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What is dark matter made of?

[M. Taoso, G. Bertone and Masiero, JCAP 2008]



The fundamental physicist way...



A phenomelogical way...

Data from
astrophysical
observation

information about 
the nature of DM



What information can be extracted at galactic 
scales?

Look at the rotational curve of galaxies



The data:

LSB Galaxies







Persic-Salucci-Stel (1996) rotational curve velocity profile



From Persic-Salucci-Stel (1996) rotational 
curve velocity profile an EOS for DM is
obtained
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given the unknown nature of the dark matter, and then test the
approximated description.

3 DA R K M AT T E R E QUAT I O N O F S TATE FRO M
ROTAT I O NA L C U RV E S

There are several profiles which have been proposed to adjust
the rotational velocities profiles observed in the galaxies (see e.g.
Courteau 1997).

We will consider the velocity profile proposed by Persic et al.
(1996) obtained by adjusting 1023 galaxies which is given by

β2 = β0
2 x2

x2 + a2
, (10)

where β0, a are constants. The first one, β0, stands for the ratio of
the terminal velocity to the speed of light, and a determines how
fast the velocity reaches a terminal value. Within the notation of
Persic et al. (1996), β0 is a function of the luminosity of the galaxy.
In our work, we will assume that both β2

0 and a are simply constants
that can be fitted to observational data and from now we will refer
to equation (10) as the PSS rotational velocity profile.

Given β2(x) by equation (10), it is straightforward to obtain from
equations (6)–(8) analytical expressions for the mass function, the
density, and the pressure:

n = β0
2

q

x3
(
x2 + a2

) , (11)

ρ̄ = β0
2

3 q

(
x2 + 3 a2

)
(
x2 + a2

)2 , (12)

p̄ = β0
4

6 q

(
x2 + 2 a2

)
(
x2 + a2

)2 , (13)

and it is then possible to obtain an analytical expression for the
equation of state for dark matter:

p̄ = β0
4

48 a2 q

(
12 a2 q

β0
2 ρ̄ −

(
1 −

√

1 + 24 a2 q

β0
2 ρ̄

))
. (14)

Furthermore, the density and the pressure profiles as expressed
in equations (12 and 13) allow us to find a relation between β2

0 and
a as functions of the central pressure and the central density ρ̄0 and
p̄0. Namely

a2 = 3 p̄0

q ρ̄2
0

, β2
0 = 3 p̄0

ρ̄0
. (15)

Hence, it is possible to re-write the mass, the density and the
pressure for a halo satisfying the PSS’s rotational velocity profile,
in terms of the central pressure and density. Rewriting the equation
of state, equation (14), in this way we obtain:

p̄(ρ̄) = p̄0

(
3
4

(
ρ̄

ρ̄0

)
− 1

16

(
1 −

√

1 + 24
(

ρ̄

ρ̄0

)))
. (16)

Some comments about this equation are in order. The equation
of state equation (16) reduces to the barotropic equation of state
p̄ = 3p̄0

4 ρ̄0
ρ̄ in the limit where ρ̄ " ρ̄0. This has a natural explanation:

ρ̄ is a decreasing function, with maximum value ρ̄0 at x = 0. In the
limit x → ∞, the density decreases and the rotation curve profile
tends to a constant value, that is, the behaviour of an ideal gas which
has a barotropic equation of state.

Equations (14) and (16) have two free parameters; either β0 and
a or ρ̄0 and p̄0. In order to determine the values of those free param-
eters and advance with our method, we will use observational data
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Figure 1. Fit on the rotation curves for the galaxy ESO3050090. Red line
corresponds to best-fitting point as expressed in Table 1. Inner figure: green
region corresponds to 68 C.L. and red region to 90 per cent C.L. values for
(ρ0, p0).

of the rotational curves of several low surface brightness galaxies,
reported in de Blok & Bosma (2002). The procedure for a given
galaxy, consists in determining the best values of β0 and a that fits
the observed rotational curve through a χ2 analysis.

Let us for instance use the data for the galaxy ESO3050090. The
observed rotational velocity as a function of the radial distance from
the centre of the galaxy is shown in Fig. 1. The best-fitting points
are obtained by minimizing the function:

χ2 =
∑

i

(
βtheo − βexpi

δβexpi

)2

, (17)

where i runs up to the number of points in the data and β theo is
computed according to the velocity profile under consideration, i.e.
equation (10). δβexpi

is the error in the determination of the rotational
velocity.

Note that the terminal velocity is of the order of 100 km s−1,
so that, using the Newtonian relation for the mass of the

halo: m(r) = r vt
2/G, taking G = 4.299 10−6 kpc (km s−1)2

M% and the

characteristic distance R% = 1 kpc; the characteristic mass of
the system is M% = 1010 M%. With these values of M% and
R%, we obtain q = 5 × 10−7 and the characteristic values of
the density and the pressure are ρ% = 1.6210−22 g cm−3 and
p% = 1.4610−1 g cm(−1) s(−2). We will use these characteristic values
from now on.

After the minimization of the χ2 function we can obtain confi-
dence level (C.L.) regions for the parameters ρ̄0 and p̄0 which are
mapped directly to ρ0 and p0 through the characteristic values ρ%

and p%. Such regions are shown in the inner panel of Fig. 1. It is
shown the allowed region of parameters at 68 per cent (green re-
gion) and 90 per cent (red region) C.L. for the central density ρ0

and central pressure p0. Hence, we have a prediction of the central
pressure and density for the galaxy obtained from the rotational
curve data only.

The same analysis can be performed for any galaxy. For defini-
tiveness, we will use the data shown in Fig. 2 taken from de Blok
& Bosma (2002).

The best-fitting points for each galaxy are shown in Table 1, either
for (a, β0) or (ρ0, p0). We also present the goodness of the fit, which
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given the unknown nature of the dark matter, and then test the
approximated description.

3 DA R K M AT T E R E QUAT I O N O F S TATE FRO M
ROTAT I O NA L C U RV E S

There are several profiles which have been proposed to adjust
the rotational velocities profiles observed in the galaxies (see e.g.
Courteau 1997).

We will consider the velocity profile proposed by Persic et al.
(1996) obtained by adjusting 1023 galaxies which is given by

β2 = β0
2 x2

x2 + a2
, (10)

where β0, a are constants. The first one, β0, stands for the ratio of
the terminal velocity to the speed of light, and a determines how
fast the velocity reaches a terminal value. Within the notation of
Persic et al. (1996), β0 is a function of the luminosity of the galaxy.
In our work, we will assume that both β2

0 and a are simply constants
that can be fitted to observational data and from now we will refer
to equation (10) as the PSS rotational velocity profile.

Given β2(x) by equation (10), it is straightforward to obtain from
equations (6)–(8) analytical expressions for the mass function, the
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Furthermore, the density and the pressure profiles as expressed
in equations (12 and 13) allow us to find a relation between β2

0 and
a as functions of the central pressure and the central density ρ̄0 and
p̄0. Namely

a2 = 3 p̄0

q ρ̄2
0
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0 = 3 p̄0

ρ̄0
. (15)

Hence, it is possible to re-write the mass, the density and the
pressure for a halo satisfying the PSS’s rotational velocity profile,
in terms of the central pressure and density. Rewriting the equation
of state, equation (14), in this way we obtain:

p̄(ρ̄) = p̄0
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Some comments about this equation are in order. The equation
of state equation (16) reduces to the barotropic equation of state
p̄ = 3p̄0

4 ρ̄0
ρ̄ in the limit where ρ̄ " ρ̄0. This has a natural explanation:

ρ̄ is a decreasing function, with maximum value ρ̄0 at x = 0. In the
limit x → ∞, the density decreases and the rotation curve profile
tends to a constant value, that is, the behaviour of an ideal gas which
has a barotropic equation of state.

Equations (14) and (16) have two free parameters; either β0 and
a or ρ̄0 and p̄0. In order to determine the values of those free param-
eters and advance with our method, we will use observational data
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Figure 1. Fit on the rotation curves for the galaxy ESO3050090. Red line
corresponds to best-fitting point as expressed in Table 1. Inner figure: green
region corresponds to 68 C.L. and red region to 90 per cent C.L. values for
(ρ0, p0).

of the rotational curves of several low surface brightness galaxies,
reported in de Blok & Bosma (2002). The procedure for a given
galaxy, consists in determining the best values of β0 and a that fits
the observed rotational curve through a χ2 analysis.

