Chapter 6
Self-gravitating Bose-Einstein Condensates

Pierre-Henri Chavanis

Abstract Bose-Einstein condensates play a major role in condensed matter physics.
Recently, it has been suggested that they could play an important role in astro-
physics also. Indeed, dark matter halos could be gigantic quantum objects made of
Bose-Einstein condensates. The pressure arising from the Heisenberg uncertainty
principle or from the repulsive scattering of the bosons could stabilize dark mat-
ter halos against gravitational collapse and lead to smooth core densities instead
of cuspy density profiles in agreement with observations. In order to reproduce the
scales of dark matter halos, the mass of the bosons may range from 10724 eV/c?
to a few eV/c? depending whether they interact or not. At the scale of galaxies,
Newtonian gravity can be used so the evolution of the wave function is governed
by the Gross-Pitaevskii-Poisson system. Self-gravitating Bose-Einstein condensates
have also been proposed to describe boson stars. For these compact objects, one
must use general relativity and couple the Klein-Gordon equation to the Einstein
field equations. In that context, it has been proposed that neutron stars could be
Bose-Einstein condensate stars due to their superfluid core. Indeed, the neutrons
could form Cooper pairs and behave as bosons. In that case, the maximum mass
of the neutron stars depends on the scattering length of the bosons and can be as
large as 2M. This could explain recent observations of neutron stars with a mass
much larger than the Oppenheimer-Volkoff limit of 0.7M, obtained by assuming
that neutron stars are ideal fermion stars. Self-gravitating Bose-Einstein condensates
may also find applications in the physics of black holes. For example, when the scat-
tering length of the bosons is negative, a Newtonian self-gravitating Bose-Einstein
condensate becomes unstable above a critical mass and undergoes a gravitational
collapse leading ultimately to a singularity. On the other hand, stable boson stars
with a positive scattering length could mimic supermassive black holes that reside at
the center of galaxies. Finally, it has been proposed that microscopic quantum black
holes could be Bose-Einstein condensates of gravitons. This contribution discusses
fundamental aspects of the physics of self-gravitating Bose-Einstein condensates
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and considers recent applications in astrophysics, cosmology and black hole physics
with promising perspectives.

Keywords Bose-Einstein condensates + Self-gravitating systems - Dark matter
halos - Quantum black holes

6.1 Introduction

According to contemporary cosmology, the universe is made of about 70 % dark
energy, 25 % dark matter, and 5 % baryonic (visible) matter [1]. Thus, the over-
whelming preponderance of matter and energy in the universe is believed to be dark,
i.e. unobservable by telescopes. The dark energy is responsible for the accelerated
expansion of the universe. Its origin is mysterious and presumably related to the
cosmological constant or to some form of exotic fluid with negative pressure such as
the Chaplygin gas [2]. On the other hand, dark matter is necessary to account for the
observed flat rotation curves of galaxies [3]. Its nature is one of the most important
puzzles in particle physics and cosmology. Many candidates for dark matter have
been proposed, the most popular ones being the axions and the weakly interacting
massive particles (WIMPs) [4].

Dark matter is usually modeled as a cold classical collisionless gas with vanishing
pressure. In the cold dark matter (ACDM) model, primordial density fluctuations are
generated during the inflation and become the seeds of the bottom-up structure for-
mation model. The ACDM model successfully describes the accelerated expansion
of the universe, the temperature fluctuations of the cosmic microwave background
(CMB), and the large-scale structures of the universe [5]. However, it seems to
encounter many problems at the scale of galactic or sub-galactic structures. Indeed,
ACDM simulations [6] lead to ! cuspy density profiles at galactic centers (in the
scales of the order of 1 kpc and smaller) while most rotation curves indicate a smooth
core density [7]. In addition, the predicted number of satellite galaxies around each
galactic halo is far beyond what we see around the Milky Way [8].

These problems might be solved, without altering the virtues of the ACDM model,
if the dark matter is composed of Bose-Einstein condensates (BECs) [9]. The wave
properties of the dark matter may stabilize the system against gravitational collapse
providing halo cores instead of cuspy profiles. The resulting coherent configuration
may be understood as the ground state of some gigantic bosonic atom where the
boson particles are condensed in a single macroscopic quantum state 1 (r). In these
models, the formation of dark matter structures at small scales is suppressed by
quantum mechanics. This property could alleviate the problems of the ACDM model
such as the cusp problem and the missing satellite problem.

Atthe scale of galaxies, the Newtonian approximation is very good so the evolution
of the wave function v (r, 7) is governed by the Gross-Pitaevskii-Poisson (GPP)
system. Using the Madelung [ 10] transformation, the Gross-Pitaevskii (GP) equation
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[11-14] turns out to be equivalent to hydrodynamic (Euler) equations involving an
isotropic pressure due to short-range interactions (scattering) and an anisotropic
quantum pressure arising from the Heisenberg uncertainty principle. At large scales,
quantum effects are negligible and one recovers the classical hydrodynamic equations
of the ACDM model which are remarkably successful in explaining the large-scale
structure of the universe. At small scales, gravitational collapse is prevented by
the repulsive scattering or by the uncertainty principle. Quantum mechanics may
therefore be a way to solve the problems of the ACDM model.

The possibility that dark matter could be in the form of BECs has a long history
(see a short review in [15, 16]). In some works [17-34], it is assumed that the
bosons have no self-interaction. In that case, gravitational collapse is prevented by
the Heisenberg uncertainty principle which is equivalent to a quantum pressure. This
leads to a mass-radius relation MR = 9.95 h>/Gm?. In order to account for the mass
and size of dark matter halos, the mass of the bosons must be extremely small, of the
order of m ~ 107>* eV /c?. Ultralight scalar fields like axions may have such small
masses (multidimensional string theories predict the existence of bosonic particles
down to masses of the order of m ~ 10733eV/c?). This corresponds to “fuzzy
cold dark matter” [23]. In other works [35—48], it is assumed that the bosons have
a repulsive self-interaction measured by the scattering length a > 0. In that case,
gravitational collapse is prevented by the pressure arising from the scattering. In
the Thomas-Fermi (TF) approximation which amounts to neglecting the quantum
pressure, the resulting structure is equivalent to a polytrope of index n = 1. Its radius
is given by R = m(ah?/Gm®)!/?, independent on its mass M. For a ~ 10° fm,
corresponding to the values of the scattering length observed in terrestrial BEC
experiments [49], this gives a boson mass m ~ 1eV/c? much larger than the mass
m ~ 1072*eV/c? required in the absence of self-interaction. This may be more
realistic from a particle physics point of view. The general mass-radius relation of
self-gravitating BECs at T = 0 with arbitrary scattering length, connecting the non-
interacting limit (¢ = 0) to the TF limit (GM? ma/h?> >> 1), has been determined
analytically and numerically in [15, 16].

Since atoms like ’Li have negative scattering lengths in terrestrial BEC
experiments [49], it may be relevant to consider the possibility of self-gravitating
BECs with attractive self-interaction (¢ < 0). In that case, there exist a maximum
mass Mmax = 1.01h/4/]a|Gm = 5.07Mp//TA], where A = 8mwamc/h is the self-
interaction constant and Mp = (fic/G)'/? is the Planck mass, above which the BEC
collapses [15, 16]. In most applications, this mass is extremely small (when |A| ~ 1
itis of the order of the Planck mass Mp = 2.18 x 1078 kg!) so that the collapse of the
BEC is very easily realized in the presence of attractive self-interactions. This may
lead to the formation of supermassive black holes at the center of galaxies. On the
other hand, when the BEC hypothesis is applied in a cosmological context, an attrac-
tive self-interaction can enhance the Jeans instability and accelerate the formation of
structures in the universe [50].

Self-gravitating BECs have also been proposed to describe boson stars [51-73].
For these compact objects, we must use general relativity and couple the
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Klein-Gordon equation to the Einstein field equations. Initially, the study of boson
stars was motivated by the axion field, a pseudo-Nambu-Goldstone boson of the
Peccei-Quinn phase transition that was proposed as a possible solution to the strong
CP problem in QCD. In the early works of Kaup [51] and Ruffini and Bonazzola [52],
it was assumed that the bosons have no self-interaction. This leads to a maximum
mass of boson stars equal to Mg, = O.633M12, /m. Above that mass no equilibrium
configuration exists. In that case, the system collapses to a black hole. This maximum
mass is much smaller than the maximum mass Moy = O.376Mf3, /m? of fermion stars
determined by Oppenheimer and Volkoff [74] in general relativity. They differ by
a factor m/Mp < 1. This is because boson stars are stopped from collapsing by
Heisenberg’s uncertainty principle while for fermion stars gravitational collapse is
avoided by Pauli’s exclusion principle. For m ~ 1GeV/c?, corresponding to the
typical mass of the neutrons, the Kaup mass Mg, ~ 10~ ""M, is very small while
Moy ~ 1Mg. This describes mini boson stars like axion black holes. The mass of
these mini boson stars may be too small to be astrophysically relevant. They could
play a role, however, if they exist in the universe in abundance [53] or if the axion
mass is extraordinary small leading to macroscopic objects with a mass Mgg,, com-
parable to the mass of the sun (or even larger) [71]. For example, axionic boson stars
could account for the mass of MACHOs (between 0.3 and 0.8M,) if the axions have
amassm ~ 10719eV/c? [68]. It has also been proposed that stable boson stars with a
boson mass m ~ 1077 eV /c? could mimic supermassive black holes (M ~ 10°M,
R ~ 107 km) that reside at the center of galaxies [69, 72]. On the other hand,
Colpi et al. [56] assumed that the bosons have a repulsive self-interaction. In the TF
approximation, this leads to a maximum mass Mpax = 0.0612 \/XMEJ / m? which, for
A ~ 1, is of the order of the maximum mass of fermion stars Moy = 0.376M?, /mz.
The self-interaction has the same effect on the bosons as the exclusion principle on
the fermions. It plays the role of an interparticle repulsion (for A > 0) that dominates
over uncertainty pressure and prevents catastrophic gravitational collapse. Therefore,
form ~ 1GeV/c? and A ~ 1, this leads to a maximum mass of the order of the solar
mass Mg, similar to the mass of neutron stars, which is much larger than the maximum
mass Mgqup ~ 107 9y o obtained in the absence of self-interaction (an interpolation
formula giving the maximum mass for any value of the self-interaction constant A
is given in [15]). Therefore, self-interaction can significantly change the physical
dimensions of boson stars, making them much more astrophysically interesting. For
example, stellar mass boson stars could constitute a part of dark matter [56, 68]. On
the other hand, Chavanis and Harko [73] have proposed that, due to the superfluid
properties of the core of neutron stars, the neutrons (fermions) could form Cooper
pairs and behave as bosons of mass 2m,,, where m,, = 0.940 GeV/c2 is the mass
of the neutrons. Therefore, neutron stars could actually be BEC stars! Since the
maximum mass of BEC stars Mmax = 0.0612 v/AM3 /m? = 0.307hc?/a/(Gm)>/?
depends on the self-interaction constant A (or scattering length a), this allows to over-
come the (fixed) maximum mass of neutron stars Moy = 0.376Mg /m? = 0.7M¢
determined by Oppenheimer and Volkoff [74] by modeling a neutron star as an ideal
gas of fermions of mass m,,. By taking a scattering length of the order of 10-20 fm,
we obtain a maximum mass of the order of 2M [73]. This could account for the
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recently observed neutron stars with masses in the range of 2-2.4M much larger
than the Oppenheimer-Volkoff limit. For M > Mp,,x, nothing prevents the gravita-
tional collapse of the star which becomes a black hole. On the other hand, for a boson
mass of the order of m ~ 1MeV /c? and a self-interaction constant A ~ 1 we get
Mmax ~ 106M@ and Rpin ~ 107 km. These parameters are reminiscent of supermas-
sive black holes in active galactic nuclei, so that stable self-interacting boson stars
with m ~ 1 MeV /c? could be an alternative to black holes at the center of galaxies
[67]. Finally, it has been proposed recently that microscopic quantum black holes
could be BECs of gravitons stuck at a critical point [75, 76]. We will show that these
results can be understood easily in terms of the Kaup mass and Kaup radius.

