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Gravitationally bound Bose condensates with rotation
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We develop a self-consistent, gravitoelectromagnetic (GEM) formulation of a slowly rotating, self-
gravitating, and dilute Bose-Einstein condensate (BEC), intended for astrophysical applications in the
context of dark matter halos. GEM self-consistently incorporates the effects of frame dragging to lowest
order in v/c via the gravitomagnetic field. BEC dark matter has attracted attention as an alternative to cold
dark matter and warm dark matter for some time now. The BEC is described by the Gross-Pitaevskii-
Poisson equation with an arbitrary potential allowing for either attractive or repulsive interactions. Owing
to the difficulty in obtaining exact solutions to the GEM equations of motion without drastic
approximations, we employ the variational method to examine the conditions under which rotating
condensates, stable against gravitational collapse, may form in models with attractive and repulsive quartic
interactions. We also describe the approximate dynamics of an imploding and rotating condensate by
employing a collective coordinate description in terms of the condensate radius.
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I. INTRODUCTION

The standard (ACDM) model for the matter-energy
distribution of the universe posits that the universe consists
primarily of a cosmological constant (A) plus cold dark
matter (CDM). It has been fairly successful on scales larger
than the typical galactic scale (250 kpc) but appears to
make predictions that are somewhat inconsistent with
observations on smaller scales (<50 kpc). In this model,
only about 4% of the matter-energy budget of the universe
is ordinary baryonic matter as we know it, 22% is non-
baryonic dark matter (DM) and the rest is a mysterious
form of energy [dark energy (DE)], which appears to be
reasonably well described by a positive cosmological
constant [1-3]. The model has provided a useful framework
for understanding structure formation via density fluctua-
tions and has had some success in explaining the power
spectrum of the mass fluctuations in the cosmic microwave
background (CMB) radiation [4-6], the large scale struc-
ture [7,8], and the large scale structure of DM halos [9-11].
On smaller scales, however, numerical simulations [12—15]
predict unobserved cusps in the central dark matter density
profiles of galactic halos. On the contrary, observations of
rotation curves prefer cored distribution profiles, i.e.,
having a nearly constant DM density near the center
[16-19]. Furthermore, because of the hierarchical growth
of structure in the CMB models, they predict an excess of
low mass subhalos within the galaxy as well as an excess of
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massive subhalos, capable of being bright enough to be
observed as satellite galaxies [20-26]. Other problems also
indicate that the ACDM model may be in need of tuning:
for example, pure disk (bulge free) galaxies cannot be
simulated in this model [27,28] and some anomalies
between the CMB mass power spectrum obtained by the
Sloan Digital Sky Survey and that predicted by the CDM
paradigm have been found [29].

A proposed alternative to CDM is a light boson whose
mass is small enough that its critical temperature is well
above that of the CMB. This ensures that a significant
fraction of the bosons settle in the ground state and form a
Bose-Einstein condensate (BEC) [30-35]. If the particle
mass is small enough so that its de Broglie wavelength is on
the order of the typical galactic scale (say ~50 kpc),
smaller scale structure will be suppressed while on the
large scale it would be virtually indistinguishable from
CDM [36-47]. Such low masses are not inconceivable,
considering that ultralight bosons (of mass even as low as
~1073 eV) are predicted by multidimensional cosmology
and string theory [48-51]. Larger particle masses lead to
smaller, asteroid sized, stable, BEC structures (one example
is the QCD axion), which, in sufficient numbers, could
form one component of DM [52-68]. Of interest in either
case, but particularly for large halos, is the description of
rotating condensates [69-72].

In this work, we provide a gravitoelectromagnetic
(GEM) description of gravitationally bound, nonrelativis-
tic, rotating BECs. It is not our intention to obtain exact
solutions of the equations of motion. Instead, we analyze
the effects of the rotation by applying the variational
method. The variational method is widely used in the
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study of BECs, in condensed matter physics [73,74] and
was adopted early in the boson star literature (e.g., [43]) as
well, owing to the difficulty in obtaining solutions of the
coupled system of equations.

In Sec. II, beginning with the relativistic Klein-Gordon
field in a weak, axisymmetric gravitational field, we set up
the effective Gross-Pitaevskii-Poisson (GPP) action,
describing a BEC cloud with rotation and including the
gravitational action appropriate to an axisymmetric space-
time in the weak field approximation. In Sec. III, we
describe stable configurations by applying the variational
method with a single Gaussian vortex ansatz appropriate to
rotating BEC clouds. In Sec. IV we examine the problem of
vortex collapse, and in Sec. V we summarize our results.

II. ACTION

As the candidate field for BEC halos is generally taken to
be a light, but not massless, scalar field, we begin with the
action for a complex scalar field in a curved background
spacetime, § = S, + S, where

Sy= = [ dxyalg? (V) (V) + V(D) (1)

and V/(|¢|) is an arbitrary potential, which we take to be of
the form

Vilgl) = +—V (l#1)- 2)

This action is supplemented by the gravitational action

3

So = / & x /=GR, 3)

linearized about flat space, taking g,, = 17, + hy,.

A. The GPP action

In the weak field approximation [75,76], g,, = n,, + hy,
where |h,,| < |n,,|; if we set /=g~ 1+31h, where h =
7" h,, is the trace of h,,, then the scalar field action can be
written as the sum of three terms,

S0 = Sult] = [ @3 S HO0P (9. (V)
V(i) - h“f’(v,,qs)*(vﬂqs)} )

to linear order in /,,. The zeroth order action, Sy[¢)], is the
action in (1), but on a flat background. We will call the trace
term S [/, ¢] and the second correction term S, [/, ¢]. In
the nonrelativistic limit, the field can be described by a
complex wave function y according to

b= h e—imczt/hw’ (5)

V2m

which, at low temperatures, describes a condensed,
N-particle state and will be normalized as [ @*Fly|> = N
in what follows. We will also take the scalar field potential
to be of the form

mc? -
V() =" w2+ V() 0

Expanding the zeroth order action in the nonrelativistic
limit, one finds

/ " / d”[ Y w——|W|2 V()]
(7)

where we have dropped terms quadratic in y/c, using the
fact that, in the nonrelativistic approximation, the differ-
ence between the total energy and the rest mass energy is
supposed to be small. In the same approximation,

0= [t [ @] Sy T = 219w - o]
(8)
Assuming the gravitational field is weak (|h| < 1), this

term may therefore be dropped, as also the last term in the
expansion of S, [/, ¢),

SZ [haﬁa ¢]
- / (V) (V)

N / d*x[h"| PP + h (Vi + Vi ) + hiV 19V ;)]
< [ar [ @rlzmesneiye+ A i = V).
o)

If we call A" = —A?/c?, h'" = —2®/c*, then this correc-
tion term looks like

S hap. @] z/dt/d3?[—m<l>G|y/|2—J-A], (10)

where @ is the gravitational potential energy (to be
obtained from the Einstein equations) and

h o
Ji :%‘/’*vﬂl’ (11)

is the scalar current. Putting everything together, the
nonrelativistic, weak field GPP action for the scalar field is
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Sy~ /d“{ WVW——|VW|2

—mPglp|> —J-Al. (12)

= V(jwl)

The third term in the action above represents the self-
interaction of the nonrelativistic field, the fourth term
represents its interaction with the gravitational field, and
the last term is the gravitomagnetic term, which incorpo-
rates frame dragging.

The nonrelativistic action may be put in a more sugges-
tive form if we define A, = (—®g, A;) and the “covariant”
derivative

im
Then,

ih *<—> ih * 2 * 2
By Dy =Ly Vo + ma, ly| *w Vo - m®g|y|

2 2 2
(14)

and

h? . h? )
—— (D) (D) = —— Vw2 =J-A 15

o (D) (D) = =2 |V (15)
upon dropping terms that are quadratic in the gravitational
field. Thus our action reads

ih ~
WN/w[wDM——wmszn,aw

so, in the weak field limit, the interaction of the scalar field
with the gravitational field has the (well-known) form of an
“electromagnetic” coupling.