Let us for instance use the data for the galaxy ESO3050090. The
observed rotational velocity as a function of the radial distance from
the centre of the galaxy is shown in Fig. 1. The best-fitting points
are obtained by minimizing the function:

χ2 =
∑

i

(
βtheo − βexpi

δβexpi

)2

, (17)

where i runs up to the number of points in the data and β theo is
computed according to the velocity profile under consideration, i.e.
equation (10). δβexpi

is the error in the determination of the rotational
velocity.

Note that the terminal velocity is of the order of 100 km s−1,
so that, using the Newtonian relation for the mass of the

halo: m(r) = r vt
2/G, taking G = 4.299 10−6 kpc (km s−1)2

M% and the

characteristic distance R% = 1 kpc; the characteristic mass of
the system is M% = 1010 M%. With these values of M% and
R%, we obtain q = 5 × 10−7 and the characteristic values of
the density and the pressure are ρ% = 1.6210−22 g cm−3 and
p% = 1.4610−1 g cm(−1) s(−2). We will use these characteristic values
from now on.

After the minimization of the χ2 function we can obtain confi-
dence level (C.L.) regions for the parameters ρ̄0 and p̄0 which are
mapped directly to ρ0 and p0 through the characteristic values ρ%

and p%. Such regions are shown in the inner panel of Fig. 1. It is
shown the allowed region of parameters at 68 per cent (green re-
gion) and 90 per cent (red region) C.L. for the central density ρ0

and central pressure p0. Hence, we have a prediction of the central
pressure and density for the galaxy obtained from the rotational
curve data only.

The same analysis can be performed for any galaxy. For defini-
tiveness, we will use the data shown in Fig. 2 taken from de Blok
& Bosma (2002).

The best-fitting points for each galaxy are shown in Table 1, either
for (a, β0) or (ρ0, p0). We also present the goodness of the fit, which
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It is a good moment to test the 
pressureless hypothesis 8 Aceña et al.

Table 1. Parameters of the selected galaxies

Label Galaxy �0(10
4) a ⇢̄• p̄•

A U5750 3.23 7.75 3.63⇥ 10�3 1.26⇥ 10�10

B ESO2060140 4.00 2.16 7.17⇥ 10�2 3.82⇥ 10�9

C U11748 7.94 1.07 1.15 2.42⇥ 10�7
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Figure 2. By fixing (⇢̄•, p̄•) with the central values of the fit in equation (1) three di↵erent EoS P̄ (⇢̄) are obtained. Those EoS
are plotted and compared its behavior with current exclusion areas obtained by analyzing the CMB anisotropies Xu (2013) and
dark matter accretion by Intermediate Mass Black Holes Pepe (2011); Lora-Clavijo (2014). Inset plot: Contours at 90% C.L.
in the (⇢̄•, p̄•) plane that fits the rotational curve velocities of the galaxies listed in Table 1.

and ⇢̄0 and p̄• and p̄0. We consider ⇢̄• and p̄• as fixed quantities and construct the family of halos with varying p̄0.298

Once (⇢̄•,p̄•) are fixed, the TOV system is closed and it is possible to find all possible self-gravitating configurations.299

As free data, we can either choose p̄0 or its equivalent ⇢̄0, since they are related through equation 1. Before continuing,300

we must choose the values (⇢̄•,p̄•) that we explore in this work. In Barranco (2013), 20 galaxies were fitted, and301

each galaxy demanded a di↵erent value for (⇢̄•,p̄•). We can consider some of those values as a starting point. We302

concentrate on the values obtained for the three galaxies presented in Table 1, as the results that we present later are303

qualitatively similar and cover the range of ⇢̄• and p̄• that fits a representative number of galaxies studied in Barranco304

(2013).305

In Fig. 2, the resulting EoS for each pair (⇢̄•,p̄•) are plotted. The inset plot shows the allowed region in the space306

(⇢̄•,p̄•) that fits the rotational velocity data of the mentioned galaxies in Table 1 at 90% of C.L. These three galaxies307

cover most of the relevant region that fits most of the 20 galaxies studied in Barranco (2013). The resulting dark matter308

EoS that we explore are within the allowed region that is not excluded either by analysis done using cosmological data309

(Xu 2013) or by studies of accretion of dark matter by Intermediate Mass Black Holes (Pepe 2011; Lora-Clavijo 2014).310

3.1. EOS with fixed parameters311

In the present work, we interpret equation 1 in two ways. First, in this section, we consider that ⇢̄• and p̄• are312

constants valid for all possible dark matter halos, therefore there is a unique EoS for a dark matter where the only313

relevant variables are the density and pressure. Once we have such an EoS, we integrate the TOV equations, varying314

the central pressure p̄0, obtaining a family of dark matter objects.315

With compact objects obtained from the EoS through the TOV equations, an important feature is the M-R (mass-316

radius) diagram. This diagram gives an idea of the typical sizes of possible objects and a criterion for the stability317

of the configurations. For barotropic EoS, and also for the EoS 21, there is the problem of defining the radius of the318

object, since the pressure and density never become zero, and the mass is divergent. Specifically, for a barotropic EoS,319

the pressure decreases quadratically with r, with the density decreasing also quadratically, and therefore the mass320

increasing linearly. As the pressure never becomes zero there is not a clear way of defining the size of the object. As321

we have mentioned earlier, for p̄ ⌧ 1 the EoS given by equation 21 has a barotropic limit, which is consistent with322
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given the unknown nature of the dark matter, and then test the
approximated description.

3 DA R K M AT T E R E QUAT I O N O F S TATE FRO M
ROTAT I O NA L C U RV E S

There are several profiles which have been proposed to adjust
the rotational velocities profiles observed in the galaxies (see e.g.
Courteau 1997).

We will consider the velocity profile proposed by Persic et al.
(1996) obtained by adjusting 1023 galaxies which is given by

β2 = β0
2 x2

x2 + a2
, (10)

where β0, a are constants. The first one, β0, stands for the ratio of
the terminal velocity to the speed of light, and a determines how
fast the velocity reaches a terminal value. Within the notation of
Persic et al. (1996), β0 is a function of the luminosity of the galaxy.
In our work, we will assume that both β2

0 and a are simply constants
that can be fitted to observational data and from now we will refer
to equation (10) as the PSS rotational velocity profile.

Given β2(x) by equation (10), it is straightforward to obtain from
equations (6)–(8) analytical expressions for the mass function, the
density, and the pressure:

n = β0
2

q

x3
(
x2 + a2

) , (11)

ρ̄ = β0
2

3 q

(
x2 + 3 a2

)
(
x2 + a2

)2 , (12)

p̄ = β0
4

6 q

(
x2 + 2 a2

)
(
x2 + a2

)2 , (13)

and it is then possible to obtain an analytical expression for the
equation of state for dark matter:

p̄ = β0
4

48 a2 q

(
12 a2 q

β0
2 ρ̄ −

(
1 −

√

1 + 24 a2 q

β0
2 ρ̄

))
. (14)

Furthermore, the density and the pressure profiles as expressed
in equations (12 and 13) allow us to find a relation between β2

0 and
a as functions of the central pressure and the central density ρ̄0 and
p̄0. Namely

a2 = 3 p̄0

q ρ̄2
0

, β2
0 = 3 p̄0

ρ̄0
. (15)

Hence, it is possible to re-write the mass, the density and the
pressure for a halo satisfying the PSS’s rotational velocity profile,
in terms of the central pressure and density. Rewriting the equation
of state, equation (14), in this way we obtain:

p̄(ρ̄) = p̄0

(
3
4

(
ρ̄

ρ̄0

)
− 1

16

(
1 −

√

1 + 24
(

ρ̄

ρ̄0

)))
. (16)

Some comments about this equation are in order. The equation
of state equation (16) reduces to the barotropic equation of state
p̄ = 3p̄0

4 ρ̄0
ρ̄ in the limit where ρ̄ " ρ̄0. This has a natural explanation:

ρ̄ is a decreasing function, with maximum value ρ̄0 at x = 0. In the
limit x → ∞, the density decreases and the rotation curve profile
tends to a constant value, that is, the behaviour of an ideal gas which
has a barotropic equation of state.

