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Abstract: It has long been known that the observed mass surface density of cored
dark matter (DM) halos is approximately constant, independently of the galaxy mass
(i-e., pcre =~
the core, respectively). Here, we review the evidence supporting this empirical fact as

constant, with p, and 7. being the central volume density and the radius of

well as its theoretical interpretation. It seems to be an emergent law resulting from the
concentration-halo mass relation predicted by the current cosmological model, where
the DM is made of collisionless cold DM particles (CDM). We argue that the prediction
pcre = constant is not specific to this particular model of DM but holds for any other DM
model (e.g., self-interacting) or process (e.g., stellar or AGN feedback) that redistributes
the DM within halos conserving its CDM mass. In addition, the fact that p 7. ~ constant
is shown to allow the estimate of the core DM mass and baryon fraction from stellar
photometry alone is particularly useful when the observationally expensive conventional
spectroscopic techniques are unfeasible.

Keywords: dark matter; dark matter cores; fundamental parameters; halos; stellar distribution

1. Introduction

The shape of the dark matter (DM) halos hosting galaxies can be inferred from rotation
curves or other kinematical measurements, e.g., [1-3]. The resulting DM radial profiles
often show an inner plateau or core characterized by a central mass density p. and a core
radius 7. which, when combined, happen to yield a surface density approximately constant,

Qc?c = constant, 1)

a property observed to hold in a wide range of halo masses M, between 10° and
10'2 M, [4-12] (actual values and details will be given in Section 2 and Appendix A).
Originally, it was a rather surprising result [4], but currently it is interpreted in the literature
as an emergent law caused by the well-known relation between halo mass and concen-
tration arising in collisionless cold dark matter (CDM) numerical simulations [13-15]. In
CDM-only simulations, the CDM halos do not have cores. They follow the canonical NFW
profiles [16] or the Einasto profiles [17], with a pronounced inner cusp where the density
grows continuously toward the center of the halo. Thus, an additional physical process
must operate to transform the cuspy CDM halos into cored halos, conserving the original
DM mass. This transformation is usually assumed to be driven by baryon processes like
star-formation feedback, AGN feedback, or galaxy mergers, which shuffle around the bary-
onic mass, thus changing the overall gravitational potential and affecting the distribution
of CDM. CDM cores appear in model galaxies formed in full hydrodynamical cosmological
numerical simulations, e.g., [18-20]. Thus, Equation (1) is often regarded as a support for
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CDM; [15] and references therein. However, the formation of cores in DM halos can be
driven by any physical process that thermalizes the DM distribution [21,22]. They will also
render Equation (1), provided the process just redistributes the available mass, not much
changing the relation between the halo mass and concentration set by the cosmological
initial conditions (Section 5.1).

The purpose of this work is to review the observational evidence for Equation (1) as
well as the theory behind it. The interpretation can be pinned down to the relation between
the mass of a DM halo and its age of formation (Section 5.1), which is set by cosmology
and to a lesser extent by details on the nature of DM. As a spin-off, we demonstrate how
Equation (1) can be used to estimate the mass in the DM halo of a galaxy based solely on
the distribution of its stars. The approach is based on the fact that dwarf galaxies also tend
to show a central plateau or core in the stellar distribution, e.g., [23,24]. The radii of the
stellar and the DM cores are expected to scale with each other [25,26]. We worked out the
relation between the core radius of the stellar distribution and the DM mass.

The paper is organized as follows: Section 2 collects observational evidence for
Equation (1). Section 3 works out the explanation of Equation (1) within CDM. Section 4
compares the observations in Section 2 with the theory in Section 3. Based on Equation (4),
Section 5 writes down a semi-empirical relation between the stellar core radius and DM
halo mass. It also shows that the stellar mass surface density is a proxy for the baryon frac-
tion in the center of a galaxy. Ready-to-use relations are given in Equations (25) and (26).
Section 6 summarizes the main conclusions in the work.

2. Observations Supporting Equation (1)

As we point out in Section 1, the product p.r. is approximately constant over a
large range in galaxy mass. To emphasize the existing evidence, we have compiled a
number of relations between p.r. and M, from the literature. They are based on uneven
measurements prone to bias, including the determination of the DM halo mass of a galaxy
and the definition of core radius. However, the conclusion is clear, with the different
independent determinations agreeing within error bars. The result of the compilation is
shown in Figures 1-5. Details of how the individual works were interpreted to construct
the figures are given in Appendix A. In particular, here and throughout the paper, we
assume the core radius to be the radius where the density drops to half the central value,

p(re) =pc/2, (2)