B. The gravitational action

Turning to the gravitational part of the action, we first
examine the Einstein equations of motion to determine the
general form of the metric. It is convenient to work in

. . 7 1
the harmonic gauge, c}eﬁnlng h,, = h,, —5n,h and
imposing the condition h,,* = 0. The Einstein tensor is

G, = %Df_zﬂu, and Einstein’s equations are
- 162G
Uh,, = a T,. (17)

The gauge condition, }_l,w‘” =0, tells us that the stress
tensor is conserved on a flat background, so T, is to be
evaluated for the field on a flat background,

T/uz = vy¢*vu¢ + vl/¢*vﬂ¢ + ”Im/[" (18)

In the nonrelativistic limit, keeping only leading order
terms, we find

T, ~mc
Tti ~ C2Jl',
T;;=0. (19)

This shows that we can take }_z,»j =0. In this case,
h=—h=—h,/c* If we take h, = —4®;, then h =

4®;/c* and h, = —2®;. The remaining metric coeffi-
cients are

- 1 - 20 -
hij = h; —zﬂi/h = —751‘/, hi=h;=-A; (20

and the line element,

ds> = 2(1 4+ 2®g/c?)dr* + 2A,dtdx’
— (1= 2@/ c?)5,dx' v, (21)

is subject to the gauge conditions,

4<I>G

1.
C 2

hy* = hy#* =—A;=0. (22)
C

7t

-V.-A=0,

in

In the nonrelativistic limit, we may ignore the term ®¢/c2,
so our gauge conditions become Ai =0=V-A
To set up the total action it is convenient to compare the
line element in (21) to the standard line element of
Arnowitt, Deser, and Misner [77]
ds* = N*dr* — Ndtdx' — y;;dx'dx/ (23)
and write the bulk Lagrangian for the gravitational field in
terms of the lapse function, N, the shift, N;, the first
fundamental form, y;;, the intrinsic curvature scalar of
spatial hypersurfaces, )R, and the extrinsic curvature (of

spatial hypersurfaces), K,

_ AN
%7 162G

V7R + KK — K], (24)

where K is the trace of K;;. This gives us the lapse, shift,
and first fundamental form, respectively, in linear approxi-

mation,
D
~c|ll+—],
c( + c2>
Ni — —Al‘,
20
Yij = 6y <1 - —ZG> (25)

C

from which we find the intrinsic curvature of the spatial
hypersurfaces up to second order
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4 2
CR = 2 V2o, + i 3(V®g)? + 8D V2Ds]  (26)

and, up to first order, the extrinsic curvature

1 1 f,'j
[7ij = VN = ZV(ZA' =

Kij = D=2

Y (27)

where we have defined f;; = V;A ;). In this approximation,
the trace of the extrinsic curvature K =n'K; j» vanishes by
virtue of the gauge condition. After some algebra, we find
the gravitational action

2
S :ﬂ/dz/d37<—(vq>c)2+%f,~,f‘f), (28)

where = (82G)~!. The resulting total effective action,
s= [an [ @Sy T -1 19wP - W)
ﬂ 2
- mbly = 1A= P62+ 1] 29

now allows us to use the nonlinear Schrédinger equation to
describe large scale structure, so long as w(t,7) is inter-
preted as a Schrodinger field, normalized to the particle
number, as mentioned earlier.

C. Equations of motion
Extremizing the action in (29) with respect to variations
in y and employing the gauge conditions gives the non-
linear Schrodinger equation for v,

_ n? i
ihDy = =5V + m®gy + V'(jyw,  (30)

where D, = (V, — A'V,) is the transport derivative, which
takes into account frame dragging due to the rotation.
Likewise, varying A; and @ give

g . 162G .
V= VAl = — —J! (31)
(employing the gauge condition) and
V2@, = 4zGmly|?, (32)
up to first order. These are readily solved by
5 N t,
Ds(F) = —471'Gm/d3 ’%,
_.  8xiGh (7 V t,
A7) =5 /d* 2 |ﬁ) l{’|( RINES)
c rF—

respectively.

It is often useful to treat the BEC as a superfluid. We now
consider the hydrodynamic analogy by employing the
Madelung transformation [78] to rewrite Eq. (30).
Setting [34,43,79]

w(t,7) = Vu(t,7)elSt), (34)

where v is the number density of particles and S is the real
action. By comparing the real and imaginary parts of the
Schrodinger equation for y we find

D+ — (VI/ VS +1V2S) =
h 2 e _
D,S + m (VS)* + 5 <I>G + 7 Vi(v) + Q) =0, (35)
where Q is the “quantum potential”
n [V Vv
Q‘IZP7‘§<y>} (36)

If we introduce the velocity field, u = AVS/m, then the

first of the above equations,
Dv+ V- (vu) =0, (37)

has the form of a continuity equation. The second can also
be put in an interesting form: write it as
1 ) 1,
Viu—-V(A-u) +§V(u) +Vo; +V EV (v)
1A%
A7y

m

=0 (38)

and notice that u is irrotational, so V,u; = V,u; implying

that V(u?) = 2(u - V)u. Likewise, V;(A - u) = (A - V)u; +

u;V;A;, and therefore

D,ui—ﬁ—(u‘V)ui:—EVP V(DG+MJVA V,-Q,
(39)

where mv represents the mass density of the BEC and P is
the pressure given by

V.P =V, V'(v). (40)

This is the general form of the equation of state. For
example, for quartic interactions, V(v) = ﬁyZ we find [34]

4

P = 77 (41)
Thus, not surprisingly, a repulsive interaction (1 > 0) leads
to a positive pressure and an attractive interaction (4 < 0)
to a negative pressure. The effect of frame dragging is
contained in the transport derivative, D,. In terms of the
particle density and real action, the gravitational potential
and shift are given by
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v(t,7)

>

@;(7) = —4ﬂGm/d3_" o7

1671'Gm/d37,1/(t,|7’)u,»(t, 7’)’ (42)

e F—7

9

Ai(F) = -

respectively.

III. STABLE CONFIGURATIONS

(Meta)stable, rotating BEC configurations may be
obtained by extremizing the total energy of the system,
which, according to (29), will be given by

H—/d37h—2|v 24+ V(y)) + 2yl |2+1J A
= 5V wl) + 5 @alyl +5 :
(43)

Introducing a length parameter, R, a general ansatz for y/(7)
representing a rotating condensate in spherical coordinates
would be

=w Z Fu(r/R)Y (6. ¢)e™,  (44)

k>|1|=0.1....

w(t,7)

where w is a normalization, u is the nonrelativistic
chemical potential associated with the BEC, k, [ are
integers, —k <1 <k, Fy(r/R) are real functions of r,
and Y,; are the spherical harmonics. In what follows,
we will treat Fy;(r/R) as a variational function. Here
R is a variational parameter. We hold the particle number
and the total angular momentum fixed in the variational
computation.

