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Quintessential halos around galaxies
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The nature of the dark matter that binds galaxies remains an open question. The favored candidate has so far
been the neutralino. This massive species with evanescent interactions is now in difficulty. It would actually
collapse in dense clumps and would therefore play havoc with the matter it is supposed to shepherd. We focus
here on a massive and noninteracting complex scalar field as an alternate option to the astronomical missing
mass. We investigate the classical solutions that describe the Bose condensate of such a field in gravitational
interaction with matter. This simplistic model accounts quite well for the dark matter inside low-luminosity
spirals whereas the agreement lessens for the brightest objects where baryons dominate. A scatar mass
~0.4 to 1.6<10 % eV is derived when both high and low-luminosity spirals are fitted at the same time.
Comparison with astronomical observations is made quantitative through a chi-squared analysis. We conclude
that scalar fields offer a promising direction worth being explored.
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[. INTRODUCTION On the other hand, matter contributes a fractiQny,

The observations of the cosmic microwave background~0.3 to the energy balance of the Universe. The nature of
anisotropied 1] point towards a flat Universe. The determi- that component is still unresolved insofar as baryons amount
nation of the relation between the distance of luminosity ancbnly to [4]
the redshift of supernovae type (8Nelg [2] strongly favors
the existence of a cosmological constant which contributes a Qgh?=0.02+0.002. (4)
fraction ), ~0.7 to the closure density. The pressure-to-
density ratiow of that fluid is negative with a value of  According to common wisdom, nonbaryonic dark matter
=—1 in the case of an exact cosmological constant. Alterwould be made of neutralinos—a massive species with weak
natively, this component could be in the form of dark interactions that naturally arises in the framework of super-
energy—the so-called quintessence—whose simplest incagymmetric theories. This approach has given rise to some

nation is a neutral scalar fietll with the Lagrangian density excitement in the community and many experimental
projects have been developed to hunt for these elusive par-

1 ticles. The general enthusiasm has been recently refreshed
L=59"9,29,2=V(P). (1) when numerical simulations have shown that cold dark mat-
ter would cluster in very dense and numerous clurffgs

Should the metric be flat and the field homogeneous, thé&S€e, howevei6]). The halo of the Milky Way should con-

energy density may be expressed as tain approximately 500 satellites with a mass in excess of
108 M, while only a dozen dwarf spheroidals are seen. The

B2 clumps would also heat and eventually shred the galactic

pEng7 +V(D), 2 ridge. More generally, this process would lead to the destruc-

tion of the disks of spirals. A neutralino cusp would form at

, the centers of the latter. This is not supported by the rotation

whereas the pressure obtains frdip= —g;;P so that curves of low surface brightness galaxies that indicate on the
contrary the presence of a core with constant density. Finally,
two-body interactions with halo neutralinos and its associ-

P= 7—V(<I>). 3 ated dynamical friction would rapidly disrupt the otherwise

observed spinning bar at the center of the Milky Way.

If the kinetic term is negligible with respect to the contribu- ~ Neutralinos may be in jeopardy. New candidates are under
tion of the potential, a pure cosmological constamt=  Scrutiny such as particles with self-interactidig An inter-
—1) is recovered. Cosmological scenarios with quintessenc@sting possibility is based on configurations of the above-
in the form of a scalar field have been investigatgtwith ~ Mentioned scalar field® for which the pressur® vanishes.
various potentials and their relevance to structure formatiof\n academic example is provided by the exponential poten-

('1)2

has been discussed. tial
V(D Lo Oy—P (5)
=S pg eXp{— - D)},
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247G quintessence. We explain the reasons which have lead us to
a (6) consider the model scrutinized in Sec. Ill. The corresponding
[

rotations curves are derived in Sec. IV and are compared by

means of a chi-squared analysis to the universal curves un-
In a flat and matter-dominated universe, such a fi®d veiled by[13]. The results are discussed in Sec. V and pros-
would behave just exactly as cold dark matter and woulthects for future investigations are finally suggested.
contribute a fractionQq,=p3/p2 to the closure density.