Equations (14) and (16) have two free parameters; either β0 and
a or ρ̄0 and p̄0. In order to determine the values of those free param-
eters and advance with our method, we will use observational data
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Figure 1. Fit on the rotation curves for the galaxy ESO3050090. Red line
corresponds to best-fitting point as expressed in Table 1. Inner figure: green
region corresponds to 68 C.L. and red region to 90 per cent C.L. values for
(ρ0, p0).

of the rotational curves of several low surface brightness galaxies,
reported in de Blok & Bosma (2002). The procedure for a given
galaxy, consists in determining the best values of β0 and a that fits
the observed rotational curve through a χ2 analysis.

Let us for instance use the data for the galaxy ESO3050090. The
observed rotational velocity as a function of the radial distance from
the centre of the galaxy is shown in Fig. 1. The best-fitting points
are obtained by minimizing the function:

χ2 =
∑

i

(
βtheo − βexpi

δβexpi

)2

, (17)

where i runs up to the number of points in the data and β theo is
computed according to the velocity profile under consideration, i.e.
equation (10). δβexpi

is the error in the determination of the rotational
velocity.

Note that the terminal velocity is of the order of 100 km s−1,
so that, using the Newtonian relation for the mass of the

halo: m(r) = r vt
2/G, taking G = 4.299 10−6 kpc (km s−1)2

M% and the

characteristic distance R% = 1 kpc; the characteristic mass of
the system is M% = 1010 M%. With these values of M% and
R%, we obtain q = 5 × 10−7 and the characteristic values of
the density and the pressure are ρ% = 1.6210−22 g cm−3 and
p% = 1.4610−1 g cm(−1) s(−2). We will use these characteristic values
from now on.

After the minimization of the χ2 function we can obtain confi-
dence level (C.L.) regions for the parameters ρ̄0 and p̄0 which are
mapped directly to ρ0 and p0 through the characteristic values ρ%

and p%. Such regions are shown in the inner panel of Fig. 1. It is
shown the allowed region of parameters at 68 per cent (green re-
gion) and 90 per cent (red region) C.L. for the central density ρ0

and central pressure p0. Hence, we have a prediction of the central
pressure and density for the galaxy obtained from the rotational
curve data only.

The same analysis can be performed for any galaxy. For defini-
tiveness, we will use the data shown in Fig. 2 taken from de Blok
& Bosma (2002).

The best-fitting points for each galaxy are shown in Table 1, either
for (a, β0) or (ρ0, p0). We also present the goodness of the fit, which
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There is a problem:12 Aceña et al.
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(2009); Gentile (2009), we consider that the product ⇢0 Rcore has the constant value391

⇢0 Rcore = 141+82
�52 M�/pc

2
. (25)392

The core radius is where the density profile has an inflection point and from 18,393

r̄core =

s
2
p
34� 11

3
a =

q
2
p
34� 11

r
p̄•
G?

1

⇢̄0
, (26)394

which together with 25 implies395

p̄0 = p̄• =
G?(⇢̄0 r̄core)2

2
p
34� 11

= 2.5⇥ 10�9
. (27)396

Now, we interpret 1 in the following way. The parameter p̄• in 1 is a constant for all galaxies, having the value 27.397

The parameter ⇢̄• is both the corresponding parameter in 1 and the central density of the galaxies ⇢̄0, and it is not a398

constant for di↵erent galaxies. Therefore, we have a family of dark matter objects, parameterized by ⇢̄0, each galaxy399

with an EoS with its own set of parameters, being p̄• a constant. Although having a di↵erent EoS for each galaxy400

may seem like the model loses its value, the interpretation is not that each galaxy possesses a di↵erent type of dark401

matter. Instead of that, we consider that there is another parameter, the simplest one being the temperature, which402

has not been considered here. In this sense, having EoSs with di↵erent parameters amounts to having galaxies with403

di↵erent temperature profiles. The interpretation is the same as with the classical Eddington model for stars made404
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In spherical symmetry, the gravitational potential is uniquely determined by the rotational velocity
profile. A large number of galaxies exhibit a universal velocity profile, indicating a well-known
gravitational profile. When treating dark matter as either an ideal gas, a Fermi gas, or a Bose
gas, only the latter can produce a gravitational profile consistent with observations, along with a
temperature profile that decreases outwards. This requires the mass of the boson to be below a
certain threshold of 46 eV/c2. Additionally, ensuring that the speed of sound is less than the speed
of light yields a lower bound on the boson’s mass.

Introduction: Current cosmological models indicate
that Dark Matter (DM) is the dominant component of
matter in the universe [1–3]. DM plays a fundamen-
tal role in explaining galaxy kinematics, the large scale
structure formation, and the cosmological evolution of
the universe [4, 5]. Its existence is inferred only trough
its gravitational interaction. Nevertheless, our desire to
prove its existence in terrestrial experiments leads to the
hypothesis that there should be an interaction of dark
matter with baryonic matter beyond pure gravitational.
This idea has motivated a plethora of possible massive
particle candidates that account as dark matter and in
addition solve some of the standard model of particle
problems. To name a few: sterile neutrinos [6], axions
and light bosons [7], neutralinos, strangenets, Q-balls,
Weakly interacting massive particles (WIMPs) [8, 9], and
Sub-GeV massive DM candiates (MeV DM). For more
than forty years these candidates have been searched
and tested with null discovery results from direct detec-
tion experiments [10–12], indirect searches [13–15] and
from results from the Large Hadron Collider [16, 17]. All
those experiments exclude most models that o↵er plau-
sible candidates for dark matter with interaction with
baryonic matter. Similarly, macroscopic objects like Ma-
CHOs [18] or primordial black holes have also been stud-
ied with similar non-detectable results.

On the other hand, by neglecting DM-baryonic inter-
actions, the so called Cold Dark Matter (CDM) paradigm
[19], where the dark matter candidate is a generic nearly
collisionless/presureless particle, have succeeded in de-
scribing the dark matter dynamics at cosmological scales.
Through numerical simulations, CDM has reproduced
the cosmic structure over an enormous span of redshifts.
However, those simulations have been unable to deter-
mine the fundamental properties of dark matter. Fur-
thermore, predictions of such simulations at small scales
lead to a theoretical density profile [20] that su↵ers from a
core/cusp and excess of substructure problems [21]. An-
other important challenge for CDM is that the Univer-

sal Rotational Curve inferred from observations of thou-
sands of galaxies is in tension with the one predicted by
CDM [5, 22]. The dark matter problem is still open and
several models beyond CDM have been proposed, how-
ever most of them start with a theoretical hypothesis and
draw upon on observations to set the free parameters of
the model.

As the dark matter particle has not been detected in
experiments or directly from astrophysics in one hand,
and in the other hand numerical simulations at the cos-
mological level of CDM do not test the fundamental prop-
erties of a dark matter particle and even worst, CDM
predicts a DM density profile at galactic scales that is in
conflict with observations, a new type of investigation on
the nature of the particle from an observational side is
needed [23]. An example of this observationally oriented
approach could be to study the DM nature through the
systematic study of stellar dynamics as the rotational
curve of galaxies or the measured dispersion velocities
in clusters and elliptical/dwarf galaxies. Indeed, rota-
tional curves are an excellent laboratory where proper-
ties of dark matter can be extracted, as there is enough
high precision data, showing several scaling relations that
span over a huge range of sizes. For instance, the strin-
gent bounds on a possible equation of state for dark mat-
ter come form analysis on the rotation curve of galaxies
[24, 25] rather that from high precision cosmological sur-
veys [26–29]. Following this approach, in this work we
find out properties of the dark particle from astrophysical
observations. Our hypothesis are that dark matter can
be modelled as a fluid that form a self gravitating struc-
ture in hydrostatic equilibrium, which then uses the bary-
onic matter as tracers of its gravitational potential. This
last assumption is particularly accurate for Low Surface
Brightness (LSB) galaxies. Then, we consider that the
DM fluid can be modeled either as an ideal gas, a Fermi
or Bose gas and in each case we compute the resulting
DM temperature profile consistent with the gravitational
potential derived from observations and equilibrium. It is

Let us star with the Burkert density profile
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found that only for the Bose gas the radial functional de-
pendence of the temperature profile decreases outwards,
as expected from the thermodynamical point of view, and
only if the mass of the boson is below mb < 43 eV/c2.
This bound allows to fit all LSB galaxies with a rea-
sonable temperature profile and a good fit for the ro-
tational velocity curves with a Burkert density profile.
On the other hand, neither the ideal gas nor the Fermi
gas temperature profiles decrease as the radial coordi-
nate increases regardless of the particle mass. We have
performed the same analysis, as presented here for the
Burkert density profile, for di↵erent DM profiles and the
results are qualitative the same. Furthermore, if we con-
sider the causality condition that the speed of sound has
to be less than the speed of light, then for the ideal Bose
gas model to be valid the mass of the dark matter particle
needs to be bounded below by mb > 1.2⇥ 10�3 eV/c2.