A. The total energy

For simplicity, we will analyze the situation when all
particles are in the k = 1 = [ eigenstate of angular momen-
tum; i.e., we take

The procedure below can be extended to arbitrary angular
momentum states. The normalization condition gives

3N
— 46
87[R3 C22 ( )

where N is the number of bosons in the BEC and
Cy = [ dEEPF?(£). To find an expression for ®g, we
use the expansion of the Green function in spherical
harmonics with vanishing boundary conditions at the origin
and at infinity,

1 Lo,
7 — ?|_4”221+1 i1 V(0

0. ¢")Y1n(0.9). (47)

and find

3GmN
2C»R

2R [r/R ©
x {3 [— / di* F2 () + / drsz(ﬂ)}
rJo r/R

1
1—
+15( 3cos%6)

R3/V/R r> [wdp
x |~ din*F? +/ —F? ]}
[r3 am (n) W (n)

(48)

D;(r,0) = —

Now from (33) it follows that only A, survives (in this
stationary state), and

4h
Ay(r,0) = —= ®g(r,0). (49)
mc

Putting these results into (43), and taking, for simplicity,

_ - quartic interactions of arbitrary sign, V(|y|) = 2 |w|*, we
w(t,7) = wF(r/R) sinfe'?e'™". (45) " find the four terms in the total energy to be )
!
__ e ® et pn 2
Hi(R) = e [T aseree +2r ),
2 2 1
Hy( )—m/dfé F*().
G 2N2 o] & 00 00
Ho(R) = —2;?7 [asre [fawro + [T aere [Tanro
SdE o (6 i l/°°42/°°@2
35 | [Camro) 15 [Taere [T,
:’aflzGN2 0 ( ¢ ™ ™
AR =S| [“E @ [faerw+ [T aere [T ane). (50)
c*C3,R ¢ 0 0 £
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where £ = r/R is a dimensionless variable. The second
term in the integral in the expression for the kinetic energy,
H, represents the contribution of the azimuthal motion of
the condensate. Hg and H, are the contributions of the
gravitational field. These expressions may be put into
simpler form in terms of the coefficients

c, = ood mEn(EY,
» A e P (E)
B, = /000 dgg"F™ (§),

o0 13
Dy = /0 dEEmF2(E) /) dnF2 (1),
Amn - \/0‘oo dfngz(g) /500 dm/lan(’/I) (51)

We find
H(R) = Hy(R) + Hg(R) + Hy(R) + H,(R)

Gm?*N? 1

= —T% (DIZ + Ay + 52 75 (D_14 + A4,—1))
2mR2C22
3IN2C,,  3GRN?
D_ Aot ). 52
207R°C, | PRCY, (D_12 + Ao1) (52)

H(R) does not include the rest mass energy, Nmc?, of the
condensate, and the total energy can be written as
E(R)~ Nmc*+ H(R). If Hg(R) is the binding energy
per particle, then E(R) = N|mc? — Hg(R)|.
fore identify |Hz(R)| = |H(R)|/N. In fact, using previous
results [63], let us define the dimensionless parameters p

and n by
A M, (132
| | N = n_zf’ <_> ¢ , (53)

hc m c \/m

where M, = \/hc/G is the Planck mass. Then the binding
energy per unit mass may be given as

R_

H e [A B C
Hip) = — — 4= , 54
O = =T o T Y
where
1
A=-— ZC%Z D12+A21+25( ut+Asy) ),
1/B
B=— By +2Cyn .
2 Cy
3C,, 343
C= A D_ A . (55
n(se0) gty g D+ ) (59

The coefficient A characterizes the contribution of the
gravitational potential energy to the total energy and is
negative, and B represents the contribution of the kinetic
energy of the bosons. The effects of the rotation are
contained in a contribution to the kinetic energy through
the coefficient Cyp, in B and in the last term in the
expression for C, which combines the contributions of
the scalar potential and frame dragging. This term is
proportional to 3n/b?, where b is a dimensionless param-
eter, b* = |A|cM3/h?, characterizing the strength of the
self-interactions.

B. Minimum energy configuration

The extrema of H in (54) are readily found to be given by

B 3C
=— — 56

assuming it is real, i.e., provided that B> > 3|A||C| when
C < 0. In what follows, we set

A = an,

C=qn (q%ﬂgnu)), (57)

where the parameters a, g, and d are obtained from the
constants defined in (55), viz.,

1 1
a= 2C <D12 + Ay + ¢ 75 (D_14 +A4,_1)),
_3Cy
© 407C3,
3
d= CT(D—lz + Aor)- (58)

22

The first, a, characterizes the strength of the gravitational
interaction; the second, ¢, characterizes the strength of the
self-interaction; and the last, d, the effect of the frame
dragging. In terms of these, the dimensionless equilibrium

radius is
14+ 4/1+ 3lalg +sgn(d) |n*|.  (59)
B? b2

For it to exist, we must require the quantity under the
radical to be non-negative. If the kinetic energy of the
bosons is ignored, as in the Thomas-Fermi approximation,
B approaches zero and the equilibrium radius approaches a
constant independent of the number of particles. In the
absence of rotation (d = 0) this equilibrium is possible only
for repulsive self-interactions. If one does not ignore the

peqzw
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kinetic energy of the bosons, then the equilibrium radius
decreases with increasing n.

When C > 0 an absolute minimum of the energy exists,
as the interactions together with the rotations are able to
stabilize the condensate. When C < 0 only attractive
interactions are permitted and the energy of the system
is unbounded from below, but we have found a local
minimum in (59), not an absolute minimum, of the energy.
This local minimum exists only when the number of
particles is below a certain critical value, n., which will
be determined below. It is important to discuss the validity
of this solution.

There are three criteria that it must satisfy in order to be
self-consistent, the first two arising from the GEM approxi-
mation. First, the de Broglie wavelength of the bosons
should be much larger than their Compton wavelength to
ignore special relativistic corrections. Second, the size of the
condensate at the minimum has to be much greater than the
Schwarzschild radius of the corresponding mass, to justify
not using general relativistic corrections. The impact of these
two conditions on the range of the parameters is determined
below, and the conditions are satisfied by the examples we
give. When the energy is unbounded from below (in the case
C <0, 4 <0), the local minimum we have found could be
unstable. This can be avoided if additional stabilizing terms
exist in the effective potential (as is the case for QCD axions,
where the effective potential is given by the Bessel function
Jo [63]). Irrespective of whether there is a stabilization term,
the configuration at the local minimum could be a viable
state, provided it has a lifetime greater than the age of the
universe. This would occur if the probability of tunneling out
of it is sufficiently small. The lifetime of metastable BECs
formed by bosonic atoms with attractive interactions, con-
fined by a harmonic trap, was estimated using instanton
methods in [80,81]. One can use similar techniques to
compute the lifetimes of gravitationally bound BEC systems
against tunneling out of the metastable local minimum state.
The result is that the tunneling rate behaves approximately as
~exp(—2NJ/h), where N is the number of particles and J is
the Wentzel-Kramers-Brillouin expression for the exponent
of the tunneling rate. In the case of an astrophysical BEC, the
number of particles is very large (N ~ 10°8-10'%) and the
Wentzel-Kramers-Brillouin expression, J, is not vanishingly
small unless the fraction f = n/n. is commensurately close
to unity. Thus so long as f < 1 the lifetime of the metastable
state grows exponentially with the particle number.

1.C>0

If C > 0, there is an absolute minimum of the energy and

either A > 0 or
d
A <0 and b<\/:. (60)
q

For attractive self-interactions (4 < 0), rotation provides a
stabilization mechanism. In the absence of rotation (d = 0),
C > 0 is possible only for repulsive interactions.

So long as C > 0, the number of particles, n, and the
interaction strength, b, are limited only by the GEM
approximation. As mentioned, we obtain a criterion for
the validity of the nonrelativistic approximation by requir-
ing that the de Broglie wavelength of the bosons, A4z, is
much larger than the Compton wavelength, Ac. As the de
Broglie wavelength is roughly the typical size of the
condensate, which is on the order of the scale factor, R,
for a BEC and, from (53), Req ~ bpegAc, it follows that the

condition for the nonrelativistic approximation to hold is
bpeq > 1. (61)

To justify not including higher order general relativistic
effects one also wants a stable configuration whose
equilibrium radius is much larger than the Schwarzschild
radius, pg = 2n/b?, so requiring that pg < Peq» We find

b [3q [4B+3d def
N e iy 2. = 2
n<y / |a|\/ 3 + b*sgn(d) = ng,  (62)

which places an upper limit on the particle number for any
given value of b.

