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1. Introduction

Most matter in the Universe is in a “dark matter” form that has only been observed
through its gravitational interaction. How warm is this dark matter? Recent
measurements of the dark matter density p, (r) of dwarf spheroidal galaxies
dSph present a new opportunity to answer this question [1]-[6]. The “warmness”
of dark matter can be specified by the comoving dark matter root-mean-square
thermal velocity v, (1). Previously, we have presented studies of v, (1)
with the rotation curves of dwarf [7] and spiral [8] [9] galaxies, and with the
density runs of elliptical galaxies [10]. Redundant measurements of v, (1) are
needed to gain confidence in the assumptions. Obtaining p, () of dwarf sphe-
roidal galaxies dSph with little rotation has become possible with the observation
of the line-of-sight velocities of individual stars. In the present analysis, we estimate
Vs (1) from the measured dark matter density of 27 (mostly) dwarf spheroidal
galaxies dSph. The special interest in dwarf spheroidal galaxies dSph is their higher
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mass-to-light ratio, lower rotation velocity, and their possible belonging to the first
generation of galaxies in the warm dark matter scenario, which makes them com-
plementary to other measurements.

In Section 2, we define v, (1), and the related linear density power spectrum
cut-off wavevector k; and “standard thermal relic mass” m,, , and explain the
measurement method. In Section 3, we present the measurements and results.
Similar estimates are obtained from dwarf galaxies in the Local Field in Section 4.
A discussion of the present and previous measurements of v, (1) is presented

in Section 5. Conclusions follow.

2. Warm Dark Matter

We assume dark matter is a non-relativistic, non-degenerate gas of particles of
mass m, that are collisionless, or have elastic collisions. Let v, (a) be the
root-mean-square thermal velocity of the dark matter particles in the early, nearly
homogeneous, Universe at expansion parameter a (normalizedto a (to) =1 at
the present time ¢,). v, (a) scales as a”', while the dark matter density

py(a)ca’, so

1/3
Vhrms (1)=Vhrms(a)(%J (1)

pi(a)

is an adiabatic invariant. Consider an observer at the peak of a density perturbation
in the early Universe. As the Universe expands, this observer “sees” dark matter
expand, reach maximum expansion, and then collapse to form the core of a
galaxy. If the expansion and contraction were adiabatic, then v, (1)=v, (1)

with

1/3
Viems (1) = 3(%}(%} : 2)

ph (”;nin
if dark matter is collisional. <vfh> is the root-mean-square of the radial

component of the velocity of the dark matter particles,and p, (7,;,) isthe galaxy
core dark matter density.
In general,
, €
vhn'ns (1) = vhrms (1)7

If there is no relaxation, € =1. Due to relaxation, € <1 .If dark matter is collisional,

3)

Jf =1.If dark matter is collisionless, so the dark matter particle velocities are mostly
radial, then f = \/5 [9].

The free-streaming of dark matter particles into, or out of, density minimums,
or maximums, attenuates the linear comoving density power spectrum P, (k)
of the cold dark matter ACDM cosmology by a factor z° (k). k isthe comoving
wavevector. For a Maxwell distribution of velocities, the attenuation factor has the
form 7° (k) = exp(—kz/kfzs) [11], which defines our free-streaming cut-off
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wavevector k; (other definitions in the literature are 7°(k,)=1/2 or 1/4). For
a Maxwell distribution of velocities, the relation between v, (1) and kg is[11]
[12].

% =1.41 Mpcflm.
vhzrms (1) vhrms (1)

Limits on k; in the literature are often expressed as limits on the “standard

4)

thermal relic mass” m,, defined by Equation (6) and Equation (7) of [13]. Note
however that the actual dark matter particle mass m, is model-dependent (see
[14] or Appendix E). The expansion parameter at which dark matter becomes
non-relativistic can be defined as a,; = v, (1) / c.