This contribution is organized as follows. In Sect. 6.2 we provide general results
concerning the GPP system describing Newtonian self-gravitating BECs. We specif-
ically consider the non-interacting limit and the TF limit. In Sect. 6.3, we obtain
an analytical approximate expression of the mass-radius relation of Newtonian self-
gravitating BECs with positive or negative scattering length by using a Gaussian
ansatz for the wave function and developing a simple mechanical analogy. In Sect. 6.4,
we consider astrophysical applications of Newtonian self-gravitating BECs to dark
matter halos. Finally, in Sect. 6.5, we consider astrophysical applications of general
relativistic BECs to neutron stars, dark matter stars, supermassive black holes, and
microscopic quantum black holes.

6.2 Self-gravitating Bose-Einstein Condensates

6.2.1 The Gross-Pitaevskii-Poisson System

We consider a system of N bosons with mass m in interaction. At 7 = 0 all the
bosons condense into the same quantum ground state and the system is described by
one order parameter v (r, t) called the condensate wave function.! In the mean-field
approximation, this gas of interacting BECs is governed by the GP equation [11-14]:

2
ihﬂ(r, 1) = —h—Aw(r, t) + m®Py (r, )Y (r, 1), (6.1)
ot 2m
By (1, 1) = / p (', Hu(jr —r'|) dr’, (6.2)
p(r, 1) = Nm|y (x, 1)[%, /W(r, nFdr = 1. (6.3)

I The condensation of the bosons takes place when their thermal (de Broglie) wavelength
rr = Quk? /kaT)l/ 2 exceeds their mean separation [ = n~13 (n is the number density of
the bosons). This leads to the inequality n)\% > lorT < T, where T, = 27 h*n?/3 /mkp is the
critical condensation temperature (up to a numerical proportionality factor).
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Equation (6.3) is the normalization condition, Eq. (6.3) gives the density of the
BECs, Eq. (6.2) determines the associated potential, and Eq. (6.1) determines the
evolution of the wave function. We assume that the potential of interaction can be
written as u = urg + usg where uyg refers to long-range interactions and usg to
short-range interactions. For self-gravitating BECs in the Newtonian approximation,
the long-range potential of interaction is given by u g = —G/|r —r’| where G is the
constant of gravity. We assume that the short-range interaction corresponds to binary
collisions that can be modeled by the effective potential usg = g8(r — r’) where the
coupling constant (or pseudo-potential) g is related to the s-wave scattering length
a through g = 4mah?/m> [49]. For the sake of generality, we allow  to be positive
or negative (a > 0 corresponds to a short-range repulsion and a < 0 corresponds to
a short-range attraction). Under these conditions, the total potential can be written
as @y = @ + h(p) where @ (r, 1) is the gravitational potential that is the solution
of the Poisson equation A® = 47 Gp and h(p) = gp = gNm|yr|? is an effective
potential modeling short-range interactions. Regrouping these results, we obtain the
GPP system

d h? drrah?
i = ay ey + N 2y, (6.4)
ot 2m m
AP = 4w GNm|yr|*. (6.5)

6.2.2 Madelung Transformation

We use the Madelung [10] transformation to rewrite the GP equation (6.4) in the
form of hydrodynamic equations. We write the wavefunction as

Y (r, 1) = A(r, 1)eST/M, (6.6)

where A(r,t) and S(r,t) are real functions. We clearly have A = /|y¥|? and
S = (h/2i) In (Y /™). Following Madelung, we introduce the density and the veloc-
ity fields

1
o = NmA®> = Nm|y|?, u= —VS. (6.7)
m

The flow is irrotational since V x u = 0. Substituting Eq. (6.6) in Eq. (6.4) and
separating real and imaginary parts, we obtain

3
3—’; £V (pu) =0, 6.8)

s 1 dmah?

(VS mb + il p+0 =0, (6.9)

ot 2m m
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where

Q:

A [Ap I(V”)z] (6.10)

gy T aml e 2

is the quantum potential. The first equation is similar to the equation of continuity in
hydrodynamics. It accounts for the conservation of mass M = [ p dr. The second
equation has a form similar to the classical Hamilton-Jacobi equation with an addi-
tional quantum term. It can also be interpreted as a generalized Bernouilli equation
for a potential flow. Taking the gradient of Eq. (6.9), and using the well-known iden-
tity (w- V)u = V(u2/2) —u x (V x u) which reduces to (u - V)u = V(u?/2) for
an irrotational flow, we obtain an equation similar to the Euler equation

ou 1 1

— 4+ @@-Vyu=——Vp-Vo - —-VQ (6.11)
at P m

with a quantum potential Q and a pressure

2rah?
p="F0p (6.12)

m

corresponding to a polytropic equation of state p = Kp!'*t1/" with a polytropic

constant K = 2mwah’/m> and a polytropic index n = 1 (ie. y = 1 + 1/n = 2).
Using the equation of continuity (6.8), we can rewrite Eq. (6.11) as

0
&(pu) 4+ V(ipu®u) = —-Vp —pVd — }%VQ. (6.13)

In conclusion, the GPP system is equivalent to the hydrodynamic equations

ap
™ + V- (pu) =0, (6.14)
ou 1 1
— 4+ @@-Vyu=——Vp-Vd - —-VQ, (6.15)
Jat P m
AP =4rGp. (6.16)

We shall refer to these equations as the quantum Euler-Poisson system. When the
quantum potential can be neglected, we obtain the classical Euler-Poisson system.
The quantum potential (6.10) first appeared in the work of Madelung [10] and was
rediscovered by Bohm [77] (it is sometimes called “the Bohm potential”’). We note
the identity —(1/m)VQ = —(1/p)9;P;; where P;; is the quantum pressure tensor

h? (1
P,‘j = —mp a,»aj 11‘1,0 or P,‘j = m ;31',08]',0 — 5,']'Ap . (6.17)
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These identities show that the quantum potential Q is equivalent to an anisotropic
pressure P;;. By contrast, the potential of short-range interaction /(o) is equivalent to

an isotropic pressure p(p). This pressure is different from a thermodynamic pressure.
In particular, it is negative for an attractive self-interaction (a < 0).

6.2.3 Time-Independent GP Equation

If we consider a wavefunction of the form
Y(r, 1) = Ame /N, (6.18)
we obtain the time-independent GP equation

K2 4 ah?
— —AP(r) + mP(r)p(r) + N
2m

¢ (r)* = E¢(r), (6.19)

a
m
where ¢ (r) = A(r) isreal and p(r) = Nmg?(r). Dividing Eq. (6.19) by ¢ (r), we get

4mah? " A
m<p+%p___~/5:15, (6.20)
m 2m /p

This relation can also be derived from the quantum Hamilton-Jacobi equation (6.9)
by setting § = —FEr. Combined with the Poisson equation (6.5) or (6.16), we obtain
an eigenvalue equation for the wave function ¢ (r), or for the density p(r), where
the eigenvalue is the eigenenergy E. In the following, we shall be interested by the
fundamental eigenmode corresponding to the smallest value of E. For this mode,
the wave function ¢ (r) is spherically symmetric and has no node so that the density
profile decreases monotonically with the distance. The “excited” modes (presenting
nodes or oscillations) are unstable and decay to the ground state.

6.2.4 Hydrostatic Equilibrium

The time-independent solution (6.20) can also be obtained from the quantum Euler
equation since it is equivalent to the GP equation. The steady state of the quantum
Euler equation (6.15), obtained by setting d; = 0 and u = 0, satisfies

i p AJp
\Y Vo — —V|—)=0. 6.21
pP+p oz ( /b ) (6.21)
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This generalizes the usual condition of hydrostatic equilibrium by incorporating
the contribution of the quantum potential. Equation (6.21) describes the balance
between the gravitational attraction, the repulsion due to the quantum potential,
and the repulsion (for a > 0) or the attraction (for a < 0) due to the short-range
interaction (scattering). This equation is equivalent to Eq. (6.20). Indeed, integrating
Eq. (6.21) using Eq. (6.12), we obtain Eq. (6.20) where the eigenenergy E appears as
a constant of integration. On the other hand, combining Eq. (6.21) with the Poisson
equation (6.16), we obtain the fundamental equation of hydrostatic equilibrium for
self-gravitating systems including the quantum potential

P\, M (AP
v (7) Ty (7) _ 4xGp. (6.22)

This equation is actually valid for an arbitrary equation of state p(p) [15]. For the
equation of state (6.12), it becomes

4 ah? h? AJp
- Ap+ A —=) =4nGp. 6.23
PR (ﬁ) nGp (6.23)

Assuming spherical symmetry, this equation can be solved numerically [16] to yield
the density profile p(r) and the mass-radius relation for any value of the scattering
length a. There are two important limits that we discuss in the following.

6.2.5 The Non-interacting Case

In the non-interacting case (@ = p = 0), the condition of hydrostatic equilibrium

(6.21) reduces to
h? A
ove - PPy (AP . (6.24)
2m? JP

This corresponds to the balance between the gravitational attraction and the repul-
sion due to the quantum pressure arising from the Heisenberg uncertainty principle.
Combined with the Poisson equation (6.16), we obtain the differential equation

2 AJDY

This equation has been solved numerically in [16, 18, 52]. The density decays
smoothly to infinity. The radius of the configuration containing 99 % of the mass is
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2

Rgg = 9.95 .
9 GMm?

(6.26)

We note that Rgg = 9.95ap/N where ag = h? / Gm? is the gravitational Bohr radius.