It will be seen from (61) and (62) that, for attractive
self-interactions, the weak gravity approximation holds
only for condensates with small n because b is bounded
from above according to (60). On the contrary, there
is no such restriction on n for repulsive interactions as b
can be arbitrarily large [52]. As mentioned, in this case (59)
represents an absolute minimum of the energy. Increasing
the particle number, n, also increases the strength of the
gravitational attraction; therefore the radius of the system
decreases with increasing n. In the limit of large n
(repulsive self-interactions) the system approaches the
equilibrium radius,

pw—1/%<£+l>. (63)

2.C<0

If C <0, the energy is not bounded from below, but
there is a local minimum of the energy. This case is only

possible when
d
A<0 and b>4/-. (64)
q

The condition for the validity of the nonrelativistic approxi-
mation is (61), the same as in the case C > 0 above. As b
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can be arbitrarily large, this condition can always be
verified. The energy is not bounded from below, but a
local minimum exists provided that there is an upper limit

on the number n,
B d \~1/2
<1 ) .. (65)

ns—m—(1-—3
V/3lalg il

This therefore defines a critical number of particles above
which there is no metastable configuration. The local
equilibrium radius, which can now be written as

2
1+ 1—”—2], (66)

C

B

peq:W

continues to decrease with increasing n, so the smallest
metastable condensate size occurs for n = n.. The exist-
ence of a minimum size (maximum number of particles) for
the case of negative self-interactions can be understood as
follows: for an equilibrium solution it is necessary for the
inward gravitational and self-interaction pressures to be
balanced by the outward quantum pressure. This condition
was used in [72] to estimate the mass and radius of a
nonrotating axion drop. They found an upper bound on the
drop mass (as previously determined by Chavanis [43]) as
well as the virial relation between the radius and mass of an
object supported against gravity by pressure.

Finally, to consistently ignore general relativistic cor-
rections, we ask that n. is small enough so that the
equilibrium radius remains much larger than the
Schwarzschild radius. This gives

B get
<L by|=— = ng, 67
ne 2|a| ng ( )

and p. = B/(|a|n.) is the critical radius.

C. Single vortex ansatz

We can get a rough idea of the size of the rotating
condensates by taking a variational approach [43,64,71,73].
This approach is known to be in good agreement with more
precise (numerical) analyses [30,31,61,63,73,82,83] and
requires some ansatz for the function F(£). We ask for a
trial wave function that behaves as a vortex of width R and
that is continuous everywhere. As a trial wave function, it is
not required to be a solution of the equations of motion.
Continuity at the origin suggests that, as £ approaches zero,
F(¢) should behave as &/, where [ > 1. We therefore take

F(§) =&/, (68)

so that the wave function in cylindrical coordinates has the
form

w(C, ) = e EHDNR it (69)

where { is the cylindrical radius. The gravitational potential
becomes

p

+re"2/R2 1+3R2 ” 1+R2
—— |z +—-5)cos20 —=+—5,]|,
V7R 2 47 2 4r?

and we find

D;(r,0) = _GmN [(1 +§(1 - 3c052¢9)> erf(r/R)

23
o 30v2n
5
B=",
4
1
9= 3/2°
16V2n
5 2

applying (55) and (58).
When C > 0, the conditions for the validity of the GEM
approximation are (61) and (62),

4.09b 168
bpeq = T9 1+ \/1 +4.66 x 1073 <? + sgn(l)) nzl
> 1,
14
ns 01400 e brsen(2) > 1. (72)
n n

These conditions can be met by small condensates with
attractive interactions and a suitably limited value of b
(b < 12.9). For repulsive interactions there is no upper
limit on b and large condensates are possible. The shaded
regions in Figs. 1 and 2 represent the portion of the
parameter space satisfying these conditions for the case
of attractive interactions (Fig. 1) and repulsive interactions
(Fig. 2). In each case, the trustworthy portion of the
parameter space is limited by the second inequality in (72).

When C < 0 only a metastable state may exist. The
critical (maximum possible) number of bosons is

168\ ~1/2

and the minimum possible equilibrium radius is given by
the limit as n — n,,

168

Pe = Peq(n = ne) = 0.279¢/1 — o (74)
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FIG. 1. The shaded region represents the possible values of the
parameters 7 and b in (72) for which bpq ~ ng/n > 10* for the
case C > 0 and 1 < 0. Here b is required to be < 12.9.

The two conditions (61) and (67) for the validity of the
GEM approximation can therefore be stated as

bp. > 1,

1.43b
s _ > 1. (75)
nC nC

207|"'|"'|"'|"'|"'|7

O 1 n n n 1 n
0 20000

40000

60000
b

80000

100000

FIG. 2. The shaded region represents the possible values of the
parameters n and b in (72) for which bp, > 10* and ng/n > 10
for the case C > 0 and A > 0. Here there is no limit on b.

As there is no upper limit on b, they are readily met so long
as b is sufficiently large. In addition, to ensure a large
lifetime, the actual mass of the BEC cannot be too close to
its maximum mass; i.e., the fraction f = n/n. should not
be too close to unity.

The parameters 7. and p,. of the BEC cloud are uniquely
determined by the size of the self-interaction, b, so the
length scale, R, and the total mass, M = mN, depend only
on the strength of the self-interaction and the particle mass.

D. Asteroid vs galaxy size halos

As an example, we consider the condensates formed by
particles of mass and interaction strength typical of the
QCD axion, m ~ 107 ¢V and b ~2 x 107, where the
axion decay constant is taken to be roughly f,/M, ~ 5 x

1073(£)*2. QCD axions have attractive interactions, and

the size of b indicates that we are considering the case
C < 0. From (53) we find that

n. (M, \?2
N, =-[—2) ~1.10 x 10%, 76
16 (76)
with a total mass of M, = mN, = 1.95 x 10'° kg. We also
find the critical length scale associated with the ball,

R. = bp, <i> ~ 5.6 x 106i. (77)
mc mc
The Compton wavelength of the 10~ eV boson is about
0.02 m, which gives the radius as about R. =~ 110 km. The
radius inside of which about 99.9% of the matter is
confined, denoted by Rgg, is roughly 3.5 times this radius,
so we find Rgg ~ 385 km.

Continuing with attractive self-interactions and assum-
ing that b > 10%, BEq. (65) suggests that we take the
maximum (critical) size to be approximately independent
of b. Then p,. ~ 1/n, is also approximately independent of
b, and the dependence of M, and R. on m and b is simple.
Using (53) one finds that the particle mass and interaction
strength required to produce a desired value of R, and M,
are given by

BhM? BcM2R,
me | ———"t—, br | —2L— (78)
la|cM R, 3ghM,

Taking Rgg ~ 50 kpc, and a mass of roughly 3 times that of
the visible galaxy, M. ~ 10** kg, we find mc*> ~ 107> eV
and b ~ 10*. The condensate continues to be nonrelativ-
istic, satisfying the condition bp. > 1, with a total angular
momentum of L = NAa ~ 10%7 Js, which is comparable to
that of the luminous matter [84]. For the vortex wave
function in (68), however, the gravitational force in the
equatorial plane, F = —V®g|,_, , is outward directed up
to a distance of about 0.609R (see Fig. 3). This can be
attributed to the shape of the density profile which vanishes
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FIG. 3. Gravitational acceleration in the equatorial plane due to
the vortex BEC.

at the center and increases until about 0.707R as one moves
outward in the equatorial plane before falling off, all the
while decaying exponentially perpendicular to the equato-
rial plane. For stable orbits to exist within this distance from
the center, the region must be dominated by ordinary
(baryonic) matter. This can be used to set the scale for
the wave function. For example, there is good evidence via
near-infrared and optical photometry [85-87] to suggest
that the Milky Way is dominated by ordinary baryonic
matter up to about 6-8 kpc from the center, which is
roughly the location of our solar system. This implies that
R, ~ 10-13 kpc, which gives Rgg ~ 35-50 kpc. On the
other hand, for r > R the gravitational force obeys the
usual inverse square law.