Velocity and temperature profiles: Our starting
point is the Burkert density profile for DM halos [30],
that seems to correctly fit most of the galaxies (see [5]
and references therein):

⇢(r) =
⇢0r30

(r + r0)(r2 + r20)
, (1)

where ⇢0 is the central density and r0 is the core radius.
The DM mass inside a given radius is obtained integrat-
ing dM

dr = 4⇡r2⇢ and then the rotational velocity profile

is v =
p
GM/r. Assuming that the dark matter content

can be described as an isotropic fluid, a gas and that the
gravitational presence of and interaction with baryonic
matter can be neglected, the pressure profile, p(r), is ob-
tained integrating the hydrostatic equilibrium equation

dp

dr
= �GM⇢

r2
, (2)

although in this case, the analytical expression is not
particularly enlightening.

If an equation of state is provided, T (⇢, p), then we
immediately have the halo temperature profile, T (r).
Nonetheless, the thermal equilibrium equation is [31, 32]

dT

dr
= �GM⇢T

r2p
r. (3)

The quantity r depends on the thermal processes that
the gas undergoes. Since we do not have any a priori in-
formation on energy production and transport within the
DM halo, we choose to postulate the equation of state,
and then r(r) can be calculated from (3). Two particu-
lar cases stand out, the isothermal case r = 0, and the
adiabatic case r = rad, where rad is the adiabatic tem-
perature gradient. This is calculated from the equation
of state,

rad =
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, (4)

where the subscript s indicates that the derivative is cal-
culated keeping the entropy density constant. If for some
region r(r) = rad we speak of an ”adiabatic stratifica-
tion”. To accept that the temperature profile obtained
from the equation of state represents a state of thermal
equilibrium we impose the physical criterion that T (r)
has to be a non-increasing function, namely, r(r) � 0.
We consider three cases:

1. Ideal gas: The equation of state is

T =
m

k

p

⇢
, (5)

where k is the Boltzmann constant and m is the
mass of the DM particle.

2. Fermi gas: The equation of state takes the para-
metric form
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being z the fugacity, which is defined from the
chemical potential µ through z = eµ/kT . Also, h
is the Planck constant and g is the degeneracy fac-
tor, g = 2S + 1, with S the spin of the particle.
The functions f⌫(z) are related to the polyloga-
rithm through f⌫(z) = �Li⌫(�z).

3. Bose gas: We need to distinguish whether Bose-
Einstein condensation is occurring or not. If there
is no condensation,
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where the functions g⌫ are the polylogarithm,
g⌫(z) = Li⌫(z). Condensation occurs if T < TC ,
with the critical temperature

TC =
h2⇢

2
3

2⇡km
5
3 ⇣

2
3

�
3
2

� , (8)

⇣ being the Riemann zeta function, and then the
temperature is
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For a reversible adiabatic process in an ideal Bose gas
T/p

2
5 = const., or rad = 2

5 , and from (9) any region
of the halo where Bose-Einstein condensation occurs is
automatically adiabatically stratified.
Now we turn our attention to the temperature pro-

files, starting with considering the DM halo composed
of a classical ideal gas. Since the constants ⇢0 and r0
are obtained by fitting the velocity profile of a particular
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Mass profile can be directly computed and hydrostatic equilibrium demands:

This gives us the pressure
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files, starting with considering the DM halo composed
of a classical ideal gas. Since the constants ⇢0 and r0
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found that only for the Bose gas the radial functional de-
pendence of the temperature profile decreases outwards,
as expected from the thermodynamical point of view, and
only if the mass of the boson is below mb < 43 eV/c2.
This bound allows to fit all LSB galaxies with a rea-
sonable temperature profile and a good fit for the ro-
tational velocity curves with a Burkert density profile.
On the other hand, neither the ideal gas nor the Fermi
gas temperature profiles decrease as the radial coordi-
nate increases regardless of the particle mass. We have
performed the same analysis, as presented here for the
Burkert density profile, for di↵erent DM profiles and the
results are qualitative the same. Furthermore, if we con-
sider the causality condition that the speed of sound has
to be less than the speed of light, then for the ideal Bose
gas model to be valid the mass of the dark matter particle
needs to be bounded below by mb > 1.2⇥ 10�3 eV/c2.

Velocity and temperature profiles: Our starting
point is the Burkert density profile for DM halos [30],
that seems to correctly fit most of the galaxies (see [5]
and references therein):
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where ⇢0 is the central density and r0 is the core radius.
The DM mass inside a given radius is obtained integrat-
ing dM

dr = 4⇡r2⇢ and then the rotational velocity profile

is v =
p
GM/r. Assuming that the dark matter content

can be described as an isotropic fluid, a gas and that the
gravitational presence of and interaction with baryonic
matter can be neglected, the pressure profile, p(r), is ob-
tained integrating the hydrostatic equilibrium equation
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although in this case, the analytical expression is not
particularly enlightening.

If an equation of state is provided, T (⇢, p), then we
immediately have the halo temperature profile, T (r).
Nonetheless, the thermal equilibrium equation is [31, 32]
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The quantity r depends on the thermal processes that
the gas undergoes. Since we do not have any a priori in-
formation on energy production and transport within the
DM halo, we choose to postulate the equation of state,
and then r(r) can be calculated from (3). Two particu-
lar cases stand out, the isothermal case r = 0, and the
adiabatic case r = rad, where rad is the adiabatic tem-
perature gradient. This is calculated from the equation
of state,
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where the subscript s indicates that the derivative is cal-
culated keeping the entropy density constant. If for some
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tion”. To accept that the temperature profile obtained
from the equation of state represents a state of thermal
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being z the fugacity, which is defined from the
chemical potential µ through z = eµ/kT . Also, h
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tor, g = 2S + 1, with S the spin of the particle.
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galaxy, the only parameter that comes from the mat-
ter model is the mass of the particle, m, and in this
case the temperature is proportional to it. In Figure 1
the temperature profiles for each equation of state are
shown. Temperature profiles correspond to the galaxy
ESO3050090, which has as Burkert’s density profile the
parameters ⇢0 = 2.34 (GeV/c2)/cm3, r0 = 3.37 kpc, and
for three representative values of m.

As stated previously, the only physical requirement
that we wish to impose on the temperature profile is that
it is an outward decreasing function. The temperature
profile corresponding to the classical ideal gas does not
satisfy this requirement, as for r < 1.12 r0 it is an increas-
ing function, and therefore we conclude that the DM halo
is not composed of a classical ideal gas.

For the ideal Fermi gas, also in Figure 1 the corre-
sponding profiles are shown, where for simplicity we have
chosen g = 2. Analyzing the behavior of the involved
functions we conclude that for the same particle mass
and at the same radial position, the temperature for the
Fermi gas is lower than the corresponding classical tem-
perature. Additionally, due to the behavior of ⇢ and p,
for r big enough the temperature in the Fermi gas is in-
distinguishable from the classical gas. As a function ofm,
the Fermi gas temperature is an increasing function, and
for m high enough the Fermi gas profile is indistinguish-
able from the classical gas profile. This is a reflection of
the fact that in this case the classical limit of the Fermi
gas is obtained for m ! 1. If we lower the particle
mass, at some point the temperature drops to zero. This
happens first at the origin and from then on the Burkert
profile can not be reproduced. This implies a minimum
mass for the fermion,

mmin =
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⇢50
p30

# 1
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, (10)

being p0 the central pressure, calculated through (2). Fi-
nally, as a function of radius, there is a region starting
at the origin and extending beyond the core radius in
which the temperature is an increasing function, and as
in the classical case we conclude that the DM halo is not
composed of an ideal Fermi gas.

