2007), Tully et al. (2008,
2015), Kirby et al. (2012), Puzia & Sharina (2008), Karachentsev et al.
(2013), Miiller et al. (2019, 2021b), and Fahrion et al. (2020b).

2 Extragalactic Distance Database: http://edd.ifa.hawaii.edu/
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where i is the inclination of the plane with respect to the sky,
PA is the position angle of the major axis of the plane, D3p is
the measured 3D distance of a satellite k from Cen A, and Agra x
and Apec 4 are its projected separations from Cen A in the right
ascension and declination directions, respectively.

The log likelihood is then given by the following:

N
1
log L = log ( ) -
; V270 s

where N = 28 is the number of satellites and vy is the systemic
velocity of the satellite system. Thus, the free parameters of the
model are vror, Tine, PA, i, and vgys.

For the systemic velocity, we assume a Gaussian prior cen-
tered at 556km s~! (the mean of Uobs.x) With a standard deviation
of 10kms™! (the standard error on the mean). The central value
of vgys is in close agreement with the systemic velocity of Cen A
from HI observations (Koribalski et al. 2004), planetary nebu-
lae (Peng et al. 2004a), and globular clusters (Peng et al. 2004b;
Woodley et al. 2010)3. For the inclination angle, we assume a
Gaussian prior centered at 86° with a standard deviation of
1° as suggested by the 3D geometry of the satellite system
(Miiller et al. 2019). In general, the rotation velocity of a pro-
jected disk is degenerate with the inclination angle: a tight prior
on i is crucial to break this degeneracy. Given that the satel-
lite plane is seen close to edge-on, the precise value of i plays
a minor role in our estimate of v, (see Eq. (2)).

For the position angle, we ran a preliminary Markov chain
Monte Carlo (MCMC) simulation using a flat prior with 0° <
PA < 360°. The resulting posterior probability distribution
marginalized along PA displays two nearly Gaussian modes sep-
arated by ~180°, which represents two physical solutions for
clockwise and anticlockwise rotation. We shifted one of the
modes by 180° and determined PA = 63.7° + 37.9°, which we
used to set a Gaussian prior on PA in a final MCMC run. For oy,
and vy, we used broad flat priors with 0 < o < 300 km s~!and
—400 < vy < 400kms~!. To sample the posterior distribution,
we ran a MCMC with 100 walkers with a chain length of 10’000
each. We used 100 burn-in iterations and then sampled over the
full chains to get the posterior.

Figure 1 shows that the posterior distributions are well
behaved and display distinct peaks, indicating that the maximum-
likelihood parameters are well determined. We found a rotational
component with v, = 90 + 49km s~! (~20 detection) and a
random component with o, = 124f%(5) kms™! (~70 detection).
The resulting vy /i ratio is ~0.7t8:i§, indicating that rotational
support is non-negligible. To test the significance of the rota-
tional component, we re-ran our experiment 100 times by reshuf-
fling the velocities and their errors among the satellites (all other
parameters were kept the same). This results in a lower rota-
tional component (9+47 km s~!) and a higher random component
(130 + 5km s~!). Most likely, the satellite system forms a thick
structure flattened by rotation (see also Miiller et al. 2019). The
final PA value of 603; degrees is consistent with previous esti-
mate within ~2.50- (Miiller et al. 2018, 2021a); the difference is
due to the fact that the current measurement maximizes the rota-
tion signal, while previous measurements maximized the num-
ber of kinematically coherent satellites considering only the sign

2
(Uobs,k = (Umog + Usys))

2
ZO-ObS,k

, 3

3 However, velocities derived from stellar tracers are systematically
lower (by 10-20kms™") than the HI measurement. This is still within
the error, but it may indicate that the gas is moving with respect to the
stellar component of Cen A, which could be explained by Cen A’s recent
major merger (Wang et al. 2020).
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Fig. 1. Posterior distribution of the five fitting parameters from the
MCMC analysis of the Cen A satellite system. In the histograms, the
three dashed lines indicate the 16, 50, and 84 percentiles, which cor-
respond to the upper and lower uncertainty boundaries, and the best-fit
parameter estimation (i.e., the median). See Sect. 2 for details.
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Fig. 2. Position-velocity diagram along the projected major axis of the
satellite system. Red dots with 1o error bars show satellites of Cen A
with measured line-of-sight velocities. The contours represent the best-
fit rotating disk model with v, = 90kms™' and o, = 124kms!.
The inner and outer contours correspond to 1o~ and 20~ probabilities of
finding a galaxy at that location of the position-velocity diagram.

of the line-of-sight velocities vopsx With respect to Cen A, but
not their absolute values. Our results for o, and v, are consis-
tent with those from Woodley (2006), who found o, = 115+
25km s7!, oo = 125 + 50kms™!, and PA = 159 + 23° using
a spherical model for a smaller sample of 13 galaxies. The PA
estimates differ significantly, though.