6.2.6 The Thomas-Fermi Approximation

The TF approximation amounts to neglecting the quantum potential in Eq. (6.21).
In that case, Eq. (6.21) reduces to the usual condition of hydrostatic equilibrium

Vp + pV = 0. 6.27)

This corresponds to the balance between the gravitational attraction and the repul-
sion due to the short-range interaction (when a > 0). Combined with the Poisson
equation (6.16), we obtain the fundamental equation of hydrostatic equilibrium for
self-gravitating systems

Vp
—-V. (7) = 47Gp. (6.28)

For the equation of state (6.12), it can be rewritten as

3

A +Gm _
PP =

0. (6.29)
This equation, which is equivalent to the Lane-Emden equation for a polytrope of
index n = 1, can be solved analytically [78]. The density profile is given by the
formula

poR . (mr
p(r) = 2= sin (7) , (6.30)

where pq is the central density and

ah2 1/2

is the radius of the configuration at which the density vanishes (the density has a
compact support) [15, 35, 37, 39, 40]. The radius of a polytrope n = 1 is inde-
pendent on its mass M [78]. The radius containing 99 % of the mass is given by
Rg9 = 0.954R. The central density is determined by the mass according to pp =
TM/4R? = (M [47?) (Gm? /ah2)3/ ?_ Finally, it can be shown that polytropes with
index y > 4/3, including the polytrope y = 2 (n = 1) corresponding to Eq. (6.12),
are nonlinearly dynamically stable with respect to the classical Euler-Poisson system.
Therefore, the density profile (6.30) valid in the TF limit is dynamically stable.



6 Self-gravitating Bose-Einstein Condensates 161

6.2.7 Validity of the Thomas-Fermi Approximation

In the absence of short-range interaction, the structure of the self-gravitating BEC
results from the balance between the gravitational attraction and the quantum pressure
arising from the Heisenberg uncertainty principle. Using dimensional analysis in
Eq. (6.23), i.e. writing i>/m?R* ~ GM /R>, we obtain the length-scale

hZ
Rp=—— 6.32
¢~ GMm? (6:32)
which gives the typical size of a self-gravitating BEC with mass M without short-
range interaction (a = 0).

In the TF approximation, in which the quantum potential is negligible, the struc-
ture of the self-gravitating BEC results from the balance between the gravitational
attraction and the short-range repulsion due to scattering (when a > 0). Using dimen-
sional analysis in Eq. (6.23), i.e. writing (ah?/m3R*)(M /R?) ~ GM/R3, we obtain
the length-scale

2\ 1/2 3 1/2
A
R, = (4 h 1/ (6.33)
Gm3 87 Gmc

which gives the typical size of a self-gravitating BEC with scattering length a > 0
in the TF approximation (we have introduced the self-interaction constant A and the
Compton wavelength ). defined in Appendix 6.7).

Considering Eq. (6.23) again, the quantum pressure and the pressure arising
from the short-range interaction become comparable when (|lalh? /m3R*)(M /R?) ~
2 /m*R*,i.e. N|a|/R ~ 1.Estimating R by Eq. (6.32) or (6.33), this condition can be
rewritten x ~ 1 where we have introduced the important dimensionless parameter

GM’mla| _ |x| GM*> _ x| M?
h? T 87 he 8w M2

X (6.34)

When x > 1, we are in the TF limit in which the quantum potential is negligible. This
corresponds to R, > Rp. In that case, the equilibrium state results from the balance
between gravitational attraction and repulsive scattering (whena > 0). Alternatively,
when x « 1, we are in the non-interacting limit in which scattering is negligible. This
corresponds to R, < Rp. In that case, the equilibrium state results from the balance
between gravitational attraction and quantum pressure. The transition between these
two regimes occurs for x ~ 1. For a given value of the scattering length a, the TF
approximation is valid when M > M, where

om e (Sre) e 3
7 JGmlal — \ GA| ’ '
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and the non-interacting approximation is valid when M <« M. For a given value of
the mass M, the TF approximation is valid when
h? K2 2| he M}
, m> , — =L,
GM?*m GM?|a|” 87 GM?* M2

la| > (6.36)

Remark With the mass M, and the radius R, we can form a density p, =
Ma/Rg = Gm*/a’h?, an energy E, = GMg/Ra = W(Gm)'/?/|a]3/?, and a time
ta = 1//Gps = |a|h/Gm>. In the figures we shall use dimensionless variables
normalized by M,, R,, ps, E,, and t, (for given a). This is equivalent to taking
h =G =m = |a|] = 1 in the dimensional equations of the text.

6.2.8 The Total Energy

The total energy associated with the GPP system (6.4)—(6.5), or equivalently with
the quantum Euler-Poisson system (6.14)—(6.16), can be written as

The first two terms correspond to the total kinetic energy ® = 12_22 i |V |?dr.
Using the Madelung transformation, it can be decomposed into the “classical” kinetic
energy O, and the “quantum” kinetic energy ©¢ defined by

u? 1
o, z/p_dr, ©p = —/,onr. (6.38)
2 m

Substituting Eq. (6.10) in Eq. (6.38), the quantum kinetic energy can be rewritten as

h2
Og = —m/\/ﬁﬂﬁdl‘

R [ (Vp)?

h2
= [ (V/0)dr= — dr. 6.3
2m2/( J/p)“dr a2 ) r (6.39)

This functional was introduced by von Weizsicker [79] and is related to the Fisher
entropy Sr = f (V,o)2 /p dr [80]. The third term in Eq. (6.37) is the internal energy

2wah? 2 2wah? ) 4
U= o podr = - N [ |" dr (6.40)

which is quadratic in p and quartic in v. The fourth term is the gravitational potential
energy of interaction
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W= %/p@b dr. (6.41)

It is shown in Appendix 6.8 that the total energy is conserved: E,ot =0.Asa
result, a minimum of the total energy functional E;,[p, u] at fixed mass determines
a steady state of the quantum Euler-Poisson system (6.14)—(6.16) that is formally
nonlinearly dynamically stable [81]. Writing the variational principle in the form
8E;,s — adM = 0 where « (chemical potential) is a Lagrange multiplier accounting
for the mass constraint, and using the results of Appendix 6.8, we obtain u = 0 and
the steady state equation (6.20) with E = ma. Therefore, the eigenenergy E/m may
be interpreted as a chemical potential «.

Remark Since the stable steady states of the quantum Euler-Poisson system are
minima of energy E;,, at fixed mass, they can be determined by a relaxation method.
Indeed, they can be obtained by solving the quantum Smoluchowski-Poisson (SP)
system (see Eqs. (120)—(121) of [82]) that decreases the energy E;,; at fixed mass
(in this context, the quantum SP system is interpreted as a numerical algorithm).

6.2.9 The Virial Theorem

From the quantum Euler-Poisson system (6.14)—(6.16), we can derive the time-
dependent Virial theorem (see Appendix 6.9):

1.
31 =2(0c +09) +3U +W. (6.42)

where I = f pr2 dr is the moment of inertia. At equilibrium (f = 0, = 0), we
obtain the time-independent Virial theorem

200 43U + W =0. (6.43)

On the other hand, the total energy reduces to E;,; = ©¢ + U + W. Finally, multi-
plying the steady state Eq. (6.20) by p and integrating over the configuration, we
obtain the identity @ +2U+2W = NE. These are exact results valid at equilibrium.

6.3 The Gaussian Ansatz

To obtain the density profile of a self-gravitating BEC and the mass-radius relation,
we have to solve the differential Eq. (6.23) expressing the condition of hydrosta-
tic equilibrium. This can be done numerically [16]. However, we can also obtain
approximate analytical results by using a Gaussian ansatz [15].
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6.3.1 The Total Energy

We shall calculate the energy functional (6.37) by making a Gaussian ansatz

2

M
p(r) = Fme R2 (6.44)

for the density profile. The central density is p(0) = M/ (73/2R3). The radius con-
taining 99 % of the total mass is Ryg = 2.38R. Using Eq. (6.44), the moment of
inertia, the quantum kinetic energy, the internal energy, and the gravitational energy
are given by

5 M 2wah*M? GM?
IZO[MR, @on'm, UZEW’ W=—v

(6.45)

with the coefficients @ = 3/2, 0 = 3/4,¢ = 1/2n)*? and v = 1/4/27.

For a density profile of the form p(r, 1) = (M /R(z‘)3 )f (r/R(¢)) and for a velocity
profile of the form u(r, ) = H(¢)r, the equation of continuity (6.14) implies that
H = R/R. We then find that the classical kinetic energy is given by ®, = %aMRZ.
Regrouping the foregoing expressions, the energy functional (6.37) can be rewritten
as a function of R and R (for a fixed mass M) as

1 dR\?>
E,m:EaM - +V(R) (6.46)
with
M 2wah*M? GM?
V(R):om2R2+§ A VTR (6.47)

Equation (6.46) may be interpreted as the total energy of a fictive particle with mass
aM and position R moving in a potential V(R). The potential V(R) is plotted in
Fig. 6.1 in the different cases considered below.

6.3.2 The Mass-Radius Relation

A stable equilibrium state of the quantum Euler-Poisson system (6.14)—(6.16) is a
minimum of the energy functional E;x[p, u] given by Eq. (6.37) at fixed mass M.
Within the Gaussian ansatz, we are led to determining the minimum of the function
Ei0r (R, R) given by Eq. (6.46) at fixed mass M. Clearly, we must have R = 0, implying
that a minimum of energy at fixed mass is a steady state. Then, we must determine
the minimum of the potential energy V (R). Computing the first derivative of V(R)
and setting V'(R) = 0, we obtain the mass-radius relation
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Fig. 6.1 The potential V(R) of the effective mechanical problem
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This relation may also be obtained from the equilibrium Virial theorem (6.43) by
making the Gaussian ansatz (see Sect. 6.3.3). On the other hand, a critical point
of V(R), satisfying V'(R) = 0, is an energy minimum if, and only if, V”(R) > 0.
Computing the second derivative of V(R) and using the mass-radius relation (6.48),
we get

vGM? 67 Lah?
V'(R) = 1+ —=). 6.49
&) R3 ( ma3R2) (649)
Let us consider asymptotic limits of the mass-radius relation:
(1) In the non-interacting case (¢ = 0), we obtain
20 R 6.50)
v GMm?’ ’

This relation results from the balance between the attractive effect of gravity and the

repulsive effect of the quantum pressure (Heisenberg’s uncertainty principle). This

solution is stable because it is an energy minimum (V”(R) > 0). The radius Rgg

containing 99 % of the mass is Rgg = 8.96 i2/GMm?. This can be compared with

the exact result (6.26) giving RG5"" = 9.95 1?2 /GMm?. The agreement is fairly good.
(ii) In the TF approximation when a > 0, we get

1/2 2\ 1/2
R:(WTg) (%) . (6.51)
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This relation results from the balance between the attractive effect of gravity and
the repulsive effect of the scattering (short-range interactions). This solution is sta-
ble because it is an energy minimum (V”(R) > 0). The radius is independent on
the mass. The radius Rgg containing 99 % of the mass is given by Rog = 4.12(ah?/
Gm?)'/2 This can be compared with the exact result (6.31) giving R§5*" =3.00 (ah?/
Gm>)!/%. The agreement is less good than in the non-interacting case. The reason is
related to the fact that the distribution (6.30) has a compact support so that it is quite
different from a Gaussian.
(iii) In the non-gravitational limit when a < 0, we get

R= s Mlal 6.52)

o m

This relation results from the balance between the attractive effect of the scattering
and the repulsive effect of the quantum pressure. This solution is unstable because
it is an energy maximum (V" (R) < 0). The radius Rgg containing 99 % of the mass
is given by Rgg = 1.90M |a|/m.