A straightforward analysis of circular orbits within the
BEC on the equatorial plane at r > 0.609R shows that the
tangential speed may be given as the sum of two con-
tributions,

hd
FCD/G + m s (79)

P =+
where the prime refers to a derivative with respect to r. The
first is due to the gravitational force, and the second
represents the effect of frame dragging. The latter is,
however, negligible compared with the contribution due
to the gravitational force. In the interior, r < 0.609R, the
expression for the tangential speeds will be the same, but
the first term will be significantly modified by the baryonic
matter, which we assume dominates. However, the con-
tribution from the BEC cloud due to frame dragging
persists and may get significant near the center as it
depends only on the depth of the gravitational potential
well and not its gradient.

IV. VORTEX OSCILLATIONS

To describe the approximate dynamics of an imploding
BEC, we employ a collective coordinate description in
terms of the condensate radius [73,80,81,88], taking

(t.7) N "W singe S0, (30)
T) =4 |—————e 20 e 2 ,
v 2R R(1)

where R(7) and T'(¢) represent two independent variables
characterizing the dynamics of the imploding cloud.
Instead of proceeding via the Madelung equations, it is
more expedient to obtain the action of the condensate (29)
as a functional of these two variables and vary this action to
obtain equations of motion for R() and I'(z).

Applying (42) and integrating by parts, the action (29)
can be expressed as

s=/m/w7ﬂw3w—ﬁwwtvwm
2 ™ om
1

1
- gmelyf = 37-4]

5 . 5h%
=— Zm(R*T 4+ I'2R2
/dt[N<4m( + )+4mR2>

+N2(i{5\/§Gh2+ A }_23Gm2
RY| 3c? 16v27%2)  30v2zR

2 2R 4 2R
88Gm _499Gm )] (81)

25¢%\/n 50c2\/2n

The time dependence in (80) implies that the radial
component of the shift, A,, is no longer vanishing, as it
was in the stationary case, and contributes to the equations
of motion. Varying with respect to I'(¢) we find

125¢2\/zR(1)

1) = (1152 — 499v/2)GmN + 125\/7c*R(1)

(82)

It is better to work with the dimensionless variables
defined in (53), in terms of which I'(r) may be
expressed as

p1)
() = . (83)
plo) + SR

Inserting this into the equation of motion for the con-
densate, IL/OR(t) = 0, yields

n2

) p -
P+W—F(P)’ (84)

where

m2C4 Pl P2 P'; P4

Fp)=——7F|5+5+—+—= (85)
o2

and u, P;, P,, P; and P,, are the dimensionless

coefficients
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5z »
M 1s2-499v2n"
2
P, = 3n ’
75V 2xb*
b 23(576\/2 — 499)n* — 93757b>
i 93757b° ’
b 3n(—sgn(4)25v/2b% + 16(-384 + 83v/2)x)
i 20007326 ’
(sgn(4)3b* 4 1607)(576+/2 — 499)n?
P,=- 53 . (86)
500072b

The first integral of the motion is easily given as

L/ pwp ., /ﬂ P'EQp)
Z(HP N ap ) 87
2<1+ﬂp>p g N (87)

so we may identify E with the total energy of the system,

Hp
o = 88
m ff(p) <1 n yp) ( )
with its effective mass, and
r P F(p')
Ve = — dp/ ——= 89
i (p) H / P 1+ up ( )

with the effective potential energy. Direct integration
reveals that

Vett = —5—= | —+— +— 90
eff 5fl2b4 P+P2 ﬂ3 ( )

2m?c* [A B C ]

where A, B, and C are given (55), (57), and (71), which
confirms that equilibrium (p = 0) is achieved according to
the conditions laid out in Sec. Il C. We will now consider
the dynamical collapse of a rotating BEC that begins at a
radius larger than the equilibrium radius.

The equilibrium energy, E,, can be determined from the
equilibrium radius, E.q = V(peq). In terms of the rescaled
time and energy,

2m2C4 1/2 5h2b4
= [—— t E=|—=]E, 91
! (5h2b4) <2m2c4) G
the rescaled form of (87),

%meff(p) <%> ’ + Vere(p) = €, (92)

has the general solution

e [Py | e
R Qe S

5y
pe

where

+

Veff (p) =

S e
=a

A solution beginning with a total energy £ > Vg(peq) Will
collapse and will oscillate about the local minimum of
Veir(p), provided that £ < V.. (in the case of attractive
self-interactions).

BEC clouds with repulsive self-interactions always
admit a global minimum of the energy functional. This
is because the repulsive interactions in combination with
the quantum pressure ensures that the potential energy
grows without bound as p — 0 (see Fig. 4). There is
therefore no limit to the size of the condensate apart from
the requirement that the equilibrium radius is larger than the
Schwarzschild radius. However, if we consider a halo of
mass M ~ 10*> kg made of condensed bosons of mass
energy mc” ~ 107> eV and b ~ 10*, we find n ~ 37.5 and
Peq * 0409 (bpeq ~ 4 x 10° > 1). Figure 5 represents a
numerical integration of (84) with these conditions if the
halo is assumed to begin with zero initial velocity at
p(0) = 3pq, and it shows the collapse rebounce and
subsequent oscillation of the cloud about equilibrium.
The cloud collapses in 7= 0.76 or approximately 2.5
billion years.

We have seen that there is no local minimum with a
positive p for clouds with attractive self-interactions unless
the number of bosons is below some critical value, n,
which is determined by the strength of the interactions. One
can understand this as saying that beyond n, the attractive
interparticle energy is sufficient to overcome the quantum

5h? bt
2m? ¢* Ver
150 -

1

1

1
1
\

100

50|

_50f

FIG. 4. The effective potential for a rotating BEC with repulsive
interactions as a function of radius, p, for various values of n. We
have taken b = 10*. The bottom-most curve represents n = 140,
the uppermost n = 20. All curves admit global minima.
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FIG. 5. Collapse and rebounce for a rotating BEC with
repulsive interactions beginning at p(0) = 3peq With zero initial
velocity. We have taken n = 37.5 and b = 10*. The dashed line is
the equilibrium value of p.

pressure and the condensate implodes. When a local
minimum exists, the equilibrium radius, p., depends on
the actual number of bosons, n, present (see Fig. 6). The
equilibrium energy E.q = V(p.q) and also depends on the
number of bosons. For an example, we have taken b = 10*
and n/n. = 0.8 (peq = 0.583, bpey~ 6% 103> 1) and
integrated (84) to obtain a snapshot of the collapse process
beginning at p(0) = 3pq with p(0) = 0 (see Fig. 7). As is
to be expected because of the negative pressure and
weakened gravitational field, the collapse of the halo is
extremely slow, taking on the order of 10 billion years to
cross equilibrium.

The first integral of the motion (87) allows us to
determine the frequency of small oscillations about equi-
librium. They occur with characteristic period

5h bt
2

FIG. 6. The effective potential for a rotating BEC with
attractive interactions as a function of radius, p, for various
values of f = n/n.. We have taken b = 10*. The bottom-most
curve represents f =1, the uppermost f = 0.5. The local
minimum is shallow as f — 1 and becomes deeper as f
decreases.