More generally, the kinetic energ$?/2 should cancel the Il. CAN A SCALAR FIELD BIND GALAXIES?
potentialV(®) in order for the pressure to vanish and for the
fluid to mimic the effect of nonrelativistic matter. As will be . ) L " . .
discussed in the next section, this is actually the case Wheg]uagl—Nevwon!an limit—deviations  from the - Minkowski
® behaves like an axion and oscillates coherently on a tim&etric #,,,=diag(1,-1,-1,~1) are accounted for by the
scale much shorter than the typical durations at stake. Alte'per.turbanorhw. '(‘.the harmonic coordinate gauge where it
natively, the field® could have additional degrees of free- satisfies the condition
dom and rotate in the corresponding internal space. The idea 1
that the excess of gravity inside galaxies may be due to a a,h®,—=d,h%,=0, 7
classical configuration of some scalar field has already 2
drawn some attention. The discussion has nevertheless rg-
mained at an introductory level. A condensate of massiv
bosons with repulsive interparticle potential has been postu- 1
lated[8] to suppress the formation of structure on subgalactic Su=Tu~ 59T @)
scales. The polytropic index of this bosonic halo varies from
n=1 at low density up ton=3 at high density. The stability
and annihilation of such a system has been mentioné€]in
and a limit on the quartic coupling constant ®f has been S, (7"
derived. The relevance of scalar fields to the structure of h V(F)=—4GJ A (9)
galactic halos and their associated dark matter cannot be se- a [r’—r|
riously addressed without comparing the theoretical rotation
curves to the observations. An exponential potential—withThe stress-energy tensor is denoted Wy,. The gravita-
negative overall sign—is showi0] to lead to flat rotation tional potential—which in the quasi-Newtonian approxima-
curves. A massless and noninteracting complex scalar field #on is nothing buthgy/2—is sourced bySy,. Note that in
thoroughly considered ifl1]. The self-gravitating structure the case of pressureless matter, one would haSg=2T S
of the field is calculated. and the gravitational potential would just be sourced by the
We nevertheless feel that these analysis may be improveghergy density. So, the scalar field generates the same gravi-
in several ways. To commence, a negative potential does ntational potential as an equivalent cold matter component
seem quite appealing. It actually leads to unphysical situawith energy density 3,. For this reason, in the present
tions where the scalar field rolls down the hill indefinitely context the later quantity can be called #féectivedensity.
and converts the infinite amount of energy storedviiO  In the simplest case of the neutral scalar fidlaf Eq. (1), it
into kinetic energy. Then, as mentioned[i2], the rotation reads
curves are assumed to be flat up to an infinite distance. In
both [10] and[11], the Bose condensate extends to infinity Pei=2S00=2(Jo®P)?—2V. (10
and the mass of the system diverges linearly in the radius _ _ )
The Minkowski metric is no longer recovered at largeon ~ Note that unlike the true energy densify, contains no
the contrary, space exhibits a small deficit of solid angle. Wespace derivatives; ®. o _ _
feel that such a behavior is not realistic insofar as the rotation N order to generate the gravitational potential well that is
curves of bright spirals are actually found to decrease beyongbserved inside galaxies, a distribution of dark matter is gen-
their optical radiug13]. Another strange consequence is thatérally introduced in addition to the baryon population. An
Newton’s gravitation does not apply even when the fields ar€xcess of binding ensues and matter is tied more closely.
weak. Matching the metric with the Robertson-Walker formShould the scalar field> be responsible for the halos of
may also be a problem. Finally, the agreement between thgalaxies, its effective density would play the role of the
predicted and the observed rotation curves is only qualitativerdinary cold dark matter density, and should in particular be
and in the case dfL0] is based on just a few examples. The positive. Since the gravitational potential in a galaxy is es-
goodness of that agreement is not assessed from a quantiggntially static, we would have to assuma-priori—that the
tive point of view. time derivative® = do® vanishes. The effective densip
This motivated us to reinvestigate more thoroughly thewould therefore reduce te-2V(®) and the field potential
subject. In the next section, we discuss the general conditionsould have to be negative. This is actually the solution sug-
under which a scalar field may bind galaxies. We show thagested by[10]. However, even if we are not aware of a
the same field cannot easily account—at the same time—fqgurinciple that strictly forbids a negative potential, we would
the dark matter at galactic scales and for the cosmologicgirefer to avoid such an unusual assumption. Nothing would

In the weak field approximation of general relativity—or

is perturbatiorh ,, is related to the source tensor

through
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prevent the system from being unstable in that case and we o(r)
will therefore disregard this option. On the other hand, a b=——g ' (16)
static field with positive potentia¥ leads to a positive New- V2

tonian potential and therefore to repulsion. It would lessen L . . .
the attraction of ordinary matter and disrupt galaxies. This ig! the _f|eId IS noninteracting but has a massthe associated
not completely surprising since the same positivé pro- effective density obtains from

posed to accelerate the expansion of the Universe as its con-

tents repel each other. This property has led to the hasty @:sooz 2(i>T<iJ—U(<I>), (17)
conclusion that a scalar field could not bind matter inside 2
galaxies.

o — 2 T
Let us assume however that the scalar fididvaries wh_ere the potenualU.—m @'®. The pressure of the scalar
fluid may be approximated by

much more rapidly than the system in which it is embedded.
Our Milky Way rotates in~200 million years. If the field
changes on a much shorter time scale, the associated effec-

tive density would be felt through its time average when the space derivatives of the field are negligible. This
- amounts to once again assuming that the typical leRytii
pefi=2(P%) —2(V). 1) the system greatly exceedsal/Whenever the conditiom