We now come back to the general case:

(1) We first consider self-gravitating BECs with repulsive short-range interactions
(a > 0). The mass-radius relation is represented in Fig. 6.2. There exist one, and
only one, solution for each value of the mass and it is stable since, according to Eq.
(6.49), it is an energy minimum (V”(R) > 0); see Fig. 6.1. The radius is a decreasing
function of the mass. For M — 400, the radius R tends to a minimum value Ry,
given by Eq. (6.51). For M — 0, the radius R — 4-o0o with the scaling (6.50). The
TF approximation is valid for M > M,, i.e. R ~ R; ~ R, and the non-interacting
approximation is valid for M <« M, i.e. R > R; ~ Rpin.

150 : ‘ ‘
TF limit
a>0
100 _
=
S
50 4
Ruin Non-interacting limit
0 1 1 1 1 1 L L

0 1 2 3 4 5 6 7 8 9 10

99

Fig. 6.2 Mass-radius relation of self-gravitating BECs with repulsive self-interaction (a > 0).
There is a minimum radius R, corresponding to M — +-o00. All the configurations are stable
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Fig. 6.3 Mass-radius relation of self-gravitating BECs with attractive self-interaction (a < 0).
There is a maximum mass Mp,x corresponding to a critical radius R,. The configurations with
R > R, are stable and the configurations with R < R, are unstable

(i1) We now consider self-gravitating BECs with attractive short-range interactions
(a < 0). The mass-radius relation is represented in Fig. 6.3. There exist a maximum
mass and a corresponding critical radius

Mo = () o () (YT sy,
m T\ 6y VGmla]” "\ v Gm3 ' '

They are related to each other by Mmax = (o//v)7i>/Gm>R,. The approximate val-
ues Mmax = 1.081//Gmla] and Ry = 4.13(lalh?/Gm*)!/? obtained with the
Gaussian ansatz [15] are in fairly good agreement with the exact results ME4¢" =
1.017//Gmla] and (R})*““" = 5.5(|a|h*/Gm?)!/? obtained numerically [16]. For
M > Mpax, there is no equilibrium state (no critical point of energy) and the system
undergoes gravitational collapse (see Fig. 6.4). Since quantum mechanics (Heisen-
berg’s uncertainty principle) cannot arrest gravitational collapse, the self-gravitating
BEC is expected to form a black hole. For M < My, there exist two solutions
with the same mass. However, according to Eq. (6.49), only the solution with the
largest radius R > R, is stable (minimum of energy V”(R) > 0). The other solution
is an unstable maximum of energy (V”(R) < 0); see Fig. 6.1. We can check that the
change of stability (V”(R) = 0) occurs at the turning point of mass (M’(R) = 0)
in agreement with the Poincaré theory of linear series of equilibria and with the
theory of catastrophes (see [15] for more details). On the stable branch, the radius
is a decreasing function of the mass. The non-interacting approximation is valid for
M <K M, ~ Mpyax with R > R, ~ R,. For M — 0, the radius R — +o00 with
the scaling (6.50). For M — Mp,x, the radius R tends to the minimum stable value
R.. On the unstable branch, the radius is an increasing function of the mass. The
non-gravitational approximation is valid for M < M, ~ Mmax With R < R; ~ R,.
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Fig. 6.4 Collapse of a self-gravitating BEC with attractive self-interaction (@ < 0) when M >
Mmax. We have represented the BEC radius R(¢) as a function of time by solving Eq. (6.54) starting

from a configuration with a radius Ry and without velocity (RO = 0). The solution is (2/aM Y2 =

) If(‘;) dR/\/V(Ry) — V(R) (solid line). The collapse generates a finite time singularity, i.e. the radius

vanishes in a finite time. The collapse time 7., is obtained from the foregoing expression by setting
R(teo) = 0 giving (2/aM) ' 210y = gzo dR//V(Ry) — V(R). The solution can then be rewritten
as 2/aM) 2 (teon —1) = [ dR//V(Ro) — V(R). In the figure, we have taken M = 1.2, Ry = 1,
and My.x = 1.08 yielding (2/aM)'?t.,y = 1.69. For t — t..y, the collapse is only driven by
the attractive self-interaction and the radius behaves as R(1) >~ (257 ¢ |a\h2M / am®) V3 (teoy — 1)
(dashed line). This scaling is different from the scaling R(f) o< (fcon — 1)1/2 obtained by directly
solving the non-gravitational GP equation with an attractive self-interaction [83]. Therefore, the
Gaussian ansatz is not qualitatively accurate to describe the collapse of a BEC

For M — 0, the radius R — 0 with the scaling (6.52). However, these configura-
tions are inaccessible since they are dynamically unstable (energy maxima). If the
system is initially placed on the unstable branch (Ry < R.), it can either (i) undergo
gravitational collapse (R(f) — 0), (ii) evaporate (R(f) — 4-o00) if its energy E;
is positive? or (iii) oscillate around the stable equilibrium state with a larger radius
(Rs > Ry) if its energy E;, is negative; see Fig. 6.1. It may also relax towards the
stable equilibrium state with a larger radius (R(f) — Rs > R,) provided that it is
able to dissipate energy, e.g. by radiation or due to some damping. On the other hand,
since the stable states are only metastable (local minima of energy), due to classical
or quantum fluctuations (tunneling effect), the system initially put in a metastable
state may cross the barrier of potential played by the unstable state and ultimately
collapse.

2 Using Eq. (51) of [16] obtained with the Gaussian ansatz, we find that E;,; > 0 when M <
(v/3/2)Mpmax and R < R,//3.
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6.3.3 The Virial Theorem

Using the Gaussian ansatz, the time-dependent Virial theorem (6.42) can be written
after simplification as [15]:
d’R av

This equation describes the motion of a fictive particle with mass «M and position
R in a potential V(R). From Eq. (6.54), we find that the total energy E;,y = O, +
V defined by Eq. (6.46) is conserved: E;; = 0. The equilibrium Virial theorem
(d*R/dr* = 0) returns the mass-radius relation (6.48) obtained from the condition
dV /dR = 0. In this mechanical analogy, a stable equilibrium state corresponds to a
minimum of V(R) as we have previously indicated.

6.3.4 The Pulsation Equation

To study the linear dynamical stability of a steady state of Eq. (6.54), we make a small
perturbation about that state and write R(tf) = R + &(#) where R is the equilibrium
radius and ¢(f) < R is the perturbation. Using V’(R) = 0 and keeping only terms
that are linear in &, we obtain the equation

28
Zpwte=0, (6.55)

where w is a complex pulsation given by
w? = LV”(R) (6.56)
"y, . .

A steady state is linearly stable if, and only if, ®*> > 0; that is to say if, and only

if, it is a (local) minimum of energy V(R). In that case, the system oscillates about

its equilibrium with a pulsation w. Otherwise, the perturbation grows exponentially

rapidly with a growth rate A, = +/—? > 0 (the other mode is damped at a rate

A = —v/—w? < 0). Computing V" (R) from Eq. (6.47), and using Eq. (6.45), we
find that

5 609+ 12U +2W

o= .

1

(6.57)

In the non-interacting case (U = 0), using the Virial theorem (6.43), we get w? =
—W/I. In the TF approximation (09 = 0), using the Virial theorem (6.43), we
obtain w?* = —2W/I. This expression coincides with the Ledoux formula w%e dowx =
(4 — 3y)W/I [84] for a polytrope of index y = 2. Using the Gaussian ansatz,
we obtain v = (\)/oz)l/2t[_)1 = 0.516 tBl in the non-interacting case and w =
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(2\)/05)1/2t51 =0.729 tgl in the TF approximation, where tp = (R3/GM)'/? is the
dynamical time.
From Egs. (6.48), (6.49) and (6.56), we obtain the nice identity

dM 1 m’R3 VIR =
dR 20 h? N

o m*MR3 2
P (6.58)
This identity relates the slope of the mass-radius relation M (R) to the complex pul-
sation w. It first shows that a change of stability (w = 0) occurs at a turning point
of mass (dM /dR = 0). Furthermore, it shows that a branch with a negative slope
(dM /dR < 0)is stable (w* > 0) whereas a branch with a positive slope (dM /dR > 0)
is unstable. This is an illustration of the Poincaré turning point criterion.

6.4 Application of Newtonian Self-gravitating BECs
to Dark Matter Halos

In this section, we apply the model of Newtonian self-gravitating BECs to dark matter
halos. In the numerical applications, we consider a typical dark matter halo of mass
M = 3 x 10"'Mg, radius R = 10kpc = 3.09 x 10*°m, density p = M/R> =
2.02 x 1072* g/cm?, and dynamical time tp = 1//Gp = 27 Myrs.

6.4.1 The Non-interacting Case

In the non-interacting case (a = 0), the typical radius of a self-gravitating BEC is
given by Eq. (6.32). It may be rewritten as

R Mo (1eV/2\*
Ro _gs545 10737 Mo (LeV/T) (6.59)
1 kpc M m

The exact radius of a self-gravitating BEC without self-interaction containing 99 %
of the mass is Rgg = 9.95R. In order to reproduce the typical scales of dark matter
halos, the mass of the bosons must be of the order of m = 1.68 x 10~ eV/c2 [17].
Such an ultralight particle corresponds to “fuzzy cold dark matter” [23].

6.4.2 The Thomas-Fermi Approximation

In the TF approximation, the typical radius of a self-gravitating BEC with a repulsive
self-interaction (a > 0) is given by Eq. (6.33). It may be rewritten as
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Fig. 6.5 Relation between the boson mass m and the self-interaction constant A (solid lines) or
the scattering length a (dashed lines) in order to reproduce the typical scales of dark matter halos,
supermassive black holes, and stellar mass objects (neutron stars, Machos. . .). One can see that the
TF approximation is valid even for very small values of a and X, and that the self-interaction can
considerably increase the required value of the boson mass as discussed in the text

3/2
R, 3¢ a \/2[leV/c
=5.56x 10 , 6.60
1kpc x ( 1 fm) ( m (6.60)

R n (lev/c2\’
o« g | (V) (6.61)
1 kpc 8 m

The exact radius of a self-gravitating BEC with a repulsive self-interaction in the TF
approximation is R = wR,. In order to reproduce the typical scales of dark matter
halos, the mass of the bosons must be of the order of

13 5\ /4
= 1.45 x 102 (L) M _a0s( ) . 662
1 fm leV/c? 8

leV/c?