1 " " " " 1 1

1 2 3 4

FIG.7. Collapse and rebounce of a rotating BEC with attractive
self-interactions beginning at p = 3p.q with p(0) = 0. We have
taken f = n/n, = 0.8 and b = 10*. The dashed line indicates the
equilibrium radius.

5
I \/ "'jfff q; . (94)
eff eq

This gives approximately 1.3 billion years for repulsive self-
interactions with the above parameters and roughly 4 times
longer for attractive self-interactions. This discrepancy is to
be expected as the contribution to the BEC pressure from
repulsive interactions strengthens the gravitational attraction
and weakens it when the interactions are negative.

V. SUMMARY

While the standard CDM paradigm for DM does well on
very large scales, few of its predictions on scales less that
~50 kpc have been successful. Chief among these are the
absence of DM cusps at the centers of galaxies and the
absence of an abundance of low mass and massive subhalos
predicted by the model. It is therefore worthwhile to
analyze alternative models that behave like CDM on large
scales but are more in keeping with observations on smaller
scales. One such model proposes that at least a component
of DM may consist of ultralight condensed bosons.

We have analyzed a model for gravitationally bound
BEC dark matter vortices based on the Gross-Pitaevskii
equation with quartic interactions, taking into account the
effects of rotation. To include rotation, we introduced an
axisymmetric background differing only weakly from flat
space. By analyzing the weak field Einstein equations in the
harmonic gauge, we determined the form of the metric and
set up the nonrelativistic action for the combined matter and
gravitational fields. From this action we determined the
equations governing the system and analyzed the criteria
for stability.

In order to get a better feeling for stable configurations of
the BEC, we used the variational approach. With a standard
Gaussian vortex ansatz for the trial wave function, in which
the BEC halo is assumed to have a radial dependence of
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r/R, we obtained estimates for small and large conden-
sates. The number of bosons in the condensate and its size
depend only on the mass of the bosons and the strength of
the self-interactions. As in the case of nonrotating BECs,
two distinct cases arise with the vortex ansatz as well.
When the self-interactions are attractive, a local minimum
of the effective potential energy is present only when the
number of bosons in the cloud is below a certain critical
value. There is also a local maximum of the effective
potential energy. If the number of particles exceeds the
upper limit or when the total energy is greater than the
maximum of the potential energy, it appears that the cloud
would collapse into a black hole. However, one cannot be
sure of this outcome due to the nonrelativistic, linear
approximation used in this paper. Harko [89], Levkov et al.
[65], and Eby et al. [90] have proposed, in an alternative
scenario, that as the central density grows and exceeds a
certain critical value, a fraction of the bosons will get
expelled from the condensate, which will then stabilize.
When the interaction strength is large enough, we obtained
a simple relation between the critical (maximum) mass and
the critical (minimum) radius of the cloud on the one hand
and the mass and the coupling strength of the bosons on the
other. Even in the nonrelativistic limit examined here, no
such upper limit on the number of bosons (except the
Schwarzschild limit) is apparent when the self-interactions
are repulsive. In this case, there is always a global
minimum of the effective potential energy.

For example, we considered attractive interactions, input-
ting the values of the interaction strength, b ~ 107, and mass,
m~ 107 eV, for the QCD axion. We obtained stable
condensates approximately 400 km in radius having a mass
of approximately 10'° kg. On the other hand, for sufficiently
light bosons it is possible to achieve BECs of galactic size.
We found that taking the boson mass m ~ 107>* ¢V along
with an interaction strength of b ~ 10* yielded a cloud with
an outer radius (the radius within which 99% of the matter is
contained) of roughly 50 kpc. Because of the density profile
of a vortex, the gravitational field due to the BEC inside
the core is outward directed up to a distance of about 17% of
the outer radius. In this example, the central region is roughly
6-8 kpc in radius and dominated by ordinary (baryonic)
matter, with the BEC taking over the gross gravitational
dynamics beyond this distance.

We also analyzed the dynamics of rotating BECs by
considering time dependent wave functions. The time
dependence was introduced by employing a collective
coordinate description in terms of the condensate radius,
R = R(t). Equations for the evolution of R(r) were
obtained from an effective action, achieved by integrating
the action for the combined BEC and gravitational field.
The choice of the trial wave function is not unique of
course, and the extent to which the results obtained with
different trial wave functions differ qualitatively from one
another is a topic for future investigation. In our ansatz
there is just one free parameter and the system is one
dimensional. The Poisson equations can be solved exactly,
and the gravitational potentials of the halo can be evaluated
in analytical form. The motion of the condensate then
becomes analogous to the motion of a single particle of
variable mass in an effective potential. In an ansatz with
multiple parameters one may expect multiple coupled
equations, which could be considerably more difficult to
solve. We showed from the dynamics that the equilibrium
conditions are identical to the ones obtained earlier in the
static case. Moreover, in both the attractive and the
repulsive cases, collapse from a diffuse state into the
equilibrium state is a process that takes billions of years.
We have also examined the time scale for small oscillations
about equilibrium and found it to be, not surprisingly, on
the same order of magnitude.

There are several aspects of this description that have not
been addressed in this work. For one, our model does not
include a microscopic mechanism for varying the number
of particles in the condensate, so we cannot say what
happens, for example, if a BEC near its critical mass is
immersed in a cloud of free bosons. Again, our model does
not include damping, so a BEC will oscillate about its
equilibrium radius essentially forever. We will consider
damped BEC models in a future work. It would also be
interesting to examine what happens when several types of
BECs or even a single boson with multiple accessible states
share a single gravitational well.

ACKNOWLEDGMENTS

L.C.R. W. thanks J. Eby, M. Leembruggen, M. Ma, and
P. Suranyi for discussions.

[1] A.G. Riess et al., Astron. J. 116, 1009 (1998).

[2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999).

[3] D.J. Eisenstein et al., Astrophys. J. 633, 560 (2005).

[4] E. Komatsu et al., Astrophys. J. Suppl. Ser. 192, 18 (2011).

[5]1 G. Hinshaw et al, Astrophys. J. Suppl. Ser. 208, 19
(2013).

[6] P.A.R. Ade et al. (Planck Collaboration),
Astrophys. 594, A13 (2016).

[7] A. G. Sanchez et al., Mon. Not. R. Astron. Soc. 425, 415
(2012).

[8] L. Anderson et al., Mon. Not. R. Astron. Soc. 427, 3435
(2012).

Astron.

103022-13


https://doi.org/10.1086/300499
https://doi.org/10.1086/307221
https://doi.org/10.1086/466512
https://doi.org/10.1088/0067-0049/192/2/18
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1111/j.1365-2966.2012.21502.x
https://doi.org/10.1111/j.1365-2966.2012.21502.x
https://doi.org/10.1111/j.1365-2966.2012.22066.x
https://doi.org/10.1111/j.1365-2966.2012.22066.x

SARKAR, VAZ, and WIJEWARDHANA

PHYS. REV. D 97, 103022 (2018)

[9] M. G. Walker, M. Mateo, E. W. Olszewski, J. Pefarrubia,
N.W. Evans, and G. Gilmore, Astrophys. J. 704, 1274
(2009).

[10] A. Vikhlinin et al., Astrophys. J. 692, 1033 (2009).

[11] A.B. Newman, T. Treu, R. S. Ellis, D.J. Sand, C. Nipoti, J.
Richard, and E. Jullo, Astrophys. J. 765, 24 (2013).

[12] J. Dubinski and R.G. Carlberg, Astrophys. J. 378, 496
(1991).

[13] R. A. Flores and J. R. Primack, Astropys. J. 427, L1 (1994).

[14] B. Moore, Nature (London) 370, 629 (1994).

[15] J.F. Navarro, C.S. Frenk, and S.D.M. White,
Astrophysical J. 490, 493 (1997).