In summary, the “warmness” of dark matter can be described by any one of the

equivalent parameters v, (1), kg, my, m, or ay.
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Figure 1. Dark matter densities p, (r) of dwarf spheroidal dSph galaxies. The data are

from [1] for Draco, Sextans and Ursa Minor, [2] for Leo I, and [3] for Andromeda VI and
Andromeda XXIII. The uncertainties (that have been symmetrized) are 1o . The fits are
integrations of hydrostatic Equations (5) as explained in the text.
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Table 1. For some dwarf spheroidal galaxies dSph, we present the stellar mass M,,
neutral hydrogen mass M,;, Wolf dynamical mass up to the half-light radius #,:
M, (”1/2 ) = 9300‘2;’1/2 , dark matter mass up to the last measured radius M, (r,,, ), and
7, - The data is from the Local Volume Database [15], or [2], except M, (e ) from the
fit. Note that these dwarf galaxies are dominated by dark matter down to at least r=r,.

Some entries are not available.

log,, Mdyn/MO log,, Mh/MO t2

Dwarf log,y M, /M log,, My, /M, o 1, - (pe]
Draco 5.78 7.17 8.5 193
Sextans 7.93 7.87 8.8 920
Ursa Minor 5.78 7.24 8.7 250
Leol 6.96 7.25 8.6 229
Andromeda VI 6.75 7.81 9.1 399
Andromeda XXIII 6.14 7.58 8.5 896
Andromeda XXI 5.81 7.39 8.1 730
Andromeda XXV 5.87 6.85 7.7 562
Aquarius 6.42 6.54 7.26 9.0 320
Sculptor 6.54 7.24 8.6 223
WLM 7.98 7.84 8.36 9.7 799

3.Measurement of v, (1)

Some parameters of some dwarf spheroidal galaxies dSph are presented in Table 1.
We note that the dark matter density dominates even when averaged up to the half-
light-radius 7, . The baryon density may dominate at very small 7 inLeo I

The measurements of v; (1) are presented in Figures 1-5. The sources of the
data are cited in the figure captions. The dark matter densities p, () are obtained,
in the cited references, from the observed line-of-sight stellar velocities of individual
stars, with the dynamical Jeans modeling tools GravSphere or JAM. To perform
the fits in Figures 1-5 with Minuit, we have symmetrized the uncertainties,
i€y 6, =(Pymax (1)~ P (r,))/z . The fits are solutions of the dark-matter-

only hydrostatic equations for warm dark matter
V-g=—-4nGp,, V(<vfh>ph):phg(l_’(h)’ (5)

see Appendix A. The factor (1—1(,,) describes rotation of dark matter in the
equatorial plane (x, =0 for norotation, x, —1 for maximum rotation). For
the dwarf spheroidal galaxies dSph, we will neglect dark matter rotation, Ze. set
&, =0 (but not for rotating irregular dwarfs dIrr, nor for spiral galaxies). We
assume that the radial component of the dark matter thermal velocity <th> is
approximately independent of the radial coordinate r, as justified by the excellent
fits, and for reasons explained in [16] and [17], and confirmed for baryons by

observations in Figure 2 of [2]. Equations (5) are justified by their excellent fits to
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the data, see Figures 1-5. Note that to understand galaxy halos, we need to assume
dark matter is warm, ie. \/@ >0, else we have no Equations (5) to integrate.
Let us mention that Equations (5) also describe the rotating Earth atmosphere in
the equatorial plane in the approximation of constant temperature. The boundary
parameters that are varied to minimize the y*> between the measured and
calculated dark matter densities p, (r),are P, (7n)s Viems (1)/H (with
Vims (1) defined in (2)), and the mass My, of a possible central black hole. The
effect of baryons in Leo I is studied in Appendix B. The fits obtain the dark matter
mass M, (7,,.) up to the last measured radius r, which turns out to be much
larger than the baryonic mass, as shown in Table 1. Baryonic mass is generally

less than the dark matter mass, even for r <7, but may dominate at smaller »

in Leo L.
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Figure 2. Dark matter densities p, (r) of (mostly) dwarf spheroidal dSph galaxies. The

uncertainties (that have been symmetrized) are 1o . The fits are integrations of hydrostatic
Equations (5) as explained in the text. Data from [4] for Andromeda XXI, [5] for Andromeda
XXV, [6] for Aquarius, Sculptor and WLM, and from link given in [6] for Andromeda
V.
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Figure 3. Dark matter densities p, (r) of (mostly) dwarf spheroidal dSph galaxies. The

uncertainties (that have been symmetrized) are 1o . The fits are integrations of hydrostatic

r[kpc]