Figure 2 shows a position-velocity (PV) diagram along the
projected major axis of the kinematic plane. The contours repre-
sent a rotating disk model projected on the sky, using the best-fit
parameters from the MCMC analysis (Fig. 1). The disk model
has a Gaussian thickness of 130kpc (Miiller et al. 2019) and
assumes that satellite galaxies have an equal probability of being
found at any radius in the plane. Then, when the disk is projected
to a nearly edge-on orientation (i = 86°), the probability of hav-
ing a galaxy at small projected distances is higher than having
one at larger projected distances due to the line-of-sight integra-
tion. Figure 2 shows that all galaxies but one — KK 203 — agree
within 20~ with our model (~60% within 10).

3. Dynamics of Cen A satellite system
3.1. Mean circular velocity

We used the motion of satellite galaxies around Cen A to mea-
sure the circular velocity and dynamical mass of the whole
group. A dynamical analysis is not straightforward because
the satellite system is supported by both rotation and ran-
dom motions and only line-of-sight velocities are available. We
assumed that the satellite system is axisymmetric and adopted
a cylindrical reference system (R, z, ¢) where z is perpendicu-
lar to the rotating plane defined by Eq. (2). We further assumed
that the velocity ellipsoid is isotropic (0 = o = ¢7), and thus
the parameter o, in our MCMC analysis can be equated to the
isotropic velocity dispersion. Under these simplifying assump-
tions, the circular velocity of a test particle subjected to the equi-
librium gravitational potential is given by the Jeans’ equation in
cylindrical symmetry (see, e.g., Lelli et al. 2014):

0 (R) = 02, (R) — A(R) X o, (R), 4)
where

_9lnpR) . dlnoim(R)
AR = R oInR ®)

depends on the density profile of the tracers p(R) and the velocity
dispersion profile o, (R). Having only 28 galaxies with line-of-
sight velocities, we could not constrain the velocity dispersion
profile, so we considered oy as the average velocity dispersion
across different radii and set the second term in Eq. (5) to zero.
To estimate the first term in Eq. (5), we considered all con-
firmed Cen A members adding 15 galaxies with known dis-
tances* (but without line-of-sight velocities) for a total of 43
objects. We projected the galaxies in the plane (R, ¢) integrat-
ing along z, that is a face-on projection of the satellite system.
We assumed that the thickness of the plane does not change
with radius, so dInp/dInR = dInX/dIn R, where X is the mass
surface density. We measured X(R) by summing the baryonic
mass of the galaxies in an inner circle of radius 200 kpc and
five outer annuli with a width of 150 kpc. This gives five radial
bins that contain 18, eight, nine, five, and three galaxies from
the innermost to the outermost bin. Stellar masses for the satel-
lites are derived either from K -band magnitudes (where avail-
able) according to the Local Volume (LV) catalog adopting a
mass-to-light ratio of 0.6 (McGaugh & Schombert 2014, 2015,
the near infrared yields almost constant mass-to-light ratios),

* These are KKs53 (Tullyetal. 2015), CenA-MM-Dw11, CenA-
MM-Dw5, CenA-MM-Dw4, CenA-MM-Dwl10, CenA-MM-Dwo6,
CenA-MM-Dw7, CenA-MM-Dw2, CenA-MM-Dwl, CenA-MM-
Dw3, CenA-MM-Dw9, CenA-MM-DwS§ (Crnojevic et al. 2014, 2019),
KK213, KK217, and CenN (Karachentsev et al. 2002).
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or from V-band magnitudes according to Miiller et al. (2019)
with a mass-to-light ratio of 2.0 (see e.g., Lelli et al. 2017, for
typical mass-to-light ratio values). When available, the cold
gas mass was added to obtain the total baryonic mass, using
Mgy,s = 1.33My where My is the measured HI mass and the
factor 1.33 takes the contribution of Helium into account. One
galaxy (NGC 4945) was removed from this analysis because it is
two orders of magnitude more massive than the rest of the dwarf
galaxies, leading to a sudden jump in the third radial bin. Fit-
ting the resulting density profile with a power law, we obtained
0InX/dInR = -3.8 + 1.5, which is consistent with the outer
slope of a NFW profile (Navarro et al. 1997). Because the bins
were chosen arbitrarily and there are uncertainties in the stel-
lar masses of the satellites, we double checked this fit using an
MC approach. We randomly selected the innermost and outer-
most ellipses to be within + 100 kpc of the initially chosen radii,
and the radial bins having a width between 100 kpc and 200 kpc.
We varied the baryonic masses within a factor of 0.5 and 2. We
repeatedly fitted the density profile using these randomizations
and found that the slope of the density profile varied by + 1.3,
which is consistent with the error coming from the fit (+ 1.5).
If we turn off the randomization of the mass-to-light ratios, the
variation does not change.