=w holds, the pressure is vanishingly small and the scalar

The field ® may oscillate for instance at the bottom of the ,, . S :

- i : ... fluid behaves as a nonrelativistic component. The associated
potential well. The pulsation of the corresponding vibrations . . D) X -
! . effective density becomegs.= w“o“(r) with no explicit de-
is equal to the scalar mass and may be derived from the

. - L o pendence on the time. The complete model will be discussed
curvature of the potential at its minimum =0, ; . . ; -
in the next section where we will consider the possibility of
m2=\V"(0). (12 @ bo_son-starlike system extending over a whole galaxy and
playing the role of a dark halo.
Actually the field behaves just like an ordinary harmonic ~We conclude this section by pointing out the difficulty to
oscillator whenever the pulsation is much larger than the have a common explanation for both the local dark matter
wave vectork of the self-gravitating configuration. This and the cosmological quintessence in terms of a scalar field.
translates into the condition An excess of gravitational binding on galactic scales requires
the condition

P=dTd—U(D), (18)

21

=R (13 P2=V(D) (19

whereR is the typical length on whickb changes apprecia- to be fulfilled. Conversely, should the overall pressBrbe
bly. For the halos of galaxieR® is of order of a few kpc. negative to account for a cosmological constant, the potential
Becaused varies in time like expfimt), the kinetic and would have to satisfy the inequality
potential energies are related on average by .
2
b2 - =V(®). (20)
V(@)= —). (14
_ _ _ o We conclude that the pressure-to-density ratimust exceed
T_he .effect|ve density may now induce a gravitational attracthe value of— 1/3 in order for both conditions to be simul-
tion insofar as taneously met. Such a range seems to be already excluded by
the measurements of supernovae SNéla
peir=2(V)>0. (19
Ill. THE SELF-GRAVITATING COMPLEX AND MASSIVE

Allowing the field ® i ickly has | Il
owing the field® to vibrate quickly has led to an overal SCALAR FIELD

change of sign with respect to the case considered 0
Notice, furthermore, that the associated pressure vanishes asBoson stars have been extensively studied in the past—
a result of Egs(3) and(14) so that the scalar fluid behaves see for instancgl5—18. For clarity, we will briefly summa-
just like nonrelativistic matter. Such coherent oscillationsrize the main features of self-gravitating bosons, following
have already been considered in the literature, in the case efosely the presentation dfl6]. We are interested in the
the axion in particular—see also the interesting discussion oftable and bounded configurations of a complex scalar field
a quintessence field with a late oscillatory stag¢lif. obeying the action

Another illustration of a fast evolving field is to make it
rotate in some internal space. We may look for configura- .
tions where the dark energy itself—and not its time SZJ V=gd*x £{®,d,0}
average—is rigorously static. A complex field with a uni-
{((;(rar::ly rotating phase features the simplest realization of that _ J \/—_gd“x{g“VaMfI)TaV(I)— U(®)}, 21)
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2

where the potentidl is invariant under the global symmetry r—a
U= , a=GM/2. (28

r+a

r

. e = ’
P =D, (22) r+a

The conservation of the corresponding conserved current iset us focus now on the finite-energy condition. The total
crucial for the stability of the boson star. Real scalar fieldsenergy can be inferred from the matter and gravitational La-
have no stable bounded configurations. One can show that &lrangian. The latter quantity can be calculated by subtracting
spherically symmetric minimum-energy solutions depend orf0 the Einstein-Hilbert action a surface term—as is usually
time only through a rotating phase so that the complex fiel¢lone for bounded gravitational objects—so that
® may be expressed as in E({.6)—see for instance the

Appendix in[16]. In analogy with the hydrogen atom, such L :iJWerr e'" v {v'2+2u'v"}
solutions correspond to the energy eigenstae$=(0, m €7 2G o '
=0). We will see later how the discrete energy levelsf a

boson star are associated with different values of the rotatiofhe total energy is the sum of the gravitational enefgy
parameterw. The parametrizatioril6) of ® is compatible = —L5 and of the matter energy

with a static isotropic metric

(29

dr?=e?Udt?—e?*{dr?+r2d@>+r?sir? de?}, (23 E,\,.=fO Azridre' W+ V+ UL (30)

where u and v depend only on the radius The Klein- _ o _ _
Gordon equation reads Using the Einstein equatio(25), one can rewrite the total

energy in terms of the metric and integrate exactly:

-2 2 2An—2uU
e Yo"+ u’+v’+F o't +we Yo—-U'(0)=0. o 2
——_c1 2 ut+uv " 12 1 ror
(24) Eu+Eg G fordre v"+v +rv +u'v
The Einstein equations provide two additional independent =—G tim{r2v'e"" "}, (31
equations of motion. We can choose for instance r—o

!