with p. = p(0). This definition is not universally used and so the radii quoted in the original
reference often have to be transformed to our definition, as detailed in Appendix A.
Figure 1 gives the scatter plot of p.r. versus M. The extreme values are likely unreli-
able but it is clear that the product p.7. tends to be constant, at least for M;, < 10! M. This
fact is better appreciated in Figure A1, which is identical to Figure 1 but with the vertical
axis spanning the same eight orders of magnitude of the horizontal axis corresponding to
the DM halo masses. Histograms with the values of p 7. in Figure 1 are shown in Figure 2.
They include all the observed values (the blue line), when M;, < 10'2M, (the red line), and
when M), < 10! M, (the green line). An inset in the figure also gives the median and the
1-sigma percentiles of the distributions (i.e., 50 %, 15.9 %, and 84.1 %) which correspond to

Pctc = 44t421411 Mg Pcizf 3)

when M, < 10! M, a limit representative of dwarf galaxies. We note that the used r., as
set by Equation (2), is typically a factor of two smaller than the core radii commonly defined
in the literature (e.g., b when the Schuster-Plummer profile in Equation (5) is used). Thus,
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the surface density in Equation (3) is fully consistent with a value around 100 M, pc 2
often quoted in the literature (see, e.g., [5,14]). As we explain in Appendix A, the estimate
of Mj, used in Figure 1 relies on the observed absolute magnitude of the galaxies, assuming
a mass-to-light ratio and a relation between stellar mass and DM halo mass as inferred
from abundance matching [27]. However, the trend for p 7. to become constant in dwarf
galaxies is already present in the original data; see Figure 3, where the abscissa are given
by the measured absolute magnitude of the galaxy.
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Figure 1. Compilation of values of p.. from the literature as a function of the DM halo mass of the
galaxy (M},). Details on the references and the processing are given in Appendix A. A version of this
figure, but showing the same eight orders of magnitude range for abscissae and ordinates, is shown
in Figure Al. References: Burkert 95 [4], Kormendy+16 [11], Donato+09 [7], Oh+15 [2], Burkert 15[10],
Spano+08[6], Saburova+14[9], Di Paolo+19[12], and Salucci+12[8]. The inset gives a color and
symbol code which is the same used in Figures 3-5.

Figure 4 gives p.7. (top panel) and p.r2 (bottom panel) versus 7.. Note that the latter
gives the DM mass in the core and it scales as r? following Equation (3), which is represented
in the figure by the gray dashed line. These relations are independent of the uncertainties
in Mh-

Figure 5 gives the relation of r. with M}, (top panel) and p. with M} (bottom panel).
The correlation happens to be very clear in both cases. The larger the mass, the larger the
radius and the smaller the density. In order to guide the eye, the figure includes power laws
as r. o« M (top panel) and p; o M, 04 (bottom panel), which approximately describe the
observed trends. Note that combined, these power laws render Equation (1).
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Figure 2. Histograms with the distribution of p.r, represented in Figure 1 and detailed in Appendix A.

We show three different selections: all galaxies (the blue line), galaxies with halo masses M;, < 1012 M,

(the red line), and galaxies with Mj, < 10 M, (the green line). The last

one is representative of dwarf

galaxies. The inset gives the median of each distribution, as well as the range between percentiles

15.9 % and 84.1 % (i.e., median +1 sigma).
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Figure 3. Central DM surface density, p.7c, as a function of the absolute magnitude of the galaxy,

which is the observable employed to estimate the halo masses represented in Figure 1. The absolute

magnitude is Mp or My depending on the galaxy. The inset gives the color and symbol code, which

is the same employed in Figures 1, 4 and 5.
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Figure 4. Observed p 7 versus . (top panel) and p.r2 versus . (bottom panel). Note that the latter
gives the DM mass in the core and scales as 72 following Equation (3), which is represented by the
gray dashed line. These relations do not depend on the total DM halo mass and can be used to test
theoretical explanations bypassing uncertainties in Mj,. The insets give the color and symbol code,

used also in Figures 1, 3 and 5.
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Figure 5. (Top panel): core radius 7, versus DM halo mass Mj,. The dashed line is a power law with
exponent 0.4 and has been included to guide the eye. (Bottom panel): central DM density p. versus
DM halo mass. This time, the dashed line is a power law with exponent —0.4. The insets give the
color and symbol code, which is the same used in Figures 1, 3 and 4.