For a = 10°fm, which corresponds to the typical value of the scattering length
observed in laboratory BEC experiments [49], this gives a mass m = 1.45eV/c?
[40] much larger than in the non-interacting case (see Sect. 6.4.1). The corresponding
value of the self-interaction constant is 1/87 = 7.35 x 1073. Therefore, a self-
interaction A ~ 1 can increase the required value of the boson mass from m ~
107*eV/c? to m ~ 1eV/c? (see Fig. 6.5) which may be more realistic from a
particle physics point of view.

It is important to realize that the radius R of a self-interacting BEC directly
determines the ratio a/m> or A/m*. For a typical dark matter halo, we obtain
m?/a =3.05 x 1070 (eV/c?)3 /fm and m* /A = 23.9 (eV/c?)*. Inversely, the spec-
ification of m and a (or 1) determines the radius of the halo.
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6.4.3 Validity of the Thomas-Fermi Approximation

The TF approximation is valid when M > M, where M, is the characteristic mass
given by Eq. (6.35). It may be rewritten as

M, 1fm\ 2 f1ev/2\'? M
_“:1.54><10—34( m) ( © /C) ., =2 —=1.09x 10738 8—”.
Mg |al m Mo |A]

(6.63)
For a typical dark matter halo, the TF approximation is valid when [15, 16]:
m _gr Ifm  |A] _
> 2.63x 107 —, = 133x107%. 6.64
leV/c? > lal 8 > (6.64)

Therefore, the TF approximation is valid even for an extremely (!) small value of
a or ) fulfilling the condition (6.64). According to Eq. (6.36), this is due to the
smallness of (Mp/M)?. For the values a = 10° fm, m = 1.45eV/c?, and /87 =
7.35 x 1073 considered in [40], the condition (6.64) is fulfilled by more than 90
orders of magnitude so that the TF approximation is perfect. In that case, the density
profile (6.30) is steady and stable. Alternatively, for the values m ~ 1072*eV/c?,
a~ 107%7 fm, and A /8w ~ 10~% considered in [44], the TF approximation is not
valid. This is the reason why the authors of [48] find that the profile (6.30) is not
steady in that case. Indeed, the TF condition on which this profile is based is not
satisfied. Note that the general dark matter halo profile that is the solution of the full
condition of hydrostatic equilibrium (6.21) has been calculated numerically in [16]
for different values of a and m. This calculation does not make any approximation.

6.4.4 The Case of Attractive Self-interactions

For a self-gravitating BEC with an attractive self-interaction (¢ < 0), there exist a
maximum mass Mpax = 1.01M,,. The corresponding radius containing 99 % of the
mass is R;Q = 5.5R,. This can be rewritten as [15, 16]:

MM
Ry = 5.5, M Me, (6.65)

Mp
Mupax = 1.01 ——
| 8T m

Ll’
V 81

If|A| ~ 1the maximum mass is of the order of the Planck mass Mp = 2.18x 10~ 3 kg.
Of course, this is ridiculously small at the scale of dark matter halos meaning that
a self-gravitating BEC with an attractive self-interaction is extremely unstable. The
maximum mass (6.65) becomes of the order of the typical mass of dark matter halos
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for [A|/87 = 1.36 x 107?. The corresponding radius is of the order of the typical
radius of dark matter halos provided that m = 1.26 x 10~>* eV /c?. This corresponds
to a scattering length |a| = 2.13 x 10757 fm.

Let us consider a self-gravitating BEC without self-interaction (A = 0) represent-
ing a typical dark matter halo of mass M = 3 x 10" M. This halo is stable. We
now assume that the bosons have a small attractive self-interaction (A < 0). The halo
becomes unstable when M > Mp,x. Using Eq. (6.65), we find that the dark matter
halo becomes unstable as soon as

1eV/cz  |a
a5 60 % 10~ 1V M 36 10799, (6.66)
1 fm m 8

Therefore, a very small attractive self-interaction can destabilize a dark matter halo.
This shows that no self-interaction (A = 0) is very different from a small self-
interaction (A — 0). For m = 1.68 x 1072*eV/c?, we find that the halo becomes
unstable when |a| > 1.60 x 1077 fm. In that case, it forms a black hole.

In we assume |A| ~ 1, we find that My,x ~ Mp and, consequently, M > M
for dark matter halos. Therefore, we can make the TF approximation and neglect
the effect of the quantum pressure. In that case, the BEC collapses due to the effect
of self-gravity and attractive scattering (see Fig. 6.4). Since quantum mechanics
(Heisenberg’s uncertainty principle) cannot stabilize the BEC against gravitational
collapse, this process can lead to a supermassive black hole (of course, close to
the singularity, the Newtonian approximation is not relevant anymore and we must
use general relativity). For the numerical application, we take a = —10° fm which
corresponds to the typical scattering length of 7 Li atoms in laboratory BEC exper-
iments [49]. We also take a boson mass m = 1.45 eV/c2 as in Sect. 6.4.2. This
gives a self-interaction constant A/87 = —7.35 x 1073, The maximum mass is
Mmax = 1.29 x 10737 M much smaller than the mass M = 3 x 10" M, of dark
matter halos. If we consider a configuration with an initial radius Ry = 10kpc, we
find that the collapse time is of the order of tp ~ 1/(GM /R(3))1/ 2 ~ 27 Myrs. To be
specific, we have taken the parameters of Sect. 6.4.2 by just reverting the sign of a.
Other numerical applications with a total mass M ~ 10°M, of the order of the mass
of supermassive black holes, and a smaller initial radius Ry, could be more relevant.

6.5 Application of General Relativistic BECs to Neutron Stars,
Dark Matter Stars, and Black Holes

The Newtonian approximation is valid when the radius R of a configuration with mass
M is much larger than the Schwarzschild radius Rs = 2GM /¢ or, equivalently, when
M < Rc?/G. This condition can be rewritten as M /M < 0.677R/km. For a typical
dark matter halo, the term in the left hand side is of order 10'! while the term in the
right hand side is of order 10'7. Therefore, this condition is fulfilled by 6 orders of
magnitude so that the Newtonian approximation is very good for dark matter halos.
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By contrast, for compact objects similar to neutron stars for which M ~ 1My and
R ~ 10km (yielding a typical density p ~ M/R> ~ 2 x 10" g/cm? and a dynamical
time tp ~ 1//Gp ~ 107*5s), we must use general relativity.

6.5.1 Non-interacting Boson Stars

In the absence of short-range interaction, the mass-radius relation of a non-relativistic
self-gravitating BEC is given by Eq. (6.26). This relation is valid as long as the
radius is much larger than the Schwarzschild radius Ry = 2GM /c?. Equating the
two relationships, and introducing the Planck mass, we obtain the scaling of the
maximum mass of a relativistic self-gravitating BEC without self-interaction

he M>
M, =—=-L. 6.67
27 Gm m ( )
The exact value of the maximum mass of non-interacting boson stars was determined
by Kaup [51] by solving the Klein-Gordon-Einstein equations. It is given by Mgax =
O.633Mé. The radius R’Q = GM&/C2 corresponding to Eq. (6.67) is

Ry = — = k. (6.68)

It scales as the Compton wavelength of the particles that compose the BEC. More
precisely, the exact minimum radius of non-interacting boson stars containing 95 %
of the mass is given by Rgﬁn = 6.O3R£2 [60]. The maximum mass and the mini-
mum radius are related to each other by Rr%n = 9.53GMI%ax / ¢2. The Newtonian
approximation is valid when M < Mgax and R > Ran.
The typical mass and typical radius of non-interacting boson stars may be rewritten
as
eV/e?  Rg My
eV To g0 (6.69)
km M, o)

Mr

—2 =134 x 10"

Mg
Form ~ 1 GeV /c?, corresponding to the typical mass of the neutrons, the Kaup mass
Mr%ax ~ 1071°Mg ~ 10'! kg and the Kaup radius Rx%in ~ 107" km are very small.
This describes mini boson stars. They have the characteristics of primordial black
holes whose lifetime is of the order of the present age of the universe (~3 billion
years) [85]. These mini boson stars could play a role for dark matter if they exist in
the universe in abundance.

The Kaup mass becomes of the order of the solar mass if the bosons have a mass

m ~ 1071%eV/c? (leading to a Kaup radius of the order of the km). For example,
axionic boson stars could account for the mass of MACHOs (between 0.3 and 0.8M )
if the axions have such a small mass [68].
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For dark matter halos modeled as non-interacting BECs with a boson mass
m ~ 10724eV/c? (see Sect. 6.4.1), we find that M9, ~ 10*Mg much larger
than the typical mass of dark matter halos M ~ 10'' M. Therefore, the Newtonian
approximation can be used for dark matter halos since M < Mgax.

6.5.2 The Thomas-Fermi Approximation for Boson Stars

In the TF approximation, the radius of a non-relativistic self-gravitating BEC with
repulsive self-interaction (a > 0) is given by Eq. (6.31). Itis independent on the mass
M. The Newtonian approximation is valid as long as the radius (6.31) is much larger
than the Schwarzschild radius Ry = 2GM /c*. Equating these two relationships, and
introducing the Planck mass, we obtain the scaling of the maximum mass of a rela-
tivistic self-gravitating BEC with repulsive self-interaction in the TF approximation

> 32 3
yro fieva _J a1 (he\TE [ A My (6.70)
¢ (Gm)3/2 8r m?2 \ G 81 m?

The exact value of the maximum mass of a boson star in the TF approximation was
determined by Colpi et al. [56] by solving the Klein-Gordon-Einstein equations and
by Chavanis and Harko [73] by solving the Tolman-Oppenheimer-Volkoff (TOV)
equation with an appropriate equation of state. It is given by M7 = 0.500M) if
we use a non-relativistic equation of state and by M7, = 0.307M] if we use a
relativistic equation of state [73]. For A ~ 1, the maximum mass of self-interacting
boson stars scales as the Oppenheimer-Volkoff maximum mass M;; /m? of neutron
stars while the Kaup maximum mass of non-interacting boson stars scales as M}Z, /m.
Therefore, in the presence of self-interaction, the maximum mass of a boson star
is much larger than the Kaup mass by a factor Mp/m > 1, so that it becomes
astrophysically relevant.
The radius R}, = GM, /c? corresponding to Eq. (6.70) is given by

e (PN _ (N [, 671)
a— \Gm3 — \8nGm?c V8 m ¢ ’

as in the Newtonian approximation. The exact minimum radius of a relativistic self-
gravitating BEC with repulsive self-interactions in the TF approximation is given by
R . = 1.89R; for a non-relativistic equation of state and by R . = 1.92R] for a
relativistic equation of state [73]. For A ~ 1, the radius of a self-interacting BEC is
much larger than the Compton wavelength since Mp/m > 1. The maximum mass
and the minimum radius are related to each other by R%. = 3.78GM¢, /c* for a
non-relativistic equation of state and by R%. = 6.25GMY,, /c? for a relativistic
equation of state. The Newtonian approximation is valid when M <« M{ .. and
R> R?nin'
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The previous equations may be rewritten as

M a2 (GeV/c2\?