In the Bose case, we need to consider if there is con-
densation. Here again, the corresponding examples are
shown in Figure 1. Contrasting with the Fermi gas, for
the same m and at the same r, the Bose temperature is
higher than the classical temperature. For r big enough
the temperature again coincides for both profiles. As a
function of m, the Bose gas temperature has a minimum
for a certain mass, being first a decreasing function and
then an increasing function ofm. The limitm ! 1 is the
classical limit, therefore for m big enough the Bose pro-
file and the classical profile are indistinguishable. This
means that for m big enough the temperature profile is
increasing in the core region. If we lower the mass, the
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FIG. 1. Temperature profiles for the parameters ⇢0 =
2.34 (GeV/c2)/cm3, r0 = 3.37 kpc, corresponding to the
galaxy ESO3050090.

departure from the classical behavior due to quantum ef-
fects starts to be noticeable, but still, the temperature
profile has first an increasing region, a maximum, and
then is decreasing. If we lower still the mass, there is a
particular value, which depends only on ⇢0 and r0, from
which the temperature profile is a decreasing function for
all r. For this to happen, we found that typically there
is first a region where the gas is found in a Bose-Einstein
condensate. As mentioned before, the region where con-
densation occurs is adiabatically stratified.
In conclusion, the only considered equation of state

that implies a temperature profile that is a non-increasing
function of radius is the one corresponding to a boson
with low enough mass. In Fig. 2, the increasing and
decreasing region of the temperature profile for two dif-
ferent LSB galaxies is shown. In the next section, we
explore this situation in the light of a universal relation.
Constant ⇢0r0: One particularly striking relationship

among in principle unrelated quantities in galaxies is the
one presented in the work [33] and extended in [34–36].
There, it is argued that the product of the central density
times the core radius of the dark matter halo has the same
value for all galaxies. The value presented is

⇢0 r0 = 141+82
�52 M�/pc

2. (11)

In the present setting, this implies that the pressure pro-
file does not depend on ⇢0 and only depends on r through
the dimensionless length r/r0, or, in other words, the
pressure is the same in all galactic halos modulo length
rescalings. In particular, the central pressure for all halos
is the same,

p0 = 0.83⇥G(⇢0r0)
2 = 4.8⇥ 10�11 g

cms2
. (12)

We stick to the principle that the temperature pro-
file has to be a decreasing function of r, which imposes
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FIG. 2. Temperature profiles for di↵erent combinations of
the parameters �0 and m. The continuous lines indicate that
there is no condensation, while the dashed lines correspond to
Bose-Einstein condensation. The green and red lines corre-
spond to parameters above the allowed values, the black line
corresponds to the critical values, and the blue and brown
lines correspond to the allowed values.

conditions on the values the parameters can take. In
particular, if we take ⇢0 or r0 as given, there is a maxi-
mum particle mass, mmax, above which the temperature
profile fails to be an outwards decreasing function. Said
bound is a decreasing function of r0, and we take as rep-
resentative r0 = 4.82 kpc, obtained by fitting the galaxy
F583, and calculate the corresponding maximum mass,
obtaining

mmax = 43 eV/c2. (13)

With these values, there is typically a central region
where condensation occurs and which is adiabatically
stratified. If we lower the mass of the dark matter par-
ticle or if we raise ⇢0, decreasing r0, then the condensed
region extends further away and can cover the hole ob-
servable halo of the galaxy. In Figure ?? several tempera-
ture profiles for di↵erent combinations of the parameters
⇢0 and m are shown. It can be seen clearly that there is
a maximum particle mass or a minimum ⇢0, below which
the profile fails to be a decreasing function. It can also
be seen that for a given m, the central part of the halo
is adiabatically stratified and has the same temperature
profile for all galaxies, and modulo-length rescalings. It
is relevant to note that the condensed region can extend
beyond the currently observable halos, encompassing the
complete galaxy. This means that the galaxy core need
not be related to the condensed region.

The analysis of this section shows that not only an
ideal Bose gas is compatible with (11), but that in fact
it provides an explanation for such a relationship. If we
take the value of m to be independent of the galaxy in
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consideration, as it should be for the mass of a particle,
then the relation (11) is valid because at least the central
region of all dark matter halos is a Bose-Einstein conden-
sate, adiabatically stratified, and with the same central
temperature,

T0 =
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We do not interpret (14) as if all galactic halos have the
exact same central temperature, but consider that there
must be a fundamental reason, tied to galaxy formation
and evolution, that implies that the central temperatures
of galactic halos lie within a certain range. Inverting
the argument, we consider the central temperature, T0,
as a fundamental parameter for the halo, which in turn
determines the corresponding central pressure, p0. As T0

lies within a certain range, also p0 is fairly constrained.
To fully determine the structure of the halo, one needs
another parameter, such as the central density. Once T0

and ⇢0 are known, then r0 can be calculated and the dark
matter halo is determined.
The final point for consideration regards the validity

of the fluid approximation, for this we take into account
the thermal wavelength of the dark matter particle and
the sound speed in the fluid. If the thermal wavelength is
comparable to the size of the dark matter halo, then the
approximation as a gas breaks down. The thermal wave-
length is � = h/

p
2⇡mkT . As a representative value, we

compute this wavelength at r = 0,
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and therefore for masses around 1 eV/c2 the approxima-
tion of gas is perfectly valid. The thermal wavelength
can be made as large as desired by reducing the mass
of the particle or going far away from the center of the
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particular, if we take ⇢0 or r0 as given, there is a maxi-
mum particle mass, mmax, above which the temperature
profile fails to be an outwards decreasing function. Said
bound is a decreasing function of r0, and we take as rep-
resentative r0 = 4.82 kpc, obtained by fitting the galaxy
F583, and calculate the corresponding maximum mass,
obtaining

mmax = 43 eV/c2. (13)

With these values, there is typically a central region
where condensation occurs and which is adiabatically
stratified. If we lower the mass of the dark matter par-
ticle or if we raise ⇢0, decreasing r0, then the condensed
region extends further away and can cover the hole ob-
servable halo of the galaxy. In Figure ?? several tempera-
ture profiles for di↵erent combinations of the parameters
⇢0 and m are shown. It can be seen clearly that there is
a maximum particle mass or a minimum ⇢0, below which
the profile fails to be a decreasing function. It can also
be seen that for a given m, the central part of the halo
is adiabatically stratified and has the same temperature
profile for all galaxies, and modulo-length rescalings. It
is relevant to note that the condensed region can extend
beyond the currently observable halos, encompassing the
complete galaxy. This means that the galaxy core need
not be related to the condensed region.

The analysis of this section shows that not only an
ideal Bose gas is compatible with (11), but that in fact
it provides an explanation for such a relationship. If we
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consideration, as it should be for the mass of a particle,
then the relation (11) is valid because at least the central
region of all dark matter halos is a Bose-Einstein conden-
sate, adiabatically stratified, and with the same central
temperature,

T0 =
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=
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(m[eV/c2])
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. (14)

We do not interpret (14) as if all galactic halos have the
exact same central temperature, but consider that there
must be a fundamental reason, tied to galaxy formation
and evolution, that implies that the central temperatures
of galactic halos lie within a certain range. Inverting
the argument, we consider the central temperature, T0,
as a fundamental parameter for the halo, which in turn
determines the corresponding central pressure, p0. As T0

lies within a certain range, also p0 is fairly constrained.
To fully determine the structure of the halo, one needs
another parameter, such as the central density. Once T0

and ⇢0 are known, then r0 can be calculated and the dark
matter halo is determined.
The final point for consideration regards the validity

of the fluid approximation, for this we take into account
the thermal wavelength of the dark matter particle and
the sound speed in the fluid. If the thermal wavelength is
comparable to the size of the dark matter halo, then the
approximation as a gas breaks down. The thermal wave-
length is � = h/

p
2⇡mkT . As a representative value, we

compute this wavelength at r = 0,

�0 =
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�
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2⇡mp0

! 1
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=
1.0⇥ 10�4 m

(m[eV/c2])
1
5

, (15)

and therefore for masses around 1 eV/c2 the approxima-
tion of gas is perfectly valid. The thermal wavelength
can be made as large as desired by reducing the mass
of the particle or going far away from the center of the



Other phenomenological relations:

3

galaxy, the only parameter that comes from the mat-
ter model is the mass of the particle, m, and in this
case the temperature is proportional to it. In Figure 1
the temperature profiles for each equation of state are
shown. Temperature profiles correspond to the galaxy
ESO3050090, which has as Burkert’s density profile the
parameters ⇢0 = 2.34 (GeV/c2)/cm3, r0 = 3.37 kpc, and
for three representative values of m.