3. Theory: Cores Resulting from Redistributing Collisionless Cold Dark
Matter Halos

If the DM was collisionless CDM and if there were no baryons, then the distribution
of DM within each halo would approximately follow the iconic NFW profile [16],

Os

pNFW(r) = (1’/1’5) (1+1’/1’5)2, 4
describing the variation with radius r of the DM volume density pnrw (7). The parameters
ts and ps stand for a scaling radius and a scaling density, respectively. The mass available
to form any DM halo today is provided by the initial conditions set by cosmology (see
Section 5.1). It would be the same independently of whether a physical process redistributes
this mass in a different mass density profile. Probably, the most general of such a process
is the thermalization the DM distribution. In this case, one expects the formation of a
core with a generic polytropic shape, characteristic of self-gravitating systems reaching
thermodynamic equilibrium [21,22,28]. For analytic simplicity, we assume m = 5 polytrope
(best known as the Schuster—-Plummer profile), but the core of all the polytropes has
virtually the same shape, e.g., [28]. In this case,

S — 5
ps(r) 1+ (r/b>2]5/2' ()

with p. the central density and b a length scale setting the core radius defined as in
Equation (1),

re=bx V/22/5 _1~bx056525.... (6)

Thus, the new density profile resulting from the core formation is a piecewise function
defined as Equation (5) in the core, Equation (4) in the outskirts, and continuous in the
matching radius 7,

p5(7), when 7 < 7y,
p(r) = ps(rm) = pnew (rm), when 7 =1y, ()
onew (7), when 7 > 1,,.
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In addition, to conserve mass,
o0 (o)
/ p(r)r?dr = / onew (r) 7 dr, (8)
0 0
which, considering Equation (7), renders
m 5 m )
| estrydr = [ paew () . ©)

Examples of these cored DM profiles with NFW outskirts are given in Figure 6. This kind
of piecewise shape has already been used in the literature, e.g., [29-31].

1014 T~ m—— ,,/rs=0.5

— rml/rs=1.0
_\ rolre=1.8

rmlrs=3.0

107 10° 10!

rirs
Figure 6. Piecewise density profiles with an inner core (m = 5 polytrope; ps5 in Equation (5)) and
an outer NFW profile (onrw; Equation (4)). The two pieces coincide at the matching radius 7,
05(rm) = pNEw (), and the total mass is the total mass of pnpw () (Equation (8)). The full NFW
profile is shown as a black dashed line whereas profiles for different matching radii are shown with
different colors as indicated in the inset.

Equations (7) and (9) provide a mapping between the parameters of the NFW profile
(ps and rs) and the parameters defining the core (o, and b). The continuity at r,, forces

Pc _ Ps
A5 (/D)2 (/7o) (L4 1 7 (10)

whereas mass conservation, Equation (9), leads to

1 7 Tm/¥
3 _ 3 7‘!71 o m S
PcTm 3 [1 + (rm/b)2]3/2 = PsTs [lr‘(l + rs ) 1+ Vm/f’s]‘ (11)
After some algrebra, Equations (10) and (11) render,
2 2
rm/rs\° _ 3 (L+rm/1s) Tmy _ Tm/Ts
1+ < b/rs >  (rm/1s)? {ln(l + T ) 1 +rm/rJ' (12)
and 3 [ ( )2]3/2
pcb _31—|— rm/b Tmy Tm/Ts
0.3 = (/D) In(1+ Py ) Tor | (13)

We note that once r,;, /7 is set (i.e., the radius of match in units of rs; see Equation (7)),
Equations (12) and (13) give the full density profile. Equation (12) provides b/rs, which
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can be used in Equation (13) to compute p./ps, and then p(r)/ps. This is the procedure
followed to compute the densities shown in Figure 6.

Figure 7 shows the dependence on ry, /s for b/rs, pc/ps, and pcb/ (psrs). We note that
for ryy S rs, b ~ rs and pcb ~ psts. These dependences are easy to distill from the above
equations in the limit r,, < 5. In this case,

T rm/rs  (rm/1s)?
In(1+ rs) Trr = 2 (14)
so that Equation (12) renders,
b/rs \ﬁ(rm/rs). (15)
Similarly, Equation (13) plus Equation (15) render
pcb =~ o515 (3/2)*V/3 = psrs x 3.89711..... (16)

When r,;, = rs (i.e., when the matching radius coincides with the characteristic radius
defining the NFW profile), then things simplify even further so that

% ~ 1.0068... ., 17)
sls

where we have used Equation (6) to transform b into r. (details in Appendix B).

— b/rs Pc/Ps when re=rs
102 - == V2 (rmlrs) —— Pcbl(psrs)
o PclPs —== pcb/(psrs) = 3.90
k=
o 10%;
)
(0]
]
)
- 1094
]
)
]
g
5 10714
o
10_2 E T T T T
1072 1071 109 10!
Imlrs

Figure 7. Dependence on 1y, /s of b/ts, pc/ps, and pcb/ (psts) as given by Equations (12) and (13).
The solid lines show the actual variation whereas the dashed lines correspond to the dependence
when the transition radius 7,; < rs (Equations (15) and (16)). The orange symbol points out when
re = rs, which has 1, /rs ~ 0.56 and p./ps ~ 4.11.