L = 3.6 (g) , (6.72)

o) m
M’ ) v/ie\? R M’
4162,/ — GeV/eTY  Ra _ 9 Ma (6.73)
M@ 87'[ m km M@

For m ~ 1GeV/c?, corresponding to the typical mass of the neutrons, and a ~ 1 fm
corresponding to A ~ 1, the maximum mass M, of self-interacting boson stars is
of the order of the solar mass, and their corresponding radius R? . is of the order of
the kilometer, as in the case of neutron stars. These parameters could describe boson
stars with relevant masses.

We emphasize that the mass M or the radius R of a self-interacting boson star
directly determines the ratio a/m> or A/m*. Taking M = 1 M, we obtain m>/a =
3.35(GeV/c?)3 /fm and m* /1 = 2.61 x 1072 (GeV /c?)* for a non-relativistic equa-
tion of state and m>/a = 1.26 (GeV /c?)?/fm and m* /1 = 9.84 x 1073 (GeV /c?)*
for a relativistic equation of state.

In order to reproduce the typical mass M ~ 1 Mg of neutron stars, the mass of
the bosons must be of the order of

m a \1/3 m A\ V4
M 150 ( ) , =0.900 ( 2 (6.74)
1GeV/c? 1fm 1GeV/c? 8w

for a non-relativistic equation of state and

™ qes (W) m 0.705 ( v 6.75
1GeV/2 (lfm) " 1GeV/2 (g) 675

for a relativistic equation of state. For a ~ 1fm, this gives a mass m ~ 1 GeV/c?
much larger than in the non-interacting case (see Sect. 6.5.1). This corresponds to
a self-interaction constant A ~ 1. Therefore, a self-interaction A ~ 1 can increase
the required value of the boson mass from m ~ 10~10eV/c? to m ~ 1 GeV/c? (see
Fig. 6.5).

For dark matter halos modeled as self-interacting BECs in the TF approximation
with a boson mass m ~ 1eV /c? and a scattering length a ~ 10° fm (see Sect. 6.4.2)
we find that Mg, ~ 10'7 M much larger than the typical mass of dark matter halos
M ~ 10" M. Therefore, the Newtonian approximation can be used for dark matter
halos since M < M{

max-*
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6.5.3 Validity of the Thomas-Fermi Approximation

The TF approximation is valid when M, > M, or R, >> Rj,. It is convenient to
introduce the dimensionless parameter

Cale® Al he M Mj
T Gm 8w Gm? 8w m?’

(6.76)

The TF approximation is valid when A >> 1 and the non-interacting approximation
is valid when A « 1. For a given value of m, the TF approximation is valid when

PR LN G _ 6.77)
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c? 8 ch Mf2,

For a given value of a or A, the TF approximation is valid when

< lalc? « ((PHen G A, 679
ST S \8rg) TVs P '
These conditions may be rewritten as
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Therefore, the TF approximation is valid even for an extremely (!) small value of A
fulfilling the condition (6.79). According to Eq. (6.77), this is due to the smallness
of m? /MIZ,. For the values of a, m, and A given in the previous section, the condition
(6.79) is fulfilled by more than 30 orders of magnitude, so that the TF approximation
is perfect.

6.5.4 An Interpolation Formula Between the Non-interacting
Case and the TF Approximation

The mass-radius relation of a non-relativistic self-gravitating BEC with repulsive
short-range interactions may be approximated by

2
M =995— Gk __ (6.80)
To obtain this expression, we have used Eq. (6.48) based on the Gaussian ansatz
and we have adapted the numerical factors in order to recover the exact results in the
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non-interacting case and in the TF limit (the radius R represents the radius containing
99 % of the mass). In the relativistic regime, equating the radius R with the Schwarz-
schild radius Rs = 2GM /c?, we obtain the following approximate expressions for
the maximum mass and the minimum radius of a relativistic self-gravitating BEC
with repulsive short-range interactions

M2
Mupax = 0.633/1+ 1A=L, Rupin = 6.03/1 + c2 A, (6.81)
m

where (c1,c3) = (0.624,0.0982) for a non-relativistic equation of state and
(c1,c2) = (0.235,0.101) for a relativistic equation of state. Again, the numerical
factors have been adapted in order to recover the exact results in the non-interacting
case and in the TF limit (the radius R represents the radius containing 95 % of
the mass).

When M > M, there is no equilibrium state and the self-gravitating BEC is
expected to collapse and form a black hole. When M < Mp,ax, there exist stable equi-
librium states with R > Rp, that correspond to boson stars for which gravitational
collapse is prevented by quantum mechanics.

6.5.5 Application to Supermassive Black Holes

It has been proposed by certain authors [67, 69, 72] that stable boson stars could
mimic supermassive black holes that reside at the center of galaxies. In the absence
of self-interaction, the mass of the bosons must be of the order of m = 3.25 x
10~7eV/c? in order to reproduce the mass M = 2.61 x 10°Mg of Sgr A* [69].
The corresponding boson star radius is R = 3.68 x 107 km. These ultralight bosons
could appear in very recent phase transitions and belong to the Goldstone sector. For
self-interacting bosons with A ~ 1 the required mass is raised from m ~ 10717 to
m ~ 1 MeV/c? [67] (see Fig. 6.5). More generally, in order to reproduce the typical
mass M ~ 106M@ of supermassive black holes, the mass of the bosons must be of
the order of

_moaso (<) e () 6.82
1MeV/c2 (1fm) " IMeV/e2 (@) (6:82)
for a non relativistic equation of state and
m a \1/3 m A\
— " _0108 (—) " _oq05 (X (6.83)
1 MeV/c? 1 fm 1 MeV/c? 8

for a relativistic equation of state. These intermediate mass bosons could appear
during cosmological evolution (e.g., soft inflationary events). Finally, if the boson
mass is comparable to the Higgs mass (~125 GeV/c?), then the center of the galaxy
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could be a non-topological soliton star [86]. The Higgs particle could be a natural
candidate as constituent of a boson condensation if the phase transition occurred in
early epochs.

Furthermore, it has been shown that boson stars with m = 1.2 x 10710 eV/cz,
M = 2.8 x 10°Mg and A = 20 can mimic the spectrum of an accretion disk
produced by a Schwarzschild black hole with the same mass [72] (while boson stars
with A = 0 show a hardening of the spectrum at high frequencies [87]). Therefore,
it was suggested that boson stars with a small self-interaction can be black hole
candidates [72].

6.5.6 Application to Neutron Stars and Dark Matter Stars

According to the study of Chavanis and Harko [73], the maximum mass and minimum
radius of general relativistic BEC stars in the TF limit are

3/2
Minax _ | g3 (1)1/2 GeV/ENT Rain _ 5 59 Miax (6.84)
o) fm m km M@
for a non-relativistic equation of state and
3/2
Miax _ 1 15 (1)1/2 GeV/\ ™" Riin _ g 5 M (6.85)
o) fm m km M@

for a relativistic equation of state. The mass-radius relation is represented in Fig. 6.6.
It is parameterized by the central density of the star. For a relativistic equation of
state, it has a snail-like structure as in the case of neutron stars modeled by the
ideal Fermi gas [74, 88, 89]. This is because the equation of state becomes linear
(p = pc?/3) in the ultra-relativistic regime (high central densities) [90]. In the non-
relativistic regime (low central densities) we recover the Newtonian radius (6.31)
that corresponds here to a maximum radius. Using the Poincaré theory, or the theory
of catastrophes, one can show that the series of equilibria becomes unstable after the
turning point of mass (M’(R) = 0) so that only configurations with M < Mg, and
R, < R < Rpgax are stable.

Chavanis and Harko [73] have proposed that, due to the superfluid properties of
the core of neutron stars, the neutrons (fermions) could form Cooper pairs and behave
as bosons of mass 2m,,. They can then make a BEC through the BCS/BEC crossover
mechanism. Therefore, neutron stars could actually be BEC stars. Since the maximum
mass of BEC stars M%,, = 0.0612vAM3/m?> = 0.307hc?/a/(Gm)*/* depends
on the self-interaction constant A (or scattering length a), it can be larger than the
Oppenheimer-Volkoff limit Moy = 0.376M?, /m% = 0.7M obtained by assuming
that neutron stars can be modeled as an ideal gas of fermions (the corresponding
radius is R = 9.36 GMov/c2 = 3.52(Mp/my)A, = 9.6km and the corresponding
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Fig. 6.6 Mass-radius relation of general relativistic BEC stars in the TF limit (solid line relativistic
equation of state; dashed line non-relativistic equation of state). The series of equilibria is stable
until the point of maximum mass

density is p = 5 x 10> gecm™3). By taking a scattering length of the order of 10—
20fm (hence A /87w ~ 95.2—190), we obtain a maximum mass of the order of 2M,,
a central density of the order of 1-3x10'3 gcm™3, and a radius in the range of 10—
20km [73]. This could account for the recently observed neutron stars with masses
in the range of 2-2.4M, larger than the Oppenheimer-Volkoff limit.

The general relativistic treatment of BEC stars by Chavanis and Harko [73] can
also be applied straightforwardly to the description of condensate dark matter stars
that may have formed in the primordial universe by Jeans instability. These compact
objects should contain a significant fraction of condensate dark matter in their core
and behave as BEC stars with the critical mass and radius given by Egs. (6.84) and
(6.85) above. When a condensate dark matter star is formed, it may accrete some
material from space [91, 92]. The accretion process may increase the mass of the
condensate star and, if the maximum mass is exceeded, cause the collapse of the
condensate star. This collapse may form black holes from the dark matter star and
have signature in the observations of high redshift long y-ray bursts.