We obtained a circular velocity of vy = 258 £ 57km s7L.
The uncertainty of the circular velocity was derived through an
error propagation of Eq.(4) using the rotational velocity vy,
the velocity dispersion oy, and the fitted slope of the density
profile dInX/dInR, contributing to 17kms~', 32kms~!, and
44kms~!, respectively.

If we assume that there is some mild tangential anisotropy
(0 = 0, = 207), Equation (5) is replaced by dInp/dIn R +0.5.

Then, the circular velocity decreases by ~15kms™, which is

smaller than our random errors on vgjre (~60kms™!).

3.2. Dynamical and baryonic masses

To estimate the dynamical mass of the group, we used the mean
circular velocity and the maximal distance of the satellite popu-
lation

2
Rmax Uire

G (6)

With vgre = 258 + 57kms™! and Ry, = 801kpc, we got a
dynamical mass of 12.4 + 5.5 x 10'2 M,

In a ACDM cosmological context, the properties of cosmic
structures are usually given in terms of a density contrast A with
respect to the critical density of the Universe p.. One then defines
R, as the radius at which the mass volume density is equal to
Ap.. If we assume that v corresponds to the circular velocity
at radius R}, the total mass (baryons and dark matter) is given by
the following (see, e.g., McGaugh 2012):

My = (A/2)"2(GHy) "0l ., 7

where Hy = 75.1 + 3.8km s~ Mpc~! (Schombert et al. 2020) is
the Hubble constant, and Ry is given by
GM,

-
circ

Mioi(< Riax) =

Ry =

®)

v

5 The exact value of the Hubble constant is highly debated, but
generally ranges between 67 and 75kms™' Mpc~!, with uncer-
tainties on the order of 2-5kms~' Mpc~! (Freedman etal. 2019;
Planck Collaboration VI 2020; Kourkchi et al. 2020; Khetan et al.
2021; Riess et al. 2021). Here, we adopt a Hubble constant based on
the baryonic Tully-Fisher relation (BTFR).
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Adopting A = 200, we derived May = 5.3+3.5x10'> M, within
R2()0 =344 kpC

Now we need to estimate the baryonic mass of the Cen A
group. This is the baryonic mass locked into all confirmed
galaxy members, neglecting the possible inter-galactic medium
and the gas mass of Cen A, which is negligible compared to
its stellar mass (My;/Lg = 0.01, Struve et al. 2010). Cen A
contributes for most of the group mass (1.54 x 10'! M, from
Romanowsky & Fall (2012), rescaled to a distance of 3.68 Mpc),
while the satellite galaxies add another 0.34 x 10" M. We esti-
mated the baryonic mass of the Cen A group to be 1.9x 10'! M,
We then derived a baryon fraction fy, = My/Myy =~ 0.035.
This estimate is significantly lower than the baryon fraction
expected from ACDM fits to the cosmic microwave background:
Q,/Qn = 0.157 (Planck Collaboration VI 2020). This is another
facet of the so-called missing baryons problem (McGaugh et al.
2010), which now emerges in a whole galaxy group rather than
in a single galaxy. The amount of missing baryons in the Cen A
group (~77%) is comparable to that in typical massive galaxies
(Katz et al. 2018). This discrepancy is usually explained assum-
ing that the missing baryons reside in a hot, diffuse gas phase
that is difficult to detect and quantify. In a ACDM context, there-
fore, we expect that the Cen A group should contain ~8x10'! M,
in hot gas. There is a hot X-ray halo and filamentary structure
detected in association with Cen A (Forman et al. 1985). Using
the most recent X-ray observations, Gaspari et al. (2019) found
that the hot gas mass of Cen A is only ~3 x 108 M, within
15kpc (the observed size of the X-ray halo) and increases to
~3 x 10" M, when extrapolating out to ~300kpc. This latter
mass estimate is still ~27 times smaller than that expected from
the cosmic baryon fraction.