The NFW halos are given settings ps and rs. In the context of CDM, these two variables
are often replaced by the concentration c and the halo mass Mj, so that

200 3 perit
_ ) 18
s 3[In(1+c) —c/(1+¢)] 18)
and 3 M
3 i (19)

~ 8007 Perit €3
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The concentration ¢ stands for rogg /s, with 1299 defined so that the mean enclosed density
within 99 equals 200 times the critical density p..;; of the Universe. Pieced together,
Equations (18) and (19) render the dependence of the product psrs on c and My,

10 (30\'"? g M 20

Pls =3\ 7 1+c)—c/(1+c)

a relation that can be found already in the literature, e.g., [13].

The numerical simulations of CDM predict a relation between ¢ and Mj, which
varies with redshift and is quite tight for M;, > 100 M, to become looser at smaller halo
mass [32-34]. Examples of this relation are given in Figure 8, where we note that the range
of variation of c is quite moderate, changing only by a factor of three for halos varying by
seven orders of magnitude in mass, from 107 to 1014 M; see the blue lines in Figure 8. Thus,
considering ¢ constant, the dependence of psrs on halo mass predicted by Equation (20) is
quite mild as it scales as M}/ 3. This fact, together with the approximate equivalence given
by Equations (6) and (16), indicates that the predicted p.r. is expected to vary little with
halo mass,

Pcle o Peb o psts o M}Z/s, (21)

as it is indeed observed (Section 2).

25 N = Correa+15, z=0 === Sorini+24, z=0 DMO
\ Correa+15, z=2 == Sorini+24, z=0 Hydro

. \\ = Correa+15, z=4 Sorini+24, z=2 DMO
oo N = = D&M 14, z=0 Sorini+24, z=2 Hydro

20 i '~,.\\ D&M 14, z=2 ===+ Sorini+24, z=4 DMO
‘..\ = = D&M 14, z=4 == Sorini+24, z=4 Hydro

15+
U

10

107 10° 10° 10 10! 10%2 10 10
My Mo ]
Figure 8. Relation between concentration ¢ and halo mass M, inferred from various CDM-only
simulations. The three papers cited in the inset are D&M 14 [32], Correa+15[33], and Sorini+24 [34].
For reference, we also show a relation obtained when baryon feedback is self-consistently treated in
the simulation (the dotted dashed lines). Different redshifts (z) are included with different colors,
whereas the type of line encodes the actual reference (see the inset).

The equations above yield p.7. as a function of Mj,. The algorithm to compute it

is (1) set ry, /15, (2) obtain ¢ of My, from the literature (Figure 8), (3) obtain p; and rs as a

function of My, from Equations (18) and (19), (4) obtain b/rs of M, from rs and Equation (12),

(5) obtain p./ps of My, from b/, rp /s and Equation (13), (6) obtain . /b from Equation (6)
and, finally, (7) compute

b Pc Te

pcrc—psxrsxrsxpsxb. (22)

Figure 9 shows the predicted variation of p.r as a function of M, for various r,, /rs assum-

ing the c—Mj, relation at redshift zero given in [32] (the solid lines). Qualitatively, the trends

for other c—M], relations and redshifts look the same. The figure also includes the variation
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of r¢ (the dashed lines) and p. (the dashed dotted lines) separately. Note how the increase
in r, with Mj, is partly balanced by the decrease in p, leaving a fairly constant p.r.

105_

-z
- - -
03 1 ——=ZZ=2= I
| ——=z --

O
O - ¢ — Mp, D&M 14
Q; 101_.-""‘--- —— Pcle, rmlrs=0.5
k: — = Pc, Imlrs=0.5
Q === I, Imlfs=0.5
———— Ocle, rmlrs =1.0
10tk RE—— T T~ Pdarni=18
——— T —. S —— Pcleirmlrs = 3.0
T *"-—:::::""‘ wen M3 law

¢ 44%54Mopc?

108 10° 10° 10! 1012 1013
My [Mo ]

Figure 9. Predicted variation of the central mass surface density p.r as a function of M, for various
tm /s assuming the c—Mj, relation at redshift zero given in [32] (the solid lines). The figure also
includes the variation of 7, (the dashed lines) and p. (the dashed-dotted lines) to emphasize how
the increase in r. with increasing Mj, is partly balanced by the decrease in p. to produce a fairly

constant p.rc. The dotted line shows the approximate dependence of p.r. on M}, to be expected if c
were constant (Equation (21)). This power law dependence has been anchored to the observed p.r.
(Equation (3)) assumed to represent M, ~ 1010 M. The core density p, and core radius 7. are given
in units of Mg pc~3 and pc, respectively.