As stated previously, the only physical requirement
that we wish to impose on the temperature profile is that
it is an outward decreasing function. The temperature
profile corresponding to the classical ideal gas does not
satisfy this requirement, as for r < 1.12 r0 it is an increas-
ing function, and therefore we conclude that the DM halo
is not composed of a classical ideal gas.

For the ideal Fermi gas, also in Figure 1 the corre-
sponding profiles are shown, where for simplicity we have
chosen g = 2. Analyzing the behavior of the involved
functions we conclude that for the same particle mass
and at the same radial position, the temperature for the
Fermi gas is lower than the corresponding classical tem-
perature. Additionally, due to the behavior of ⇢ and p,
for r big enough the temperature in the Fermi gas is in-
distinguishable from the classical gas. As a function ofm,
the Fermi gas temperature is an increasing function, and
for m high enough the Fermi gas profile is indistinguish-
able from the classical gas profile. This is a reflection of
the fact that in this case the classical limit of the Fermi
gas is obtained for m ! 1. If we lower the particle
mass, at some point the temperature drops to zero. This
happens first at the origin and from then on the Burkert
profile can not be reproduced. This implies a minimum
mass for the fermion,
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being p0 the central pressure, calculated through (2). Fi-
nally, as a function of radius, there is a region starting
at the origin and extending beyond the core radius in
which the temperature is an increasing function, and as
in the classical case we conclude that the DM halo is not
composed of an ideal Fermi gas.

In the Bose case, we need to consider if there is con-
densation. Here again, the corresponding examples are
shown in Figure 1. Contrasting with the Fermi gas, for
the same m and at the same r, the Bose temperature is
higher than the classical temperature. For r big enough
the temperature again coincides for both profiles. As a
function of m, the Bose gas temperature has a minimum
for a certain mass, being first a decreasing function and
then an increasing function ofm. The limitm ! 1 is the
classical limit, therefore for m big enough the Bose pro-
file and the classical profile are indistinguishable. This
means that for m big enough the temperature profile is
increasing in the core region. If we lower the mass, the
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FIG. 1. Temperature profiles for the parameters ⇢0 =
2.34 (GeV/c2)/cm3, r0 = 3.37 kpc, corresponding to the
galaxy ESO3050090.

departure from the classical behavior due to quantum ef-
fects starts to be noticeable, but still, the temperature
profile has first an increasing region, a maximum, and
then is decreasing. If we lower still the mass, there is a
particular value, which depends only on ⇢0 and r0, from
which the temperature profile is a decreasing function for
all r. For this to happen, we found that typically there
is first a region where the gas is found in a Bose-Einstein
condensate. As mentioned before, the region where con-
densation occurs is adiabatically stratified.
In conclusion, the only considered equation of state

that implies a temperature profile that is a non-increasing
function of radius is the one corresponding to a boson
with low enough mass. In Fig. 2, the increasing and
decreasing region of the temperature profile for two dif-
ferent LSB galaxies is shown. In the next section, we
explore this situation in the light of a universal relation.
Constant ⇢0r0: One particularly striking relationship

among in principle unrelated quantities in galaxies is the
one presented in the work [33] and extended in [34–36].
There, it is argued that the product of the central density
times the core radius of the dark matter halo has the same
value for all galaxies. The value presented is

⇢0 r0 = 141+82
�52 M�/pc

2. (11)

In the present setting, this implies that the pressure pro-
file does not depend on ⇢0 and only depends on r through
the dimensionless length r/r0, or, in other words, the
pressure is the same in all galactic halos modulo length
rescalings. In particular, the central pressure for all halos
is the same,

p0 = 0.83⇥G(⇢0r0)
2 = 4.8⇥ 10�11 g

cms2
. (12)

We stick to the principle that the temperature pro-
file has to be a decreasing function of r, which imposes

3

galaxy, the only parameter that comes from the mat-
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at the origin and extending beyond the core radius in
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departure from the classical behavior due to quantum ef-
fects starts to be noticeable, but still, the temperature
profile has first an increasing region, a maximum, and
then is decreasing. If we lower still the mass, there is a
particular value, which depends only on ⇢0 and r0, from
which the temperature profile is a decreasing function for
all r. For this to happen, we found that typically there
is first a region where the gas is found in a Bose-Einstein
condensate. As mentioned before, the region where con-
densation occurs is adiabatically stratified.
In conclusion, the only considered equation of state

that implies a temperature profile that is a non-increasing
function of radius is the one corresponding to a boson
with low enough mass. In Fig. 2, the increasing and
decreasing region of the temperature profile for two dif-
ferent LSB galaxies is shown. In the next section, we
explore this situation in the light of a universal relation.
Constant ⇢0r0: One particularly striking relationship

among in principle unrelated quantities in galaxies is the
one presented in the work [33] and extended in [34–36].
There, it is argued that the product of the central density
times the core radius of the dark matter halo has the same
value for all galaxies. The value presented is

⇢0 r0 = 141+82
�52 M�/pc

2. (11)

In the present setting, this implies that the pressure pro-
file does not depend on ⇢0 and only depends on r through
the dimensionless length r/r0, or, in other words, the
pressure is the same in all galactic halos modulo length
rescalings. In particular, the central pressure for all halos
is the same,

p0 = 0.83⇥G(⇢0r0)
2 = 4.8⇥ 10�11 g
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We stick to the principle that the temperature pro-
file has to be a decreasing function of r, which imposes
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given the unknown nature of the dark matter, and then test the
approximated description.

3 DA R K M AT T E R E QUAT I O N O F S TATE FRO M
ROTAT I O NA L C U RV E S

There are several profiles which have been proposed to adjust
the rotational velocities profiles observed in the galaxies (see e.g.
Courteau 1997).

We will consider the velocity profile proposed by Persic et al.
(1996) obtained by adjusting 1023 galaxies which is given by

β2 = β0
2 x2

x2 + a2
, (10)

where β0, a are constants. The first one, β0, stands for the ratio of
the terminal velocity to the speed of light, and a determines how
fast the velocity reaches a terminal value. Within the notation of
Persic et al. (1996), β0 is a function of the luminosity of the galaxy.
In our work, we will assume that both β2

0 and a are simply constants
that can be fitted to observational data and from now we will refer
to equation (10) as the PSS rotational velocity profile.

Given β2(x) by equation (10), it is straightforward to obtain from
equations (6)–(8) analytical expressions for the mass function, the
density, and the pressure:

n = β0
2

q

x3
(
x2 + a2

) , (11)

ρ̄ = β0
2

3 q

(
x2 + 3 a2

)
(
x2 + a2

)2 , (12)

p̄ = β0
4

6 q

(
x2 + 2 a2

)
(
x2 + a2

)2 , (13)

and it is then possible to obtain an analytical expression for the
equation of state for dark matter:

p̄ = β0
4

48 a2 q

(
12 a2 q

β0
2 ρ̄ −

(
1 −

√

1 + 24 a2 q

β0
2 ρ̄

))
. (14)

Furthermore, the density and the pressure profiles as expressed
in equations (12 and 13) allow us to find a relation between β2

0 and
a as functions of the central pressure and the central density ρ̄0 and
p̄0. Namely

a2 = 3 p̄0

q ρ̄2
0

, β2
0 = 3 p̄0

ρ̄0
. (15)

Hence, it is possible to re-write the mass, the density and the
pressure for a halo satisfying the PSS’s rotational velocity profile,
in terms of the central pressure and density. Rewriting the equation
of state, equation (14), in this way we obtain:

p̄(ρ̄) = p̄0

(
3
4

(
ρ̄

ρ̄0

)
− 1

16

(
1 −

√

1 + 24
(

ρ̄

ρ̄0

)))
. (16)

Some comments about this equation are in order. The equation
of state equation (16) reduces to the barotropic equation of state
p̄ = 3p̄0

4 ρ̄0
ρ̄ in the limit where ρ̄ " ρ̄0. This has a natural explanation:

ρ̄ is a decreasing function, with maximum value ρ̄0 at x = 0. In the
limit x → ∞, the density decreases and the rotation curve profile
tends to a constant value, that is, the behaviour of an ideal gas which
has a barotropic equation of state.