6.5.7 Are Microscopic Quantum Black Holes Bose-Einstein
Condensates of Gravitons?

The Kaup mass (6.67), which is the maximum mass of a stable self-gravitating
BEC resulting from the balance between quantum pressure (Heisenberg’s uncertainty
principle) and gravity in general relativity, scales as M ~ M12> /m. If N denotes
the number of bosons in the BEC, so that M = Nm, we get N ~ Mf,/mz. On
the other hand, the Kaup radius scales as R ~ GM /e ~ GMI%,/mc2 ~ h/mc ~
re ~ (Mp/m)lp where [p = (hG/c*)'/? = 1.62 x 1073 m is the Planck length.
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This corresponds to the “most packed” stable configuration. If we assume that the
BEC remains stuck at the critical point, and if we take the number of bosons N
as the sole characteristic of the BEC, the foregoing relations imply m ~ Mp/~/N,
M ~ \/NMP, and R ~ +/N Ip. If we view microscopic quantum black holes as
BECs of gravitons at a critical point, these scalings agree with those obtained by
Dvali and Gomez [75] and Casadio and Orlandi [76] in a more phenomenological
manner [the Gaussian profile obtained in [76] is also consistent with the Gaussian
ansatz (6.44)]. In that interpretation, m is the effective mass of the gravitons and
N 1is the occupation number of gravitons in the gravitational field, or the number
of internal degrees of freedom of the black hole. For the gravitational interaction
—Gm?/r, the coupling constant scales as o ~ m? /M}Z) ~ 11% /kf ~ 1/N. We note
that these scalings emerge naturally from the expression of the Kaup mass and Kaup
radius, and N simply represents the number of bosons in the BEC. If we argue
that the entropy of the “BEC black hole” scales as Spy ~ kpN (originating from
the exponentially growing with N number of quantum states [75]), we immediately
recover the expression of the Bekenstein entropy Sgy ~ kzRZ/ ll% stating that the
entropy of a black hole scales as its area [93]. Finally, defining the temperature
by the thermodynamical expression d(Mc?) = TdSpp, we obtain the scaling of the
Hawking temperature kgT ~ mc> ~ Mf,cz/M ~ lic3JGM ~ hc/R ~ Mpc?//N ~
kBTp/\/]V where Tp = (FLCS/lezg)l/2 = 1.42 x 1032 K is the Planck temperature.
Inversely, if we define the temperature by kg7 ~ mc?, we can derive from the first law
of thermodynamics d (Mc?*) = TdSgy the black hole entropy Spy ~ N ~ kpR? / l%,.
In summary, we have the scalings

Mp Tp 1

m~ —, M~~NMp, R~ +~Nlp, S~kgN, T~ —, o~ —.

VN VN N
(6.86)

These scalings assume that the BEC remains stuck at the Kaup quantum critical
point. As a result, the effective mass of the gravitons (that are massless) increases as
N decreases (see below). We can also obtain the scalings (6.86) from the maximum
mass (6.70) provided that the self-interaction constant scales as A ~ m? /Mf, ~1/N
(.e. a ~ Ah/mc ~ Gm/c* ~ (m/Mp)lp ~ Ip/~/N) which corresponds to the limit
of validity of the TF approximation. We note that ag = 2Gm/c? is the Schwarzschild
radius of a particle of mass m.

As shown by Dvali and Gomez [75], the Hawking radiation® according to which
black holes lose mass and energy, and the negative specific heat of the black holes*
immediately result from the quantum depletion of the condensates by spontaneous

3 In the semi-classical limit, the radiation of a black hole may be obtained from the Stefan-Boltzmann
law Mc? ~ —AcT* ~ —hc® /G*M? where ¢ ~ kg /c? R is the black body constant and A ~ R?
the black hole area. Using the scalings (6.86), this equation may be rewritten as N~ —1 / (tp~/N)
where tp = (hG/c%)'/? = 5.39 x 10~* s is the Planck time. After integration, we obtain the scaling
of the evaporation time of a black hole T ~ M3G?/hc* ~ N3/?1p.

4 Using E ~ Mc* ~ ke’ /GkpT, we get C = dE/dT ~ —hc” /GkgT? < 0 so that the temperature
increases as the black hole loses mass and energy.
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particle emission. Actually, the arguments of Dvali and Gomez [75] generalize the
semi-classical results of Hawking (N >> 1) to the fully quantum regime (small N).
We note that the mass M ~ \/NM p and the area A ~ R2 ~ Nl%, of a black hole are
quantized since N (occupation number) is an integer [94]. Each transition reduces
the horizon area of a black hole by an integer number of Planck units. For N = 1
(ground state), we get R ~ Ip, M = m ~ Mp, and T ~ Tp leading to Planck-
size black holes (the Schwarzschild radius as = 2Gm/ ¢? is of the order of the
gravitational Bohr radius ap = h? / Gm? ) [76] . These smallest black holes, instead
of conventional Hawking evaporation [85, 95], are either stable (similarly to the
n = 1 orbit of an electron around a proton whose stability is explained by quantum
mechanics) or decay into the light fields in a single quantum jump. The classical limit
is recovered for N > 1. Quantization of the horizons, and the notion of a minimal
length in gravity, may eliminate physical singularities in cosmology (big bang and
big crunch) [96]. Classical singularities may be replaced by a Planck black hole (with
mass Mp and size /p) and the scale factor a(¢) of the universe may become quantized
as we approach the Planck scale. We note that in order to describe the inflationary
era, the early universe viewed as a primordial black hole must gain energy and grow
instead of radiating energy and decay. We therefore require a reversed flux of energy.

6.6 Conclusion

In this contribution, we have discussed some applications of self-gravitating BECs
in astrophysics and their possible relation to black holes. We have exposed their
elementary properties in Newtonian gravity and general relativity. There are many
topics related to self-gravitating BECs that we have not discussed. They concern
for example their formation by Jeans instability [15, 23, 28, 30, 33, 97, 98], their
rotation leading to quantum vortex lattices [45, 99—103], their solitonic behavior
[104-106], their gravitational cooling through emission of scalar field radiation
[60, 65, 107], and their application to cosmology [50, 108—119]. Furthermore, we
have exclusively considered BECs at T = 0 but the case of finite temperature BECs is
also important [116, 120-126]. We refer to [64, 68, 127-136] for additional reviews
on the subject.

An important potential application of self-gravitating BECs concerns the super-
fluid core of neutron stars and the notion of BEC stars [73]. For these compact
objects, general relativity must be used and leads to the existence of a maximum
mass Mmax = 0.0612 VAM3 /m?> = 0.307hc\/a/(Gm)*/? above which no equi-
librium is possible. For M < My, stable BEC stars may describe neutron stars
with a mass larger than the Oppenheimer-Volkoff limit [73]. For M > Mpax, the
BECs should collapse and form stellar mass black holes. The formation of super-
massive black holes is also possible if the BECs have negative scattering lengths
corresponding to attractive short-range interactions. Again, there exist a maximum
mass Myax = 1.012h/4/|a|Gm = 5.07Mp/+/]X] (usually very small) above which
the BECs collapse [15]. On the other hand, stable BEC stars with a small (repulsive)
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self-interaction may mimic supermassive black holes that reside at the center of
galaxies [67, 69, 72]. Finally, the recent idea that black holes are BECs of gravitons
stuck at a critical point [75] is fascinating.

Another application of self-gravitating BECs concerns dark matter halos. For
these gigantic diluted objects, the Newtonian approximation can be used. In that
context, the interest of the BEC model is to avoid the cusp problem and the missing
satellite problem of the ACDM model. Indeed, gravitational collapse is prevented
at small scales by the Heisenberg uncertainty principle or by repulsive short-range
interactions. However, this scenario also encounters some problems. In the non-
interacting case, the mass of the bosons must be extremely small, of the order of
m ~ 107>*eV/c?, in order to reproduce the properties of dark matter halos [17].
The existence of particles with such small masses is not established (but it is not ruled
out neither). On the other hand, for self-interacting BECs in the TF approximation,
the radius of the halo turns out to be independent on the total mass, and fixed by
the properties of the bosons (their mass and scattering length) [40]. This is a major
drawback of the BEC model because it implies that all the halos should have the same
radius (unless the characteristics of the bosons change from halo to halo), which is
clearly not the case. Going beyond the TF approximation does not help because it is
found [15, 16] that the size of the self-gravitating BECs decreases with their mass
while cosmological observations reveal that the size of the halos increases with the
mass. It is possible that the BEC model at 7 = 0 describes only small halos (dwarf
galaxies). In order to describe large halos, finite temperature effects should be taken
into account. Finite temperature effects in the self-gravitating Bose gas have been
studied in [120-122, 125]. In that case, the system has a core-halo structure with a
small condensed core (equivalent to a BEC at T = 0) surrounded by an extended
isothermal classical atmosphere of non-condensed bosons.

Another possible scenario is that dark matter is made of fermions (such as massive
neutrinos) instead of bosons. This model also solves the cusp problem and the missing
satellite problem. In that case, gravitational collapse is prevented at small scales by
the Pauli exclusion principle. As for bosons, it may be necessary to consider the
Fermi gas at finite temperature that displays interesting phase transitions between
gaseous states and condensed states [137]. Originally, the self-gravitating Fermi gas
at finite temperature with neutrino masses in the ~ eV /c? range was proposed as
a model for dark matter halos (e.g. M = 10'2M and R = 100kpc) and clusters
of galaxies [138—140]. Then, it was suggested that degenerate superstars composed
of weakly interacting fermions in the ~ 10keV/c? range could be an alternative
to the supermassive black holes that are reported to exist at the centers of galaxies
(e.g. M = 2.6 x 10°M and R = 18 mpc in our Galaxy) [141-143]. Finally, it was
shown that a weakly interacting fermionic gas at finite temperature could provide a
self-consistent model of dark matter that describes both the center and the halo of the
galaxies [144]. Since the density of a self-gravitating isothermal sphere decreases
as r=2 at large distances, this model is consistent with the flat rotation curves of the
galaxies. On the other hand, since the core is degenerate in the sense of quantum
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mechanics (Pauli exclusion principle), it leads to flat density profiles and avoids the
cusp problem of cold dark matter models. In addition, the gravitational collapse of
fermionic matter leads to a compact object (fermion ball) at the center of the galaxy
that could be an alternative to a central black hole.

One difficulty with the finite temperature self-gravitating Bose and Fermi gases
is to explain how the particles have thermalized and reached a statistical equilib-
rium state. Indeed, the relaxation time of self-gravitating systems is usually very
large, exceeding the age of the universe by many orders of magnitude [1]. To solve
this timescale problem, we have proposed [15] that dark matter should be consid-
ered as a collisionless system (made either of fermions or bosons) described by the
Vlasov-Poisson system and undergoing a form of violent relaxation. This process,
initially introduced by Lynden-Bell [145] in stellar dynamics, leads to a distribu-
tion function similar to the Fermi-Dirac distribution function. In that case, the origin
of the “degeneracy” is due to dynamical constraints (Liouville’s theorem) instead
of quantum mechanics (Pauli’s principle). This theory was initially developed to
describe collisionless stellar systems such as elliptical galaxies. In that case, the
non-degenerate limit may be the most relevant [145]. However, this approach (with
dynamical degeneracy retained) could also apply to dark matter halos [146, 147].
In that case, gravitational collapse is prevented by Lynden-Bell’s type of exclu-
sion principle. Furthermore, this approach provides a much more efficient relaxation
mechanism than the fermionic scenario. Indeed, the violent relaxation of collisionless
systems (leading to the Lynden-Bell statistics) takes place on a few dynamical times
while the collisional relaxation of fermions (leading to the Fermi-Dirac statistics) is
very long and possibly unrealistic. Therefore, it is not clear how the fermions have
thermalized and how they can possess sufficiently high temperatures. By contrast,
the Lynden-Bell theory predicts a high effective temperature (even if 7 = 0 ini-
tially), a 7~2 density profile at large distances consistent with the flat rotation curves
of galaxies, and an effective exclusion principle at short distances that could avoid
the cusp problem and lead to fermion balls mimicking black holes, just as in the
fermionic scenario. These features are remarkably consistent with the observations
of dark matter halos making this alternative scenario very attractive.