4. Comparison Between Observations and Theory

Figure 10 shows the observed p.7. (the symbols) compared with the prediction using
the simple equations worked out in Section 3, where the DM cores are assumed to result
from the redistribution of the mass of the CDM halos. The observed data points in Figure 10
are those in Figure 1 but shown in a range spanning the same eight orders of magnitude
variation for both p.r. and Mj,. This particular scaling evidences how constant p.r. is, with
the range of values in Equation (3) highlighted as the pale green region. The colored lines
represent the theoretical predictions and they agree well with the observation without
any fine tuning. They even reproduce a slight increase in p.r. with halo mass, which is
probably too large in the theoretical model, although given the observational uncertainties
one should not stress this fact further. Note that the prediction depends on the parameter
tm /s and the redshift z from which the relation c-Mj, was taken. The best agreement with
the observation corresponds to r,;, /ts between 1 and 2 starting off from halos at z = 0,
and between 0.5 and 1 starting from halos a bit earlier at z = 1. Figure 10 is based on
the theoretical c—Mj, from [32], but the results are similar for the other theoretical c—-M;,
analyzed in Section 2 and Figures 8 and 9.
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Figure 10. Observed versus predicted p.r.. The observations are the same as those used in Figure 1
except that ordinates and abscissae have been forced to span the same eight orders of magnitude
range. The colored lines represent the theoretical predictions, which depend on the parameter ,, /75
and the redshift z from which the c-M, relation was taken (see the inset). The range of p.r. values for
M, < 101 M, given in Equation (3) is shown as the pale green region.

5. Discussion

Here, we analyze the implications of the fair agreement between the theory and
observation presented in Section 4.

5.1. What Sets the c—M}, Relation?

Note that so far, the answer to the question of what sets p.7. >~ constant is the existence
of a c—My, relation for the DM halos produced in the ACDM cosmology (see Figures 8 and 9).
Thus, unless we understand in physical terms what sets the c—Mj, relation of the collisionless
CDM halos, the above explanation of why p.r. is constant sounds circular.

Correa et al. [33] describe the current understanding in detail, and give a number of
relevant references. According to this view, the relation seems to be driven by the inside-out
growth of the DM halos combined with the fact that low mass halos collapse first. The
build-up of all halos generally consists of an early phase of fast accretion and a late phase
where the accretion slows down [35,36]. During the early phase, halos are formed with low
concentration, and then the concentration increases during the second phase as the outer
halo grows and the mass accretion rate decreases. The concentration grows during this
second phase because the virial radius setting the size of the whole halo increases while 7
remains rather constant. Halos of all masses undergo these two phases, but low mass halos
complete the first phase early on and so they show large concentrations at present, whereas
the very massive ones are still in the first phase. This process gives rise to the variation
predicted by the numerical simulations shown in Figure 8. Contrary to the low mass halos,
the high mass halos show little evolution of the concentration with redshift (or, equivalently,
with time). According to this scenario, the actual c—Mj, relation should depend significantly
on the cosmological parameters, in particular, on og that parameterizes the amplitude of
the matter density fluctuations in the early Universe, and on (), that quantifies the total
amount of matter. The larger g or (), the earlier the halos assemble and the larger the
resulting concentration [33].
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5.2. Relation Between DM Core Mass and Stellar Core Radius
The DM halo mass within the visible stellar core is
4 479K
th = ?Pcric = ?(,g - r%cr (23)

with . the constant pcr¢, 74 the stellar core radius, and § = r./r.. Provided g < 1,
Equation (23) gives the DM mass within the observed stellar core. Even if this is a relation-
ship between the core DM halo mass and the stellar radius, it is encouraging to note that
a similar relation is observed to hold between the DM core mass and the DM core radius
(Figure 4), and between the total DM halo mass and the core radius; see the dashed line in
Figure 5, corresponding to My, & r>. The baryon fraction in the core, defined as

Miyc  Pxclse

= ok , 24
fbc th ke ( )

can be inferred from the observed stellar mass surface density, p.c7«, provided g can be
measured or estimated. Thus, if Equation (1) holds, from the stellar distribution alone
one can estimate the DM core mass and the baryon fraction in the core. Using . from
Equation (3), Equations (23) and (24) become

2
T
My ~ 17107 x 10° M, ( 3 0*;C> g (25)
and pret
~ 2212103 LR o1 26
foe = 2200 X 0 G e 2 (26)

respectively. The error bars just consider the scatter in x.