[16] G. Gentile, C. Tonini, and P. Salucci, Astron. Astrophys.
467, 925 (2007).

[17] S.-H. Oh, W. J. G. de Blok, F. Walter, E. Brinks, and R. C. J.
Kennicutt, Astron. J. 136, 2761 (2008).

[18] E. Donato, G. Gentile, P. Salucci, C.F. Martins, M. 1.
Wilkinson, G. Gilmore, E.K. Grebel, A. Koch, and R.
Wyse, Mon. Not. R. Astron. Soc. 397, 1169 (2009).

[19] F. Nesti and P. Salucci, J. Cosmol. Astropart. Phys. 07
(2013) 016.

[20] A. Klypin, A.V. Kravtsov, O Valenzuela, and F. Prada,
Astrophysical J. 522, 82 (1999).

[21] B. Moore, S. Ghigna, F. Governato, G. Lake, T. Quinn, J.
Stadel, and P. Tozzi, Astrophys. J. 524, 1.19 (1999).

[22] V. Springel, J. Wang, M. Vogelsberger, A. Ludlow, A.
Jenkins, A. Helmi, J. F. Navarro, C. S. Frenk, and S. D. M.
White, Mon. Not. R. Astron. Soc. 391, 1685 (2008).

[23] M. Boylan-Kolchin, V. Springel, S.D.M. White, A.
Jenkins, and G. Lemson, Mon. Not. R. Astron. Soc. 398,
1150 (2009).

[24] M. Boylan-Kolchin, J.S. Bullock, and M. Kaplinghat,
Mon. Not. R. Astron. Soc. 415, L40 (2011).

[25] C.S. Frenk and S.D.M. White, Ann. Phys. (Berlin) 524,
507 (2012).

[26] D. H. Weinberg, J. S. Bullock, F. Governato, R. K. de Naray,
and A. H. G. Peter, Proc. Natl. Acad. Sci. U.S.A. 112, 12249
(2015).

[27] J. Kormendy, N. Drory, R. Bender, and M. E. Cornell,
Astrophys. J. 723, 54 (2010).

[28] F. Governato et al., Nature (London) 463, 203 (2010).

[29] J.S. Bullock and M. Boylan-Kolchin, Annu. Rev. Astron.
Astrophys. 55, 343 (2017).

[30] D.J. Kaup, Phys. Rev. 172, 1331 (1968).

[31] R. Ruffini and S. Bonazzola, Phys. Rev. 187, 1767 (1969).

[32] W. Thirring, Phys. Lett. 127B, 27 (1983).

[33] G. Ingrosso, M. Merafina, and R. Ruffini, Nuovo Cimento
105, 977 (1990).

[34] C. G. Boehmer and T. Harko, J. Cosmol. Astropart. Phys. 06
(2007) 025.

[35] J.D. Breit, S. Gupta, and A. Zaks, Phys. Lett. 140B, 329
(1984).

[36] M. S. Turner, Phys. Rev. D 28, 1243 (1983).

[37] W.H. Press, B.S. Ryden, and D.N. Spergel, Phys. Rev.
Lett. 64, 1084 (1990).

[38] S.-J. Sin, Phys. Rev. D 50, 3650 (1994).

[39] W. Hu, R. Barkana, and A. Gruzinov, Phys. Rev. Lett. 85,
1158 (2000).

[40] J. Goodman, New Astron. 5, 103 (2000).

[41] P.J. E. Peebles, Astrophys. J. 534, L127 (2000).

[42] L. Amendola and R. Barbieri, Phys. Lett. B 642, 192
(20006).

[43] P.-H. Chavanis, Phys. Rev. D 84, 043531 (2011).

[44] H.-Y. Schive, T. Chiueh, and T. Broadhurst, Nat. Phys. 10,
496 (2014).

[45] T. Rindler-Daller and P. R. Shapiro, Mod. Phys. Lett. A 29,
1430002 (2014).

[46] B. Li, T. Rindler-Daller, and P. R. Shapiro, Phys. Rev. D 89,
083536 (2014).

[47] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Phys. Rev.
D 95, 043541 (2017).

[48] P. Horava and E. Witten, Nucl. Phys. B460, 506 (1996).

[49] U Giinther and A. Zhuk, Phys. Rev. D 56, 6391 (1997).

[50] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Rev.
D 59, 086004 (1999).

[51] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, Phys. Rev. D 81, 123530 (2010).

[52] M. Colpi, S. L. Shapiro, and I. Wasserman, Phys. Rev. Lett.
57, 2485 (1986).

[53] M. Yu. Khlopov, B. A. Malomed, and Ya.B. Zeldovich,
Mon. Not. R. Astron. Soc. 215, 575 (1985).

[54] Z. G. Berezhiani, A. S. Sakharov, and M. Yu. Khlopov, Sov.
J. Nucl. Phys. 55, 1063 (1992).

[55] A.S. Sakharov and M. Yu. Khlopov, Phys. At. Nucl. 57, 485
(1994).

[56] A.S. Sakharov, D. D. Sokoloff, and M. Yu. Khlopov, Phys.
At. Nucl. 59, 1005 (1996).

[57] M. Yu. Khlopov, A.S. Sakharov, and D.D. Sokoloff,
Nucl. Phys. B, Proc. Suppl. 72, 105 (1999).

[58] S.G. Rubin, A.S. Sakharov, and M. Yu. Khlopov, J. Exp.
Theor. Phys. 92, 921 (2001).

[59] M. Yu. Khlopov, S.G. Rubin, and A.S. Sakharov,
Astropart. Phys. 23, 265 (2005).

[60] M. Yu. Khlopov, Res. Astron. Astrophys. 10, 495 (2010).

[61] J. Barranco and A. Bernal, Phys. Rev. D 83, 043525
(2011).

[62] A.H. Guth, M. P. Hertzberg, and C. Prescod-Weinstein,
Phys. Rev. D 92, 103513 (2015).

[63] J. Eby, P. Suranyi, C. Vaz, and L.C.R. Wijewardhana,
J. High Energy Phys. 03 (2015) 080.

[64] J. Eby, M. Leembruggen, P. Suranyi, and L.C.R.
Wijewardhana, J. High Energy Phys. 12 (2016) 066.

[65] D.G. Levkov, A.G. Panin, and I. 1. Tkachev, Phys. Rev.
Lett. 118, 011301 (2017).

[66] P.-H. Chavanis, arXiv:1710.06268 [Phys. Rev. D (to be
published)].

[67] T. Helfer, D.J. E. Marsh, K. Clough, M. Fairbairn, E. A.
Lim, and R. Becerril, J. Cosmol. Astropart. Phys. 03 (2017)
055.

[68] E.D. Schiappacasse and M.P. Hertzberg, J. Cosmol.
Astropart. Phys. 01 (2018) 037; 03 (2018) EO1.

[69] V. Silveira and C. M. G. de Sousa, Phys. Rev. D 52, 5724
(1995).

[70] M. R. Matthews, B. P. Anderson, P.C. Haljan, D. S. Hall,
C.E. Wieman, and E. A. Cornell, Phys. Rev. Lett. 83, 2498
(1999).

[71] T. Rindler-Daller and P. R. Shapiro, Mon. Not. R. Astron.
Soc. 422, 135 (2012).

[72] S. Davidson and T. Schwetz, Phys. Rev. D 93, 123509
(2016).