Some authors use different density contrasts to define the
characteristic quantities of a cosmic structure. If we use A = 100,
we get Mgy = 7.5 + 5.0 x 10'2 M, within a virial radius
Rio0 = 487 kpc. In this case, Cen A would have a baryon frac-
tion of f, ~ 0.025 and be missing about 84% of the cosmologi-
cally available baryons. Clearly, the missing baryon problem in
Cen A becomes even worse if we consider the dynamical mass of
1.2 x 10"® My, out to the last measurable radius (~800 kpc): then
the baryon fraction decreases to a mere ~0.02 and the amount of
missing baryons increases to ~90%.

4. Discussion
4.1. Comparison with previous mass estimates

The dynamical mass of Cen A has been estimated by several
authors using different techniques. Studies based on globular
clusters (Peng et al. 2004b; Woodley et al. 2010) and/or plan-
etary nebulae (Peng et al. 2004a; Samurovi¢ 2016) probe the
inner 40-80kpc, so they trace the gravitational potential of
the central galaxy. Here we focus on the dynamical mass of the
whole Cen A group (excluding the M83 association).

Table 1 lists mass measurements from the literature in
increasing order of physical radius. Our mass estimate within
Rimax = 800kpc is consistent with previous measurements from
van den Bergh (2000) and Woodley (2006) within similar radii.
Specifically, van den Bergh (2000) used 30 candidate galaxy
members (without secure distances at the time, where later
observations showed that some of their candidates were not
Cen A members, but rather M 83 members, which forms a dis-
tinct group, see Tully 2015) assuming spherical symmetry and
an isotropic velocity ellipsoid, whereas Woodley (2006) used
13 confirmed members assuming a spherical model with both
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Table 1. Dynamical masses determined for the Cen A group (excluding
the M83 subgroup).

Method Mot Radius Ref.
102 M, kpc
Rotating plane 20+£04 Ry =130 1
Virial theorem 1.6+£04 Ry =130 1
Rotating plane 53+£35 Ry =344 1
Virial theorem ~8 ~400 2
Rotating plane T75+50 Ryp =487 1
Virial theorem ~12 ~600 3
Rotating sphere 8.6+2.8 ~T760 4
Rotating plane 124 +£5.5 Rpax = 800 1
Zero-Velocity surface ~6 ~1400 2

Notes. Literature values were rescaled to a distance of 3.68 Mpc
(Tully et al. 2015).

References. (1) This work; (2) Karachentsev etal. (2007); (3)
van den Bergh (2000); and (4) Woodley (2006).

rotation and dispersion support. We think that our modeling is
more reliable because it considers the observed spatial flattening
of the satellite systems and deprojects the rotation velocity from
the sky plane to the disk plane (see Sect. 2).

Our mass estimate within Ry,x =~ 800kpc is significantly
larger than the value from Karachentsev et al. (2007) at a larger
radius (~1.4 Mpc) from the zero-velocity surface method. On the
other hand, our mass estimates within a density contrast of 100
or 200, respectively (Rypo = 344 kpc and Rjpp = 487 kpc), is
consistent with the one from Karachentsev et al. (2007) within a
similar radius (~400 kpc) using the virial theorem. We conclude
that the zero-velocity method is inferior to estimates using spher-
ical and/or disk models, which display only minor differences.

To address the actual difference between a nonrotating spher-
ical model — which can be considered as the ACDM expec-
tation — and a rotating disk model, we repeated the MCMC
analysis in Sect. 2 dropping the vy term in Eq. (3) and fitting
only for oy, as it is routinely done in the study of pressure-
supported systems (e.g., Mateo et al. 1991; Walker et al. 2009;
Taibi et al. 2018; van Dokkum et al. 2019; Emsellem et al. 2019;
Collins et al. 2021). We found o, = 131 + 18 kms™!, which is
larger than the previous estimate because the rotational compo-
nent now enters as a pressure term. To infer the dynamical mass,
we adopted the Wolf et al. (2010) estimator that holds when the
velocity dispersion profile is approximately flat near the half-
mass radius ry;:

3}’1/20'-2
Mig(<ripp) = — . )
G
For r;» = 130kpc (approximated by the median separation

of the satellite system), we derived a dynamical mass of 1.6 +
0.4 x 10'2 M, for such a nonrotating spherical model. If we
use Eq. (7) at the same radius, we derive a dynamical mass of
2.0 + 0.4 x 10'2 My, for the rotating disk model. These two val-
ues are consistent within the errors, but we consider the rotating
disk model better because the satellite system of Cen A is clearly
nonspherical.