In order to test the reliability of the above equations, we have used existing observa-
tions of ultra faint dwarfs (UFDs) and dwarf spheroidal galaxies (dSph) to compare for
individual galaxies the values of M. computed from velocities and from Equation (25).
The dynamical mass of a galaxy within 7, can be computed from the observed velocity
dispersion within the core radius, oy, as

2In2
Mgy, = ?afc Fer (27)

with G being the gravitational constant. In DM-dominated systems,
th =~ Mdyn' (28)

Equation (27) uses the definition in Equation (2) and assumes spherical symmetry
as detailed by, e.g., [11]. It differs from similar expressions found in the literature
by factors of the order of one [37]. Figure 11 shows the DM halo mass estimated
from photometry (Equation (25)) versus the value estimated from velocity dispersion
(Equations (27) and (28)). The agreement is quite remarkable; often within the error bars
set by Equation (3). The UFDs have been included to show that the approximation works
even in this extremely low mass regime, keeping in mind that part of the observed scatter
away from the one-to-one relation is due to uncertainties in their dynamical mass estimate.
The dynamical masses of UFDs are particularly uncertain because they are affected by the
presence of stellar binaries, which may contribute to the velocity dispersion as much as
the gravitational potential, e.g., [38]. The horizontal error bars in Figure 11 result from the
statistical errors in oy, which are probably underestimating the real ones since the effect of
the binaries is not included. We have used g = 1 for simplicity but the assumption g ~ 1
seems to be quite realistic [25,26] and, eventually, it could be relaxed and refined if needed.
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Figure 11. Comparison between the DM halo mass in the core of galaxies computed from the stellar
velocity dispersion (horizontal axis) and from photometry alone as described by Equation (25) (vertical
axis). The represented points include UFDs from Richstein+24 [37] and dSphs from Kormendy+16 [11].
The vertical error bars represent the dispersion in p.7. (Equation (3)) whereas the horizontal error bars
account for the uncertainties in o, as quoted in the original references. The one-to-one line is shown
as a dashed black line. The red arrows point out upper limits in the dynamical DM halo masses.

Given the good agreement between the dynamical DM mass and the photometric DM
mass represented in Figure 11, Equation (25) seems to be a new valuable tool for estimating
the DM halo mass from photometry alone. Photometry is much cheaper observationally than
the spectroscopy required to determine the dynamical mass. The validity of Equation (25)
implies the validity of Equation (26), which also provides a new empirical way of estimating
the baryon fraction in galaxies only from stellar photometry. Moreover, it tells us that the
surface density of stars is a proxy for the baryon fraction in the inner parts of a galaxy.

The above estimate can be extended to the mass of the whole DM halo using a model
to represent the DM halo beyond the core (e.g., the piecewise profile in Equation (7) and
Figure 6). Thus, M}, can be used to estimate M;,. To have a first idea of the ratio between
them, assume that the stellar core radius is not very different from the matching radius 7,
that separates the inner and outer parts of the piecewise profile (Figure 6), which is a quite
common assumption in the literature, e.g., [13,39]. Then, the ratio of masses turns out to be

IN(1+r4c/15) — (rac/7s) /(14 14c /1)

M/ Miye = In(1+c¢)—c/(1+¢) ’

(29)

which varies from a few to a factor of ten when the concentration varies as predicted, from
¢ ~ 5 in high mass halos to ¢ ~ 20 in low mass halos (Figure 8, the blue lines).

5.3. Constant DM Dynamical Pressure

The dynamical pressure in a fluid scales like the density times the square of the
characteristic velocity. Thus, for the DM in the core, the effective DM dynamical pressure is

P, Pco'czr (30)

with o, being the velocity dispersion of the DM particles in the core. Assuming the DM
cores are to be virialized (i.e., assuming that Equations (27) and (28) hold for the DM
particles too), then

P « (pc rc)z ~ constant, (31)
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so that Equation (1) implies that the dynamical pressure to be exerted by the DM particles
if they could collide would be the same in all halos, independently of their total mass or
size. However, collisionless CDM particles do not collide, and Equation (31) has to be
interpreted as a property that emerges from the existence of the c—M], relation.