Equations (5) as explained in the text. Data from the link

https://github.com/koreshk/Estimation-of-phase-space-density-in-dwarf-galaxies on

30 January 2026, given in [6].
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Figure 4. Dark matter densities p, (r) of (mostly) dwarf spheroidal dSph galaxies. The

uncertainties (that have been symmetrized) are 1o . The fits are integrations of hydrostatic

Equations (5) as explained in the text. Data from the link given in [6].
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Figure 5. Dark matter densities p, (r) of (mostly) dwarf spheroidal dSph galaxies. The

uncertainties (that have been symmetrized) are 1o . The fits are integrations of hydrostatic
Equations (5) as explained in the text. Data from the link given in [6].

4. Dwarf Galaxies in the Local Field

Let us compare the preceding measurements with dwarf spheroidal galaxies dSph,
which are generally satellites of the Milky Way or Andromeda, with isolated dwarf
galaxies in the Local Field, i.e. within 3 Mpc of the Milky Way, excluding Milky
Way or Andromeda satellites, see [15]. Thirteen dwarf galaxies in the Local Field
have a measured line-of-sight stellar velocity standard deviation v/os_sigma that
we denote o, . Among these 13 dwarf galaxies, only one (Antilla B) has a host
(NGC 3109). These dwarfs may be first-generation galaxies in the warm dark matter
scenario. Dark matter density runs are generally not yet measured, so we will make
the following approximate assignments of baryon observables to dark matter
properties (that we expect to be correct within about a factor 2):

.= and <vr2h> ®O,p- (6)

_ ) (%)
AG )_W "=\ 2mGp, )

are the density atlarge 7 > 7, ,and the coreradius 7, , of a cored isothermal sphere.

p., isthe core density. Then v, (1) of (2) can be written as
Vi (1) =43 (2760, )" <Vr2h >l/6 2, ®

if dark matter rotation is negligible. From data in the Local Volume Database
(LVDB) catalog [15], we then obtain the results presented in Table 2. We note that

several dwarfs in Table 2 have v;_ (1) in agreement with the measurements
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presented in Figures 1-5. These dwarfs and the dSph reinforce the assumption that
they may be first-generation galaxies in the warm dark matter scenario, with little

rotation or relaxation.

Table 2. Estimates of v;,_ (1) from (8) and core dark matter density p,, from (7) for
all Local Field dwarf galaxies in the LVDB catalog [15] that have a measurement of o,
and M, (”1/2) , assuming the assignments (6). Uncertainties are statistical only. These

Vims (1) and p, are only valid if the dwarf galaxy has a core density dominated by dark

matter.
Dwarf galaxy M. 2 v Viens (l)/ﬂ Pe
[M,] [pc] [km/s] [m/s] [10°M, [kpe® ]
Antilla B 1x10° 235+27 8.0+14 128 £ 12 43+ 18
Aquarius 3x10° 32027 7.8%1.1 155+ 11 22+7
Cetus 5x10° 575+37 83+1.0 234 + 14 7.7+2.1
1C 1613 2x10% 1439+57 10.8+0.9 472 £ 18 21+£04
Leo A 1x107 365+23 9.0+0.6 178 £ 9 22+4
Leo T 3x10° 155+24 7.5%1.6 95+ 12 87 £45
NGC 6822 3x10% 1674+187 23.2+1.2 673 £51 7.1+1.7
Pegasus dIrr 1x107 652+42 123+1.1 291 £ 15 13+£3
Phoenix 2x10° 242+20 9.3+0.7 137 +£8 55+12
Sagittarius dIrr  9x 105 259+62 9.4+1.1 143 £ 24 49 £+ 26
Tucana 1x10° 203+38 6.2+1.3 106 £ 15 34+19
UGC 4879 1x107 301+32 9.6+1.2 160 £ 13 38+12
WLM 9%x 107 754+£59 17.5%+2.0 360 + 23 206

Table 3. For some of the rotating dwarf galaxies, Ze. irregular dwarfs dIrr, in [7], we present the
stellar mass M, , neutral hydrogen mass M, , Wolf dynamical mass M, (r1 /2) =93007r /2
host galaxy, and half-light radius 7, . Data from the Local Volume Database [15]. Some

entries are not available.