Equations (14) and (16) have two free parameters; either β0 and
a or ρ̄0 and p̄0. In order to determine the values of those free param-
eters and advance with our method, we will use observational data
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Figure 1. Fit on the rotation curves for the galaxy ESO3050090. Red line
corresponds to best-fitting point as expressed in Table 1. Inner figure: green
region corresponds to 68 C.L. and red region to 90 per cent C.L. values for
(ρ0, p0).

of the rotational curves of several low surface brightness galaxies,
reported in de Blok & Bosma (2002). The procedure for a given
galaxy, consists in determining the best values of β0 and a that fits
the observed rotational curve through a χ2 analysis.

Let us for instance use the data for the galaxy ESO3050090. The
observed rotational velocity as a function of the radial distance from
the centre of the galaxy is shown in Fig. 1. The best-fitting points
are obtained by minimizing the function:

χ2 =
∑

i

(
βtheo − βexpi

δβexpi

)2

, (17)

where i runs up to the number of points in the data and β theo is
computed according to the velocity profile under consideration, i.e.
equation (10). δβexpi

is the error in the determination of the rotational
velocity.

Note that the terminal velocity is of the order of 100 km s−1,
so that, using the Newtonian relation for the mass of the

halo: m(r) = r vt
2/G, taking G = 4.299 10−6 kpc (km s−1)2

M% and the

characteristic distance R% = 1 kpc; the characteristic mass of
the system is M% = 1010 M%. With these values of M% and
R%, we obtain q = 5 × 10−7 and the characteristic values of
the density and the pressure are ρ% = 1.6210−22 g cm−3 and
p% = 1.4610−1 g cm(−1) s(−2). We will use these characteristic values
from now on.

After the minimization of the χ2 function we can obtain confi-
dence level (C.L.) regions for the parameters ρ̄0 and p̄0 which are
mapped directly to ρ0 and p0 through the characteristic values ρ%

and p%. Such regions are shown in the inner panel of Fig. 1. It is
shown the allowed region of parameters at 68 per cent (green re-
gion) and 90 per cent (red region) C.L. for the central density ρ0

and central pressure p0. Hence, we have a prediction of the central
pressure and density for the galaxy obtained from the rotational
curve data only.

The same analysis can be performed for any galaxy. For defini-
tiveness, we will use the data shown in Fig. 2 taken from de Blok
& Bosma (2002).

The best-fitting points for each galaxy are shown in Table 1, either
for (a, β0) or (ρ0, p0). We also present the goodness of the fit, which
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1Università degli Studi di Torino and INFN, via Giuria 1, 10125 Torino, Italy
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ABSTRACT
We confirm and extend the recent finding that the central surface density µ0D ≡ r0ρ0 of galaxy
dark matter haloes, where r0 and ρ0 are the halo core radius and central density, is nearly
constant and independent of galaxy luminosity. Based on the co-added rotation curves (RCs)
of ∼1000 spiral galaxies, the mass models of individual dwarf irregular and spiral galaxies
of late and early types with high-quality RCs, and the galaxy–galaxy weak-lensing signals
from a sample of spiral and elliptical galaxies, we find that log µ0D = 2.15 ± 0.2 in units of
log(M# pc−2). We also show that the observed kinematics of Local Group dwarf spheroidal
galaxies are consistent with this value. Our results are obtained for galactic systems spanning
over 14 mag, belonging to different Hubble types and whose mass profiles have been deter-
mined by several independent methods. In the same objects, the approximate constancy of µ0D

is in sharp contrast to the systematical variations, by several orders of magnitude, of galaxy
properties, including ρ0 and central stellar surface density.

Key words: galaxies: kinematics and dynamics – galaxies: spiral – dark matter.

1 IN T RO D U C T I O N

It has been known for several decades that the kinematics of disc
galaxies exhibit a mass discrepancy (e.g. Bosma 1978; Bosma &
van der Kruit 1979; Rubin, Thonnard & Ford 1980). More precisely,
spirals show an inner baryon dominance region (e.g. Athanassoula,
Bosma & Papaioannou 1987; Persic & Salucci 1988; Palunas &
Williams 2000), whose size ranges between 1 and 3 disc exponen-
tial length-scales according to the galaxy luminosity (Salucci &
Persic 1999), inside which the observed ordinary baryonic matter
accounts for the rotation curve (RC), but outside which, the distribu-
tion of the baryonic components cannot justify the observed profiles
and sometimes the amplitudes of the measured circular velocities
(Bosma 1981, see also Gentile et al. 2007a,b). This is usually solved
by adding an extra mass component, the dark matter (DM) halo. RCs
have been used to assess the existence, the amount and the distri-
bution of this dark component. Recent debate in the literature has
focused on the ‘cuspiness’ of the DM density profile in the centres

!E-mail: donato@to.infn.it

of galaxy haloes that emerges in cold dark matter (CDM) simula-
tions of structure formation (Navarro, Frenk & White 1996, NFW
hereafter; Moore et al. 1999; Navarro et al. 2004; Neto et al. 2007),
but is not seen in observed data (e.g. de Blok, McGaugh & Rubin
2001; de Blok & Bosma 2002; Marchesini et al. 2002; Gentile et al.
2004, 2005, 2007a), as well as in the various systematics of the DM
distribution (see Salucci et al. 2007).

An intriguing general property of DM haloes was noted by
Kormendy & Freeman (2004), based on halo parameters obtained
by mass modelling 55 spiral galaxy rotation curves within the frame-
work of the maximum disc hypothesis (MDH), whose validity has
been much debated (Salucci & Persic 1999; Palunas & Williams
2000; Bosma 2004). Among other relations between the halo pa-
rameters, they found that the quantity µ0D ≡ ρ0r0, proportional to
the halo central surface density for any cored halo distributions, is
nearly independent of the galaxy blue magnitude. Here, ρ0 and r0

are, respectively, the central density and core radius of the adopted
pseudo-isothermal cored DM density profile ρ(r) = ρ0r

2
0/(r2 + r2

0).
In particular, they found that this quantity takes a value of
∼100 M# pc−2. The Kormendy and Freeman analysis relies on
the MDH, which fixes the value of the disc mass at its maximum
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halo, nonetheless, even for masses far below the eV/c2

range and in a region much bigger than the halo core the
gas approximation remains valid. On the other hand, the
sound speed in the condensed region of the halo is given
by

v2s =
5⇣
�
5
2

�
kT

3⇣
�
3
2

�
m

=

 
55h6⇣3

�
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2

�
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�
3
2

�
m8

! 1
5

. (16)

If we consider the causality condition that the speed of
sound has to be less than the speed of light, then for the
ideal Bose gas model to be valid the mass of the dark
matter particle needs to be bounded, m > mmin, with

mmin =

 
55⇣3

�
5
2

�
h6p20

2335⇡3⇣5
�
3
2

�
c10

! 1
8

= 1.2⇥10�3 eV/c2. (17)

Conclusions: We have considered three possible
equations of state for the dark matter halos: the clas-
sical ideal gas, the ideal Fermi, and the ideal Bose ones.
Our analysis shows that for the classical ideal gas and the
ideal Fermi one, the temperature profile of the dark mat-
ter halo is an increasing function of radius for the core
region, and therefore we deemed these cases unsuccessful
at explaining the nature of dark matter. The ideal Bose
gas produces an outwards decreasing temperature pro-
file if the mass of the particle is low enough. In light of
the universal relation between central density and core
radius, we conclude that the central region of the halo
is in a state of Bose-Einstein condensation and that the
central temperature is the same for all dark matter ha-
los. Therefore, the picture of dark matter and the cor-
responding galactic halos that emerge from this work is
the following. The dark matter particle is a boson with
mass m  43 eV/c2. The central part of the galactic
halos is in a Bose-Einstein condensate with finite tem-
perature. This condensate can extend to the hole halo.
The condensed region is adiabatically stratified, the dark
matter central temperature is the same for all galaxies,
and the temperature profile for this region is universal
modulo-length rescalings.