6. Conclusions

We reviewed the observational evidence for p 7. =~ constant (Equation (1); Section 2)
and then put forward a simple version of the commonly accepted interpretation behind
it (Section 3). Equation (1) requires the existence of a core in the DM distribution. Halos
formed in DM-only CDM cosmological numerical simulations do not have inner cores but
cusps (Equation (4)); however, if any physical process redistributes the DM particles of
the expected CDM halos, then Equation (1) is satisfied automatically. It emerges from the
relation between the concentration and DM halo mass expected in ACDM cosmological
simulations. This relation is set by the time of halo formation, so that low mass halos form
earlier and present larger concentrations (Section 5.1). The conventional explanation to
understand how the original cuspy CDM halos become cored halos is stellar feedback.
This term encapsulates all the baryon-driven processes that shuffle gas and mass around
(e.g., supernova explosions or stellar winds), modifying the overall potential, including
the distribution of DM particles in the center of the galaxies [18,19]. However, this trans-
formation is not specific to stellar feedback, keeping in mind that any physical process
that thermalizes a self-gravitating structure tends to form cores [21,22]. Thus, any other
sensible physical process that redistributes matter without altering the original mass of
the CDM halos is able to account for Equation (1). In other words, the property of p.7. to
be approximately constant is not specific to CDM but, rather, it is also expected in many
alternative DM theories forming cores, e.g., [13,31,40]. Theories that only redistribute mass
to produce cores have the advantage of leaving the large scale structure of the Universe
unchanged, thus being in agreement with the standard ACDM.

The mathematical development in Section 3 parallels others existing in the literature,
except that the core is modeled with a different expression, e.g., [13,15]. Here, we provide
a full account of the derivation of the main equations for the sake of comprehensiveness,
which help us to make the qualitative comparison with observations in Section 4. However,
we could have started off by assuming the relevant Equations (12) and (13) and proceed
from here. This loose dependence of the results on the actual shape of the core is consistent
with the fact that other alternative forms of the piecewise profile with cores that we tried
(top hat profiles) render qualitatively similar results.

The agreement between the simple theory and observations is notable, keeping in
mind that there is no fitting or fine tuning in matching lines and points in Figure 10. Even
more, the theory predicts a moderate increase in p.r. with M}, similarly to the one hinted
at by the observations. However, the best fitting c—M], relations correspond to large cores
(the green dashed line represents r,,, /rs = 1.8) or z # 0 (the solid orange and green lines
in Figure 10 correspond to z = 1). The latter is a result that we do not understand; even if
the transformation of cusps to cores requires time and starts at high redshift, the accretion
of DM in the outskirts of the halos should continue all the way to the present, a process
leading to the c—M], relation at z = 0. As we discussed in Section 5.1, the c—Mj, depends on
the cosmological parameters og and (), since they set the assembly time of the DM halos.
Varying them may improve the agreement when employing the theoretical c—M, relations
at z = 0, but we have not pursued this idea further.

As a byproduct of the effort to compile p 7. values, we show that the fact that the product
is constant can be used to estimate the mass in the DM halo of a galaxy from the distribution
of stars alone. This possibility can be very useful for low stellar mass galaxies where the
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determination of their DM content using traditional kinematical measurements is technically
difficult, whereas their photometry is doable. The same argument allows one to estimate the
baryon fraction in the core of these systems. Dwarf galaxies also tend to show a core in the
stellar distribution, e.g., [23,24], with the radii of the stellar and DM cores expected to scale
with each other [25,26]. This idea plus Equation (3) allows us to propose specific relations
between the observed stellar core radius and the DM core mass (Equation (25)) and between
the observed stellar mass surface density and the baryon fraction in the core (Equation (26)).
The latter tells us that the surface density of stars is a proxy for the baryon fraction in the
inner parts of a galaxy. The proposed calibrations are in good agreement with DM masses
estimated from dynamical measurements in low mass galaxies (Figure 11). Note that the
numerical coefficients of the proposed scaling laws depend on the definition of the core
radius, for which we adopted Equation (2). Other definitions can be trivially recalibrated.
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The following abbreviations are used in this manuscript:

DM Dark matter
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dSph Dwarf spheroidal galaxy
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UFD Ultra faint dwarf

Appendix A. Bibliography on the p.r. Versus Mj, Relation

This appendix details the use of the bibliography leading to Figures A1, 1, 3-5 and 10.
Since the estimate of the parameters is cumbersome, we discuss the main issues and
assumptions in this appendix and in Table A1. The various references are identified in the
figures through the corresponding insets.

- Burkert (1995) [4] explicitly gives a relation between the central density and core
radius and between the halo mass and core radius. Pieced together, they provide the
relation represented in Figure 1 with M}, within the range represented in his Figure 3.
The original relations have to be corrected to our core radius definition (Equation (2))
and to the total halo mass (his Equation (4)).

- Donato et al. (2009) [7]. The value with error bars is directly given in the paper. They
conclude that the product p.r. is constant for absolute magnitudes Mp from —7 to
—22. In order to transform these B magnitudes into halo masses, (1) we use a stellar
mass-to-light ratio M, / L, of one (in solar units) and then use M, to estimate M}, using
the halo to stellar mass ratio at redshift zero from [27]. They use the same definition of
the core radius as [4], and so it has to be corrected to ours in Equation (2).
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Burkert (2015) [10]. We take p. and r, from [10], and the corresponding M, from [41].
Then M}, was estimated using the halo to stellar mass ratio from [27]. The conversion
between the core radius used in the original work and Equation (2) was carried out
based on Figure 1 of [10].