Dwarf log,, M., /M, log,y My, /M, togi0 Moy /MO host i
to 7, [pc]
DDO 126 8.13 8.03 no host
DDO 133 8.39 8.25 no host 1709
DDO 154 7.96 8.28 no host
NGC 2366 8.78 8.77 m 081 1436
NGC 3738 9.09 8.06 no host
WLM 7.98 7.84 8.36 no host 799

5. Interpretation

It is interesting to compare the dwarf spheroidal dSph sample in the present study
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(see Table 1 and Figures 1-5) with dwarfs in the Local Field (see Table 2) and with
the rotating irregular dwarfs dIrr in [7] (some are included in Table 3). These three

sets are not exclusive.

8
Vi) /YT, [kvs]

Figure 6. Measurements of v, (1)/1/1 — K}, - Vims (1) is defined in (2). The distributions
correspond to the spheroidal dwarfs dSph (see Figure 1 and Figure 2) (red), rotating

Entries

0.6

irregular dwarfs dIrr from Figure 2 of [7] (green), and spiral galaxies from Figure 4 of [8]
(blue).

Figure 6 compares the distributions of the measured v;_ (1) / H in the
spheroidal dwarf dSph sample, with distributions for rotating irregular dwarfs
dIrr in [7] and spiral galaxies in [8]. The spread in Figure 6 is due to dark matter
rotation, relaxation and experimental uncertainties. The three distributions for
Vs (1) become approximately overlaid if «, ~0 for dSph, x, ~0.82 for dlrr,
and «, ~0.95 for spirals. The remaining dispersion is due to dark matter relaxation,
experimental uncertainties and residual rotation.

We have presented 27 measurements of v, (1) / H , see Figures 1-5, and
the distribution in Figure 6. We now present an interpretation of these measure-
ments (that needs to pass the tests of independent observations). We interpret the
dwarf spheroidal galaxies dSph with measured v, (1) / M in the range 45 to
131 m/s to be first-generation galaxies in the warm dark matter scenario, and to
have little rotation. We note that 19 out of the 27 dwarf spheroidal galaxies have
Vyems (1) / ﬁ in the range 45 to 131 m/s. The width of this distribution is due
to relaxation, uncertainties of the observations, and residual rotation. With this

interpretation, we obtain
Viems (1) = (17€/ 1) (88+43)m/s,
k= (f/(n€))-(10.4%5.1)Mpc ™,
my, =(0.9450.42)keV for f/(ne)=0.5,and
my=(f/(ne))"-(0.65F025)keV for N, =1. )

f =1 if dark matter is collisional, or f =~ V3 if dark matter is collisionless [9].
For Andromeda XXI, f ~1.13 [4]. ¢ istherelaxation factor. m, isobtained

DOI: 10.4236/ijaa.2026.161003

33 International Journal of Astronomy and Astrophysics


https://doi.org/10.4236/ijaa.2026.161003****

B. Hoeneisen

from (20) with N, =1. If the dSph are first-generation warm dark matter galaxies,
we may estimate 0.5 <e <1, including residual rotation, from the width of the
distribution of v/ (1) / M . n=2.3 isan estimate of the correction needed
to account for the central black holes, see Appendix C.

In comparison with (9), the wavevector cut-off &, needed to understand the
measured reionization optical depth, or the corresponding m,, ,are k =2=1
Mpc™ [16] or m, =0.30+0.14, or m, =0.51")7; keV [18], or 1.307)3 keV
[19],0r 0.66"00: keV [19].

Assuming the number counts of dwarf galaxies in the Local Field are complete
and of first generation, obtains m, =0.36"03. keV [20]".

Let us compare the measurement (9) with simulations in [21]. From Figure 8
of [21], the core radius in the two cases, m, =1.36 and 0.52 keV, are 0.04 and 0.2
kpc. In comparison, the onset of the cores in Figures 1-5 occurs in the range 0.2
to 0.6 kpc. So, this test favors the lower range of m,, and collisional dark matter.

Warm dark matter results in a cut-off of the galaxy mass distribution, so the
smallest dwarf galaxies have dark-plus-baryon masses approximately 10*}, 10'° or
109M® for m, =0.25,0.5 or 1.0 keV, respectively (see Figure 4 of [22]). The
smallest observed dwarfs in the Local Field have a dark matter mass, defined so
<ph> =200Q, o, » of order 10"°to 10°M_ [20], correspondingto 0.5 Sm, <1.0
keV.