103022-14


https://doi.org/10.1088/0004-637X/704/2/1274
https://doi.org/10.1088/0004-637X/704/2/1274
https://doi.org/10.1088/0004-637X/692/2/1033
https://doi.org/10.1088/0004-637X/765/1/24
https://doi.org/10.1086/170451
https://doi.org/10.1086/170451
https://doi.org/10.1086/187350
https://doi.org/10.1038/370629a0
https://doi.org/10.1086/304888
https://doi.org/10.1051/0004-6361:20065539
https://doi.org/10.1051/0004-6361:20065539
https://doi.org/10.1088/0004-6256/136/6/2761
https://doi.org/10.1111/j.1365-2966.2009.15004.x
https://doi.org/10.1088/1475-7516/2013/07/016
https://doi.org/10.1088/1475-7516/2013/07/016
https://doi.org/10.1086/307643
https://doi.org/10.1086/312287
https://doi.org/10.1111/j.1365-2966.2008.14066.x
https://doi.org/10.1111/j.1365-2966.2009.15191.x
https://doi.org/10.1111/j.1365-2966.2009.15191.x
https://doi.org/10.1111/j.1745-3933.2011.01074.x
https://doi.org/10.1002/andp.201200212
https://doi.org/10.1002/andp.201200212
https://doi.org/10.1073/pnas.1308716112
https://doi.org/10.1073/pnas.1308716112
https://doi.org/10.1088/0004-637X/723/1/54
https://doi.org/10.1038/nature08640
https://doi.org/10.1146/annurev-astro-091916-055313
https://doi.org/10.1146/annurev-astro-091916-055313
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1016/0370-2693(83)91623-4
https://doi.org/10.1007/BF02741568
https://doi.org/10.1007/BF02741568
https://doi.org/10.1088/1475-7516/2007/06/025
https://doi.org/10.1088/1475-7516/2007/06/025
https://doi.org/10.1016/0370-2693(84)90764-0
https://doi.org/10.1016/0370-2693(84)90764-0
https://doi.org/10.1103/PhysRevD.28.1243
https://doi.org/10.1103/PhysRevLett.64.1084
https://doi.org/10.1103/PhysRevLett.64.1084
https://doi.org/10.1103/PhysRevD.50.3650
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1016/S1384-1076(00)00015-4
https://doi.org/10.1086/312677
https://doi.org/10.1016/j.physletb.2006.08.069
https://doi.org/10.1016/j.physletb.2006.08.069
https://doi.org/10.1103/PhysRevD.84.043531
https://doi.org/10.1038/nphys2996
https://doi.org/10.1038/nphys2996
https://doi.org/10.1142/S021773231430002X
https://doi.org/10.1142/S021773231430002X
https://doi.org/10.1103/PhysRevD.89.083536
https://doi.org/10.1103/PhysRevD.89.083536
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1016/0550-3213(95)00621-4
https://doi.org/10.1103/PhysRevD.56.6391
https://doi.org/10.1103/PhysRevD.59.086004
https://doi.org/10.1103/PhysRevD.59.086004
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevLett.57.2485
https://doi.org/10.1103/PhysRevLett.57.2485
https://doi.org/10.1093/mnras/215.4.575
https://doi.org/10.1016/S0920-5632(98)00511-8
https://doi.org/10.1134/1.1385631
https://doi.org/10.1134/1.1385631
https://doi.org/10.1016/j.astropartphys.2004.12.002
https://doi.org/10.1088/1674-4527/10/6/001
https://doi.org/10.1103/PhysRevD.83.043525
https://doi.org/10.1103/PhysRevD.83.043525
https://doi.org/10.1103/PhysRevD.92.103513
https://doi.org/10.1007/JHEP03(2015)080
https://doi.org/10.1007/JHEP12(2016)066
https://doi.org/10.1103/PhysRevLett.118.011301
https://doi.org/10.1103/PhysRevLett.118.011301
http://arXiv.org/abs/1710.06268
http://arXiv.org/abs/1710.06268
https://doi.org/10.1088/1475-7516/2017/03/055
https://doi.org/10.1088/1475-7516/2017/03/055
https://doi.org/10.1088/1475-7516/2018/01/037
https://doi.org/10.1088/1475-7516/2018/01/037
https://doi.org/10.1088/1475-7516/2018/03/E01
https://doi.org/10.1103/PhysRevD.52.5724
https://doi.org/10.1103/PhysRevD.52.5724
https://doi.org/10.1103/PhysRevLett.83.2498
https://doi.org/10.1103/PhysRevLett.83.2498
https://doi.org/10.1111/j.1365-2966.2012.20588.x
https://doi.org/10.1111/j.1365-2966.2012.20588.x
https://doi.org/10.1103/PhysRevD.93.123509
https://doi.org/10.1103/PhysRevD.93.123509

GRAVITATIONALLY BOUND BOSE CONDENSATES WITH ...

PHYS. REV. D 97, 103022 (2018)

[73] For example, C.J. Pethick, and H. Smith, Bose-Einstein
Condensation in Dilute Gases (Cambridge University Press,
Cambridge, UK, 2008).

[74] M. Bijlsma and H. T. C. Stoof, Phys. Rev. A 55, 498 (1997).

[75] For example, T. Padmanabhan, Gravitation: Foundations
and Frontiers (Cambridge University Press, Cambridge,
2014).

[76] A. Sudrez and P.-H. Chavanis, J. Phys. Conf. Ser. 654,
012008 (2015).

[77] R. Arnowitt, S. Deser, and C. W. Misner, in Gravitation: An
Introduction to Current Research, edited by L. Witten
(Wiley, New York, 1962).

[78] E. Madelung, Z. Phys. 40, 322 (1927).

[79] P-H. Chavanis, Eur. Phys. J. Plus 132, 248 (2017).

[80] H.T. C. Stoof, J. Stat. Phys. 87, 1353 (1997).

[81] J. A. Freire and D. P. Arovas, Phys. Rev. A 59, 1461 (1999).

[82] P.-H. Chavanis and L. Delfini, Phys. Rev. D 84, 043532
(2011).

[83]1 J. Eby, C. Kouvaris, N.G. Nielsen, and L.C.R.
Wijewardhana, J. High Energy Phys. 02 (2016) 028.

[84] E. Casuso and J. E. Beckman, Mon. Not. R. Astron. Soc.
449, 2910 (2015).

[85] F. locco, M. Pato, and G. Bertone, Phys. Rev. D 92, 084046
(2015).

[86] M. Pato and F. Tocco, Astrophys. J. 803, L3 (2015).

[87] F. Tocco, M. Pato, and G. Bertone, Nat. Phys. 11, 245
(2015).

[88] M. Ueda and A.J. Leggett, Phys. Rev. Lett. 80, 1576
(1998).

[89] T. Harko, Phys. Rev. D 89, 084040 (2014).

[90] J. Eby, M. Ma, P. Suranyi, and L.C.R. Wijewardhana,
J. High Energy Phys. 01 (2018) 066.

103022-15


https://doi.org/10.1103/PhysRevA.55.498
https://doi.org/10.1088/1742-6596/654/1/012008
https://doi.org/10.1088/1742-6596/654/1/012008
https://doi.org/10.1007/BF01400372
https://doi.org/10.1140/epjp/i2017-11544-3
https://doi.org/10.1007/BF02181289
https://doi.org/10.1103/PhysRevA.59.1461
https://doi.org/10.1103/PhysRevD.84.043532
https://doi.org/10.1103/PhysRevD.84.043532
https://doi.org/10.1007/JHEP02(2016)028
https://doi.org/10.1093/mnras/stv549
https://doi.org/10.1093/mnras/stv549
https://doi.org/10.1103/PhysRevD.92.084046
https://doi.org/10.1103/PhysRevD.92.084046
https://doi.org/10.1088/2041-8205/803/1/L3
https://doi.org/10.1038/nphys3237
https://doi.org/10.1038/nphys3237
https://doi.org/10.1103/PhysRevLett.80.1576
https://doi.org/10.1103/PhysRevLett.80.1576
https://doi.org/10.1103/PhysRevD.89.084040
https://doi.org/10.1007/JHEP01(2018)066