In the fermionic and bosonic models, the smooth core density of dark matter
halos is justified by quantum mechanics. However, we would like to emphasize that
a classical self-gravitating isothermal gas (possibly justified by the process of violent
relaxation) also has a smooth core density due to finite temperature effects [148].
Therefore, classical isothermal, or almost isothermal, self-gravitating systems may
be the most relevant description of large dark matter halos while quantum effects (for
bosons or fermions) or Lynden-Bell’s type of degeneracy (for collisionless systems)
may be important only for small halos or in the very inner region of large halos.
These promising ideas will be developed in future works.
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Appendix
6.7 Self-interaction Constant

We define the self-interaction constant by [15]:

=—, (6.87)

A a
8 Ae h

where L. = h/mc is the Compton wavelength of the bosons. This is a dimensionless
parameter measuring the strength of the short-range interactions. It can be written as

A
AR D L (6.88)
8w 1fm 1 GeV/c?

Using this expression, we can express the results in terms of A and m instead of a
and m.

6.8 Conservation of Energy

The total energy associated with the quantum Euler-Poisson system (6.14)—(6.16) is
given by Eq. (6.37). According to Eq. (6.38), we have

2
50, =/u78pdr+/,ou-8udr. (6.89)

On the other hand, using Egs. (6.10) and (6.39), we find that
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Finally, according to Egs. (6.40) and (6.41), we have

A ah?
sU = /pS,odr W = /Q)S,odr (6.91)
m3

Taking the time derivative of the total energy E,,; and using the previous relations,
we get

2 2
. u Q 4mah ap ou
Eior = —+ = D) — - —dr. 6.92
101 /(2+m+ 3 o+ )atdl‘—i-/pll 8tdr (6.92)
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Using the equation of continuity (6.14), integrating by parts, using the Euler equa-

tion (6.15) and the identity (u - V)u = V (u2/2) —u x (V x u), we obtain after
simplification

Eir = / ou- (ux (V xu)) dr. (6.93)

Since u is a potential flow, we have V x u = 0 yielding E,o, = 0. Actually, we note
that this result remains valid even if u is not a potential flow since u- (u x (V xu)) = 0.

6.9 Virial Theorem

In this Appendix, we establish the time-dependent tensorial Virial theorem associated
with the quantum Euler-Poisson system (6.14)—(6.16).

Taking the time derivative of the moment of inertia tensor /;; = [ pxix; dr and
using the equation of continuity (6.14), we obtain after an integration by parts

i,'j = / p(xiuj ~|—xjui) dr. (6.94)
Taking the time derivative of Eq. (6.94), we get
. d . .
Ij = /xig(,ouj) dr + (i < Jj), (6.95)

where 9;(pu;) is given by Eq. (6.13). We need to evaluate four terms. The first term
is

— /xiak(,oujuk) dr = / PUjU; dr. (6.96)
The second term is
ap
— | xiz—dr=4§; | pdr. (6.97)
3x]'
The third term is
0P
— / PXi— dr = Wl',', (6.98)
ax]‘ )

where Wj; is the potential energy tensor. It is a simple matter to show that this tensor
is symmetric: W;; = Wj; [1]. The fourth term is

9
- / 208 e = - / 0Py dr = / P;dr, (6.99)



6 Self-gravitating Bose-Einstein Condensates 187

where Pj; is the quantum pressure tensor defined by Eq. (6.17). Substituting these
results in Eq. (6.95), we obtain the tensorial Virial theorem

1.
51,']' =/pu,-ujdr+/P,-jdr+8,'j/pdr+W,~j. (6.100)

Contracting the indices and using the fact that f Pj; dr = 2@ [this can be obtained

from Eqs. (6.17) and (6.39)] and W;; = — f,or - V@ dr = W [the Virial of the
gravitational force in d = 3 is equal to the potential energy [1]], we obtain

1.
51 =20c+00) + 3/pdr + W, (6.101)

where I = f pr? dr is the moment of inertia. For a steady state (i,j =0andu = 0),
we obtain the equilibrium tensorial Virial theorem

/Pijdr+8,j/pdr+Wij=0 (6.102)
and the scalar Virial theorem
2®Q+3/pdr+W:0. (6.103)

These results are valid for an arbitrary equation of state p(p). For the equation of state
(6.12), using fp dr = U, Egs. (6.101) and (6.103) reduce to Eqgs. (6.42) and (6.43).

6.10 Stress Tensor

The equation of continuity (6.14) may be written as

d
3_/;+v.j:o, (6.104)

where j = pu is the density current. Using Eqgs. (6.6) and (6.7), the density current
can be expressed in terms of the wave function as

. Nh * *
i= En (w Vi — Vi ) . (6.105)
On the other hand, the quantum Euler equation (6.13) may be written as

.
a_Jt — V(pu®u) - Vp— pve — Lvo. (6.106)
m
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Introducing the quantum pressure tensor, we find that the equation for the density

current is given by

dji
Tl = —0;Tjj — p0;P,

where

Tjj = puiuj + pdjj + Pjj

is the stress tensor. Using Eq. (6.17), we have
72
Tij = pujuj + pd;j — mpa,-aj Inp
or, alternatively,

2
4dm 2

2

1
T = pujuj + (P AP) S+ —= am p3,',03jp.

Using Eqgs. (6.6) and (6.7), we find after straightforward algebra that

o1 NK?
I p —0;p0jp = W(xp Y + Yo )W + Y ovT)
and
N#?
puij = — Ww Y — YY) (Y — Your™).
Therefore

"1 Nh2 Ay du*

uiu; +
pUit 4m ax, 0x;

(6.107)

(6.108)

(6.109)

(6.110)

6.111)

(6.112)

(6.113)

Regrouping these results, the stress tensor can be expressed in terms of the wave

function as

m

NR? Ay dy* 2wah? N2
T,»,:—Re(—l/f v )+( — N2yt — A|w|) i

ox; 0x;
Finally, we introduce the density of energy

u2+Q+2nah2 +<D
e=—+— —.
2 m m LT

(6.114)

(6.115)
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Using the equation of continuity (6.14) and the quantum Euler equation (6.15), we
obtain the energy equation

9 pe)+ V- (pew) = —V - (pu) — 2pu- v + L2 L3P (116
—(pe - (peu) = — u) — Spu- - — )
atp p P m ot 2p81

The conservation of energy directly results from this equation. Taking the time deriv-
ative of the total energy E;,; = f pedr, and using Eq. (6.116), we get

. 1 p 00 / 0D
Ewpr = —— Vo d ——dr —d 6.117
tot 2/,011 r+/m 9 2 1Y Y r. ( )

Using the Poisson equation (6.16) and the equation of continuity (6.14), and inte-
grating by parts, we obtain

1 0P 1 oD 1 B
—/p—dr:— Af;b—drz—/t;b—pdr
2 ot 81 G ot 2 ot
1 1
=—§/¢V~(pu)dr=§/pu~vq§dr. (6.118)
On the other hand, using Egs. (6.38) and (6.90), we find that

90 , — [0% ar— [ 0% ar =
/Bt = /Q—d /Q dr /Qatdr_O. (6.119)

Substituting these identities in Eq. (6.117), we obtain Em, =0.

6.11 Lagrangian and Hamiltonian

In this Appendix, we discuss the Lagrangian and Hamiltonian structure of the GP
equation and of the corresponding hydrodynamic equations.
The Lagrangian of the GP equation (6.4) is

Y Nh? 2w ah
L=/[ (w—w—ww)——ww SNy P ”ZLNW]

(6.120)

We can view the Lagrangian (6.120) as a functional of v, v/, and V. The action is
S = [ Ldt. The least action principle §S = 0, which is equivalent to the Lagrange

equations
o0 (6L SL SL
_(__)+v.(—)——=o (6.121)
ot \ 8y sV Sy
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returns the GP equation (6.4). The Hamiltonian is obtained from the transformation

Y O S L A W
H—/ZZN(I// e )dr L (6.122)

ot

leading to

2wah?

2
H:/[ﬂ|vw|2+le|¢|2q>+ — Nyt ] (6.123)
2m 2

Of course, this expression coincides with the total energy (6.37) in the wavefunction
representation. Using the Lagrange equations, one can show that the Hamiltonian is
conserved. On the other hand, the GP equation (6.4) can be written as

Loy 1 8H
Bt Noy+

(6.124)

A stable stationary solution of the GP equation is a minimum of energy under the
normalization condition. Writing the variational principle as SH —aNm [ |/ |>dr =
0 where o is a Lagrange multiplier (chemical potential), we recover the time-
independent GP equation (6.19) with E = am.

Using the Madelung transformation (see Sect. 6.2.2), we can rewrite the
Lagrangian and the Hamiltonian in terms of hydrodynamic variables. According
to Egs. (6.6) and (6.7) we have

s _h 1 oy Y*
or  2iyP (“’ v ) (@12
and
v VS)? h—zv 2 6.126
IV ? = N | PS5 (V) | (6.126)

Substituting these identities in Eq. (6.120) we get

9S 712 V)2 2 h2
L=—/ £_+_( )2 ﬂ—i——p@—i— rd dr. (6.127)
m ot 2m? 0 m3

2

We can view the Lagrangian (6.127) as a functional of S, S‘, VS, p, p,and Vp. The
Lagrange equations for the phase

d (3L)
—(=)+vV
ar \ 88

SL SL
Y P (6.128)
svs)  ss
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return the equation of continuity (6.8). The Lagrange equations for the density

a0 (SL SL SL
—(=)+Vv. (= )-=—=0 (6.129)
at \8p dVp 8p

return the quantum Hamilton-Jacobi (or Bernouilli) equation (6.9) leading to the
quantum Euler equation (6.15). The Hamiltonian is obtained from the transformation

as
H:-/ﬁ—dr—L (6.130)
m 0t
leading to
1 B (Vp)r 1 2mah?
H= [}-pu®+ — —p®d 2t dr. 6.131
/[2pu+8m2 . +2p + m3p]r ( )

Of course, this expression coincides with the total energy (6.37) in the hydrodynami-
cal representation. Using the Lagrange equations, one can show that the Hamiltonian
is conserved.
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