The preceding comparisons favor collisional dark matter, with little relaxation

(ie. e~1),and m, near its lower range.

6. Conclusions

To obtain the dark matter “warmness”, it is necessary to measure v, (1) and
ks in as many ways as possible. Here, we focus our attention on dark matter
densities p, (r) of dwarf spheroidal galaxies dSph that have recently been
measured thanks to observed line-of-sight velocities of individual stars. These
dwarf spheroidals are dominated by dark matter. From observed densities p, (r)
of 27 (mostly) dwarf spheroidal galaxies dSph, we estimate the results (9).

These results may be consistent, within uncertainties, with the observed optical
depth due to reionization, with the number counts of dwarf galaxies in the Local
Field, and with the observed masses of the smallest dwarf galaxies. However, the
measurement (9) is in disagreement with published lower bounds on m,, that
reach =10 keV (see summary in Figure 3 of [23]), while the Particle Data Group
[24] sets model-independent lower bounds at =70 eV for fermion dark matter,
and =10%* eV for boson dark matter. These are pieces of a puzzle.

The case for degenerate dark matter is discussed in Appendix D.

The present measurement of v, (1) and the independent measurement of k;

'In [20], we measured k; . We included a large correction due to the nonlinear re-generation of the
small-scale density power spectrum. As a result of the present studies, I now believe that this correction
should not be applied to first generation galaxies in the Local Field. Then we obtain &, ~5.6 Mpc™
and m, =1 keV.
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in [20] are strong arguments in favor of warm dark matter. These measurements
allow an extrapolation of the dark matter temperature to the past, suggesting a
coupling of dark matter to a high-energy extension of the Standard Model of quarks
and leptons, see Appendix E.
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Appendix
A. Galaxy Rotation

Let us consider galaxy rotation. The equations are [25]

V.g =—41Gp,, V-g,=—-4nGp,, (10)
VZ V2
8=8, 18 g;;E_Tb: ghE_Ths VZEV],Z"'V;,Z, (11)
V2 V2
VPb :pb[g+/(b(r)7ér], VB‘ :ph[g-l-l('h(l")TérJ, (12)
B?Z<vr2b>pb and F, :<vr2h>ph' (13)

V(r) is the circular rotation velocity of a test particle, with contributions in
quadrature V,(r) and V,(r) from dark matter and baryons, respectively.
K, (r) and ,(r) measure the rotation of dark matter and baryons. For sim-
plicity, we take x, and «, tobeindependentof r.Note that <vfh> appears in
the combination <vfh > / (I-x,).

B. A Study of the Effect of Baryons

A study of the effect of baryons in Leo I is presented in Figure Al.

Leol i Leol

Vims(1) =118 11 m/s Vims(1) =102 £8 m/s
Mg, =0 Mg, Mgy, =0 M,

2 -
1=6T,11dt x2=25,11d4.

LLLL B AL B AT L

pal

1 -2 -l
10 T [kpe] 1 10 10 T kel 1

107

Figure Al. Dark matter density p,(r) and baryon density p,(r) of Leo I. The left

figure has fixed p, (10 pc)=8x10"M_ -kpc™, and obtains v}, (1)=118+11 (stat) m/s.
The right figure has fixed p, (10 pc)=1x10""M_ -kpc™, and obtains v}, (1)=102+8

(stat) m/s. The continuous lines are integrations of hydrostatic equations of dark matter

plus baryons (see Appendix A). Only the dark matter p, (r) is fit.

C. Correction n Due to the Central Black Hole

All fits in Figures 1-5 have v, (1) defined in (2) with p,(r,;,) being the
dark matter density of the first measured point in the figures. Equation (2) as-
sumes a cored isothermal sphere, 7.e. neglects a possible central black hole. Due to
a black hole, the distribution p, (r) departs from a cored isothermal sphere,
and the resulting fitof v, (1)/\/@ becomes dependent on the first meas-
ured p, (7, ). Omitting the first measurement presented in the figures results
in a shift of the meaured v, (1)/\/@ by =+14%, or ~+lo.
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The question then is how to proceed if there is a central black hole?