4.2. Baryonic Tully-Fisher relation and MOND

Having measured the circular velocity and baryonic mass of
the Cen A group, we can investigate its position on the bary-
onic Tully-Fisher relation (BTFR, McGaugh et al. 2000). The

11.5{ © SPARC (Lelli+17) e
ETGs (den Heijer+15) e ¢
@ Cen A group (this work) ’,»"
11.0 //’ s
° ——
—0—*‘%__: -

log My,

7.5
1.4 1.6 1.8 2.0 2.2 2.4 2.6

log v¢

Fig. 3. BTFR of galaxies. The gray dots are late-type galaxies taken
from the SPARC database (Lelli et al. 2016b, 2019), the yellow trian-
gles are early-type galaxies (ETGs) from den Heijer et al. (2015), and
the red dot indicates our measurement of the Cen A group. The black
line is the best fit of the BTFR, and the dashed line is the ACDM pre-
diction assuming the cosmic baryon fraction (Planck Collaboration VI
2020).

BTFR is an empirical relationship between the baryonic mass
of a galaxy and the circular velocity along the flat part of the
rotation curve, pointing to a tight coupling between baryons and
dark matter (e.g., Lelli et al. 2016b, 2019). Figure 3 shows the
location of the Cen A group on the BTFR defined by late-type
galaxies from the SPARC database (Lelli et al. 2016a) as well
as early-type galaxies from Atlas’ (den Heijer et al. 2015). Our
measurement of the Cen A group falls right on top of the BTFR.
This is remarkable because we are comparing individual galax-
ies with a whole galaxy group, whose formation and evolution
history is presumably governed by different processes on larger
scales.

The location of Cen A on the BTFR agrees with the expec-
tations of Milgromian Dynamics (MOND, Milgrom 1983a,b,c).
MOND is an alternative to particle dark matter, in which the
Newtonian laws of gravity and/or inertia are modified at accel-
erations smaller than ~107'" m s=2 (Famaey & McGaugh 2012).
In a MOND context, the BTFR represents a fundamental law
of Nature that should be followed by any isolated gravitational
system in equilibrium, independently of its formation and evo-
lution. MOND has been successfully tested in Cen A using
globular clusters (Samurovi¢ 2016). Figure3 extends such a
test out to much larger radii. In a MOND context, the Cen A
group should contain little (if any) missing baryons. This is
in line with the study of Milgrom (2019) for a sample of 56
galaxy groups. We note that, in MOND, the internal gravity of
the Cen A group would dominate over the external one within
~500kpc (Oria et al. 2021), and a drop of 60kms~' would
be expected at 800kpc due to the external field effect arising
from the cosmic large-scale structure (see e.g., Haghi et al. 2019;
Freundlich et al. 2022; Chae et al. 2021), which is within our
error bar for the global v value.
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5. Summary and conclusions

We studied the dynamics of the Cen A galaxy group using accu-
rate 3D distances and line-of-sight velocities of its member
galaxies. Our main results can be summarized as follows:

1. We used a Bayesian model to study the kinematics of
the satellite system considering both rotation and random
motions. The ratio between the mean rotation velocity and
the mean velocity dispersion is ~0.7, indicating that the satel-
lite system has significant rotational support.

2. Assuming an axisymmetric and isotropic (in velocity space)
satellite system, we derived a mean circular velocity of
258 kms~!. This translates into a dynamical mass of 1.2 x
10'3 M, within 800 kpc (the distance of the outermost satel-
lite from Cen A).

3. In a ACDM context, we derived a virial mass M,y =
5.3 + 3.5 x 10'2 M, within a virial radius Rypg = 344 kpc.
This gives a baryon fraction M, /My = 0.035 implying
that about 77% of the cosmologically available baryons
are missing. The missing baryons may be in a hot diffuse
medium with a mass of ~8x10'' M, which is ~4 times
larger than the mass locked in stars and gas within galax-
ies. The expected hot gas mass is more than one order of
magnitude larger than that inferred from the most recent
X-ray observations. On the other hand, at the galaxy level,
M., /My = 0.03 for Cen A is much higher than predicted by
common abundance matching relations (e.g., Moster et al.
2013; Behroozi et al. 2013), but it is compatible within scat-
ter and error bars with the stellar-to-halo-mass relation from
Kravtsov et al. (2018).

4. CenA group lies on the baryonic Tully-Fisher relation
defined by individual galaxies. This is in agreement with
MOND predictions with no need for a significant amount of
unaccounted baryons.

With still many dwarf galaxy candidates around Cen A lacking
distance and velocity information, our results can be improved
with future measurements.
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