We have performed the same analysis, as presented
here for the Burkert density profile, for the following pro-
files: . The results are qualitative the same, reinforcing
the paradigm presented in these conclusions, and will be
presented in a following paper.
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halo, nonetheless, even for masses far below the eV/c2

range and in a region much bigger than the halo core the
gas approximation remains valid. On the other hand, the
sound speed in the condensed region of the halo is given
by
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If we consider the causality condition that the speed of
sound has to be less than the speed of light, then for the
ideal Bose gas model to be valid the mass of the dark
matter particle needs to be bounded, m > mmin, with
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= 1.2⇥10�3 eV/c2. (17)

Conclusions: We have considered three possible
equations of state for the dark matter halos: the clas-
sical ideal gas, the ideal Fermi, and the ideal Bose ones.
Our analysis shows that for the classical ideal gas and the
ideal Fermi one, the temperature profile of the dark mat-
ter halo is an increasing function of radius for the core
region, and therefore we deemed these cases unsuccessful
at explaining the nature of dark matter. The ideal Bose
gas produces an outwards decreasing temperature pro-
file if the mass of the particle is low enough. In light of
the universal relation between central density and core
radius, we conclude that the central region of the halo
is in a state of Bose-Einstein condensation and that the
central temperature is the same for all dark matter ha-
los. Therefore, the picture of dark matter and the cor-
responding galactic halos that emerge from this work is
the following. The dark matter particle is a boson with
mass m  43 eV/c2. The central part of the galactic
halos is in a Bose-Einstein condensate with finite tem-
perature. This condensate can extend to the hole halo.
The condensed region is adiabatically stratified, the dark
matter central temperature is the same for all galaxies,
and the temperature profile for this region is universal
modulo-length rescalings.

We have performed the same analysis, as presented
here for the Burkert density profile, for the following pro-
files: . The results are qualitative the same, reinforcing
the paradigm presented in these conclusions, and will be
presented in a following paper.
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FIG. 2. Temperature profiles for di↵erent combinations of
the parameters �0 and m. The continuous lines indicate that
there is no condensation, while the dashed lines correspond to
Bose-Einstein condensation. The green and red lines corre-
spond to parameters above the allowed values, the black line
corresponds to the critical values, and the blue and brown
lines correspond to the allowed values.

conditions on the values the parameters can take. In
particular, if we take ⇢0 or r0 as given, there is a maxi-
mum particle mass, mmax, above which the temperature
profile fails to be an outwards decreasing function. Said
bound is a decreasing function of r0, and we take as rep-
resentative r0 = 4.82 kpc, obtained by fitting the galaxy
F583, and calculate the corresponding maximum mass,
obtaining

mmax = 43 eV/c2. (13)

With these values, there is typically a central region
where condensation occurs and which is adiabatically
stratified. If we lower the mass of the dark matter par-
ticle or if we raise ⇢0, decreasing r0, then the condensed
region extends further away and can cover the hole ob-
servable halo of the galaxy. In Figure ?? several tempera-
ture profiles for di↵erent combinations of the parameters
⇢0 and m are shown. It can be seen clearly that there is
a maximum particle mass or a minimum ⇢0, below which
the profile fails to be a decreasing function. It can also
be seen that for a given m, the central part of the halo
is adiabatically stratified and has the same temperature
profile for all galaxies, and modulo-length rescalings. It
is relevant to note that the condensed region can extend
beyond the currently observable halos, encompassing the
complete galaxy. This means that the galaxy core need
not be related to the condensed region.

The analysis of this section shows that not only an
ideal Bose gas is compatible with (11), but that in fact
it provides an explanation for such a relationship. If we
take the value of m to be independent of the galaxy in
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consideration, as it should be for the mass of a particle,
then the relation (11) is valid because at least the central
region of all dark matter halos is a Bose-Einstein conden-
sate, adiabatically stratified, and with the same central
temperature,
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We do not interpret (14) as if all galactic halos have the
exact same central temperature, but consider that there
must be a fundamental reason, tied to galaxy formation
and evolution, that implies that the central temperatures
of galactic halos lie within a certain range. Inverting
the argument, we consider the central temperature, T0,
as a fundamental parameter for the halo, which in turn
determines the corresponding central pressure, p0. As T0

lies within a certain range, also p0 is fairly constrained.
To fully determine the structure of the halo, one needs
another parameter, such as the central density. Once T0

and ⇢0 are known, then r0 can be calculated and the dark
matter halo is determined.
The final point for consideration regards the validity

of the fluid approximation, for this we take into account
the thermal wavelength of the dark matter particle and
the sound speed in the fluid. If the thermal wavelength is
comparable to the size of the dark matter halo, then the
approximation as a gas breaks down. The thermal wave-
length is � = h/

p
2⇡mkT . As a representative value, we

compute this wavelength at r = 0,
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and therefore for masses around 1 eV/c2 the approxima-
tion of gas is perfectly valid. The thermal wavelength
can be made as large as desired by reducing the mass
of the particle or going far away from the center of the
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FIG. 2. Temperature profiles for di↵erent combinations of
the parameters �0 and m. The continuous lines indicate that
there is no condensation, while the dashed lines correspond to
Bose-Einstein condensation. The green and red lines corre-
spond to parameters above the allowed values, the black line
corresponds to the critical values, and the blue and brown
lines correspond to the allowed values.

conditions on the values the parameters can take. In
particular, if we take ⇢0 or r0 as given, there is a maxi-
mum particle mass, mmax, above which the temperature
profile fails to be an outwards decreasing function. Said
bound is a decreasing function of r0, and we take as rep-
resentative r0 = 4.82 kpc, obtained by fitting the galaxy
F583, and calculate the corresponding maximum mass,
obtaining

mmax = 43 eV/c2. (13)

With these values, there is typically a central region
where condensation occurs and which is adiabatically
stratified. If we lower the mass of the dark matter par-
ticle or if we raise ⇢0, decreasing r0, then the condensed
region extends further away and can cover the hole ob-
servable halo of the galaxy. In Figure ?? several tempera-
ture profiles for di↵erent combinations of the parameters
⇢0 and m are shown. It can be seen clearly that there is
a maximum particle mass or a minimum ⇢0, below which
the profile fails to be a decreasing function. It can also
be seen that for a given m, the central part of the halo
is adiabatically stratified and has the same temperature
profile for all galaxies, and modulo-length rescalings. It
is relevant to note that the condensed region can extend
beyond the currently observable halos, encompassing the
complete galaxy. This means that the galaxy core need
not be related to the condensed region.

The analysis of this section shows that not only an
ideal Bose gas is compatible with (11), but that in fact
it provides an explanation for such a relationship. If we
take the value of m to be independent of the galaxy in
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consideration, as it should be for the mass of a particle,
then the relation (11) is valid because at least the central
region of all dark matter halos is a Bose-Einstein conden-
sate, adiabatically stratified, and with the same central
temperature,
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We do not interpret (14) as if all galactic halos have the
exact same central temperature, but consider that there
must be a fundamental reason, tied to galaxy formation
and evolution, that implies that the central temperatures
of galactic halos lie within a certain range. Inverting
the argument, we consider the central temperature, T0,
as a fundamental parameter for the halo, which in turn
determines the corresponding central pressure, p0. As T0

lies within a certain range, also p0 is fairly constrained.
To fully determine the structure of the halo, one needs
another parameter, such as the central density. Once T0

and ⇢0 are known, then r0 can be calculated and the dark
matter halo is determined.
The final point for consideration regards the validity

of the fluid approximation, for this we take into account
the thermal wavelength of the dark matter particle and
the sound speed in the fluid. If the thermal wavelength is
comparable to the size of the dark matter halo, then the
approximation as a gas breaks down. The thermal wave-
length is � = h/
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2⇡mkT . As a representative value, we

compute this wavelength at r = 0,
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and therefore for masses around 1 eV/c2 the approxima-
tion of gas is perfectly valid. The thermal wavelength
can be made as large as desired by reducing the mass
of the particle or going far away from the center of the



Conclusions

• The rotational velocity curve can give the strongest constraints on the dark 
matter pressure
• If temperature is neglected, the known dark matter profiles leads to dark 

matter equation fo state that might not be dynamically stable
• Introducing the temperature, and working the other way around of 

postulating that DM is either a ideal gas, a Fermi gas or a Bose gas the 
temperature profile can be obtained
• Only if DM is a Bose gas, with a particle mass below 43 eV the temperatire 

profile is physically reasonable.
• To avoid superluminial sound of speed within the Bose condensate, the 

boson’s mass should be biger than 1.2e-3 eV