Oh et al. (2015) [2] do not determine the product p.r., but they provide p. and 7,
separately. They also provide the absolute V magnitude My which, assuming a mass-
to-light ratio of one, allows us to estimate M}, using the DM halo to stellar mass ratio
from [27]. The 7. used in this reference happens to agree with Equation (2) and so we
do not change it. The averages in Table A1 were computed after removing the p.r.
values with a larger error (see Figure 1).

Kormendy and Freeman (2016) [11] is the reference with the largest number of galaxies.
It gives clear relations between p. and ., and Mp. The galaxies are separated into low
and high masses. As for many of the above references, Mj, is obtained from their Mp
assuming a stellar mass-to-light ratio of one and using the scaling between stellar and
halo mass in [27]. For the core radius, the authors directly provide the scaling between
their core radius and Equation (2).

Spano et al. (2008) [6] also find approximately constant p.r.. The galaxies are fairly
massive (see Table A1). No error bars are given. We transform their ; into ours.
Saburova and Del Popolo (2014) [9] compile a large list of objects from various sources.
The authors compute and provide the product p.r.. We infer M}, from Mp as explained
above. The points without error bars in Figure 1 are not points with zero error but
points without an estimate of the error. They claim a variation with luminosity so that
the more luminous (and so more massive) galaxies have larger p,rs (see Figure 1). The
low mass value is consistent with other estimates. They use a Burkert DM halo to
define the radius, which we transform to our definition in Equation (2).

Salucci et al. (2012) [8]. We consider only the data for the dwarf spheroidal galaxies
(dSph).

Di Paolo et al. (2019) [12]. These are low surface brightness galaxies, but seem to
behave as the rest. Galaxies are stacked in halo mass bins. We take the halo mass from
them and then correct 7. to accommodate their definition (Burkert profile) into our
definition (Equation (2)).

106
105 J
104 J
103 i
o
102 3 + + [ ] +
- X0
101 J
100 J
= Burkert 95 Donato+09 ® Saburova+14
10—1 1 O Kormedy+16 ® Oh+15 = = Saburova+14 mean
@® Kormedy+16 Dwarfs ® Burkert 15 % Di Paolo+19
= = Kormendy+16 mean Spano+08 & Salucci+12
10_2 T T 1 I| T
107 10° 101! 1013
My Mo ]

Figure A1. Figure identical to Figure 1 except that the range of the ordinates (o.7.) has been expanded
to show the same eight orders of magnitude variation as the DM halo mass range (M},). For the rest
of details, see Figure 1.
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Table A1l. References used to constraint p.7e.

Reference pete [Mgpc2]1 log Mj, [Mg] 2 Comment 3

[4] Burkert (1995) 415+59 10.2+04 Corrected r. & M},

[7] Donato et al. (2009) 761“112 8.5-12.5 Corrected r¢; M), from Mg
[10] Burkert (2015) 64735 9.04+0.6 Corrected 7,

[2] Oh et al. (2015) 67 £ 65 104 +04 Sigma-clipping in noise

[11] Kormendy and Freeman (2016) 39+17 11.5+0.6 Massive galaxies. Corrected r¢
[11] Kormendy and Freeman (2016) 40+ 17 9.1+0.8 Dwarfs. Corrected 7.

[6] Spano et al. (2008) 230 4300 11.5+0.5 Corrected ¢

[9] Saburova and Del Popolo (2014) 59 + 36 8.6-11 Only low mass. Corrected 7.
[8] Salucci et al., 2012 71+40 9.0+0.4 dSph only. Corrected 7,

[12] Di Paolo et al., 2019 41 4+21 9.2-13.7 Corrected 7., using their Mj,.

1 Mean and standard deviation of the values mentioned in the reference. 2 Mean and standard deviation or range
of values. 3 Further details given in Appendix A.

Appendix B. The Theoretical Value of p.r. When r,,, = 7;

In the case when the matching radius of the piecewise profile is equal to the character-
istic radius of the corresponding NFW profile (7, /7s = 1 in Figure 6), several numerical
coincidences happen and p.r. and psrs are almost equal,

pere  8[3(In2—1/2)]3/2[22/5 —1]1/2
psTs [12(In2 —1/2) — 1]1/2

~ 1.0068.... (A1)

It follows from Equations (6), (12) and (13) when r,;, = 7.
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