The formation of the cored isothermal sphere starting from a Gaussian initial
perturbation was studied in [26] for collisional dark matter. For a given <vr2h> ,
the core density p,, is determined by the adiabatic invariant v, (1). The
formation of a black hole will then change p, (7). To estimate the uncertainty
due to the black hole, an alternative analysis would use 7, (atthe onset of the core
and where the uncertainty of p,(r) is near its minimum) instead of the first
measured radius r,, =7, see Figures 1-5. With r,, the result v, (1) / H
becomes insensitive to the first measurement or to the black hole mass My, . This

change from 7, to r, resultsinreplacing =1 in(9)by n=23.

D. Degenerate Dark Matter in Dwarf Spheroidal Galaxies?

We consider fermion dark matter with spin 1/2, .e. N, =2, and compare the

central pressure of a non-degenerate gas

23
1, L.
P=—v 1)p. | —— R 14
! m<>pL[Qcpmj (19

with the central pressure of a fully degenerate Fermi gas

2:3\%3 5/3
Grn) (p)" (15)
Smy, m,

Consider Leo I with v/ (1)=115 m/s, p, =9x10° M /kpc’ and, for exam-
ple, m, =442 eV, see Figure 1 and (9). For Leo I, we obtain P =2.4x10" N/m?
and P, =3.8x10"7 N/m? so there is onset of degeneracy in the core of this

P =

galaxy if dark matter is fermionic. For a full treatment of fermion dark matter in

dwarf galaxies, see [27].

E. Journey to the Past

For non-relativistic non-degenerate dark matter,
1 n 3
> <vh>—5kTh. (16)

yg = Vs (1) / ¢ 1is the expansion parameter at which dark matter becomes non-
relativistic. The number density of ultra-relativistic dark matter, assumed to have

zero chemical potential, is [24]

C3) (kT Y 3
U ) @

with {(3)/7:2 ~0.1218. In this Appendix, we neglect threshold effects. At

a=dayg>

n= Qcpcrit . (18)

3
m, g

From the preceding equations
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1/4
27TR°Q o
mh — :pcrlt 3 (19)
0.1218-v 1| N, +=N
hrms( ) [ b 4 fj
For boson dark matter,
760m/s )
m, —107.3ev| ZOOMS | pie (20)
vhrms 1)
For fermion dark matter,
760m/s )
m, =1153 eV( m/s] N (21)
vhrms (1)

(We have kept the “760 m/s” to ease comparison with [14].)
Let a,,. Dbe the expansion parameter at which dark matter decouples from the

(extended) Standard Model of quarks and leptons. Define g, = [N , +%N fj for

the dark matter, and g, = Z(Nb +%N fj for the (extended) Standard Model

at a,. . At a,,, all particles have the same temperature 7, , and the entropy

per unit comoving volume is [24]

20’ (kT a,. ,
(T e &

Note that T, a,.. =Tk - At @y the entropy per unit comoving volume

has contributions from dark matter, photons, and neutrinos:

202 (kT a, .\ Tow ) 7x6
s:—(—”d“ d“j g, +| L= {2+ 3} ) (23)
45 hc Tar 8x1.40
Tow = Tyo/aNR = Tyoc/vhrms (1) and T, = mhcz/(3k) , SO
e _o.ss6[v,m<l> j”“ (1)
Tax N\ 760m/s

for boson dark matter, and

1/4
T _ 0.415( Viems (1) J (25)
Taww NJ*\760m/s

for fermion dark matter. We note that dark matter is sufficiently cold not to upset

Big-Bang nucleosynthesis [24]. Conservation of entropy then obtains

3/4
760
Qo = 68.0[—m/SJ N (26)
vhrms (1)
for boson dark matter, and
760m/s )
Qo = 54.8[—‘“/ SJ N (27)
Vhrms (1) !
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for fermion dark matter.

For comparison, we consider the case of scalar dark matter coupled to the Higgs
boson, and in thermal and diffusive equilibrium with the relativistic Higgs boson,
ie. Ny=1 and g, =95.25. For this case, v, (1)=679 m/s and k;=1.0
Mpc™. Since the measured v, (1) isless than 679 m/s, the suggestion is that
dark matter couples to a high-energy extension of the Standard Model of quarks
and leptons.
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