20"+ 2+ A%: —8mGEP{W+V+U}, (25) Inserting the Schwarzschild asymptotic soluti(®8), one

can check that the total mass is the same as the total energy
so thatM=Ey +Eg. Following Eq.(28), the mass is also
and the limit of a slightly different expression

1 — —1y; 2.1 qul
U”+U”+U,2+F(U’+U,):87TG e2v{w_v_u}, M=-G I|m{r v e 2} (32)

r—ow
(26)
o ) o _ By rewriting this limit as an integral over, and by using the
where the kinetic and gradient contributions to the field engijnstein equation(25), one is able to express the mass or

ergy density are respectively denoted by total energy in terms of the field energy density
W=eg 2 oo and V—e‘zv—,2 (27) ”
= 2 = 2 - EM+EG=JO Az rdr e W+V+U}. (33

From the assumption that boson stars are nonsingular con- L L _ _
figurations, asymptotically flat and of finite energy, severelNotice that the gravitational contribution is then contained in

restrictions can be put on the boundary conditionsufjpp, ~ the factor exp(b/2). For bounded objects, ﬂjng Suvii+V
and o. In order to avoid any singularity at the origin, the U should, therefore, go to zero faster thar. Another

radial derivatives)’. v’ ando’ must vanish at =0. Actu-  Important quantity is the conserved charge associated with

ally, since an angular deficit at the origin would imply an the U(1) global symmetry, i.e., the number of particles mi-

infinite concentration of energy, we infer the complementary"Us antiparticles\,

condition v (0)=0. This appears explicitly in the Einstein .

equations Whgn they are Written_ in a slightly different way NEJ A7 r2dr /—_ggou{i@fﬁ#@_aﬂqﬁ@)}

[18]. Anyhow, in this paper, we will focus on the Newtonian 0

regime for whichv can be shifted by a constant term without .

any modif'icatit_)n for the u{,.o) solu';ion. o ' _ Ef A7 r2dr it 3w, (34)
Spacetime is asymptotically Minkowskian if both metric wJo

parameteral andv vanish at infinite distance. More pre-

cisely, for bounded configurations, one expects that on very The simplest realization of this system occurs with a qua-

large distances the field will appear as a pointlike midss dratic potential U=m?®'®. By inspecting the Klein-

and that Schwarzschild’s metric will be recovered: Gordon equation at large radii, one finds that finite-energy
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solutions may exist only im>w.! Moreover, as soon as — 2=
and v—respectively,u’ andv’'—are small with respect to u”+ ?U' =207, (39)
unity—respectively, X/—the field asymptotically behaves as

arLtexp — (m?— w?) V). 35 - 02—
7 A= %)} 39 o'+ =0"=2uo. (40
Dimensionless equations are obtained by rescaling the field '
by the Planck mass and the radial coordinatarby', which

is essentially the Compton wavelengthdt The solutions are therefore left invariant by the following

rescaling:
o=\27Go, r=rm. (36) kU
Because of the symmetries of the action, the particle mmss -
the rotation velocityw, and the lapse functiog" appear in o—Kao, (47
the dimensionless equations only through the particular com-
bination (w/m)2e~2". It is then convenient to define the re- PN

scaled lapse function

This means that any configuration is fully described by its
_ ~2u (37) numbern of nodes and by the field valug(0) at the origin.
m? In other words, Newtonian solutions with the same number

of nodes are related among each other through the rescaling
Asymptotic flatness imposes a relation betweern() and  (41). The invariance of the solution appears more clearly
the value ofu at infinity when relationg39) and (40) are expressed in terms of the
ratios S= o (r)/o(0) andu,.q=u(r)/o(0),

w _
== e ), (38) o,
ul gt ;ur’ed= 2%, (42)
The solutions can be calculated by integrating a simple sys-
tem of three variables-e u, andv—from zero to infinity. 2 _
For a given;(O), with the assumption that(0)=0 and all S'+ ;S/ = 2UredS. (43

first derivatives vanish at the origin, there is only one free

boundary condition left, namely, the valuewf0). Using an  The length parameter is now described jos:mry/o(0)

overshooting method, one finds a discrete set of values -/ ) \veconclude that once the numbenof nodes is
u(0),—with n=0, . .. po—such thatu converges at infinity e

\ ) specified, the value aofi,o4 at the o_rigin is L£1ique_, as is the
ywth o a_ndv s_moothly decreasing tqwards zero. The result—field configurationS(x). The ratiou,.{0)=u(0)/e(0) has
ing configurations are the energy eigenstates of the syste een computed for the fundamental state, the first excited
The state with minimal energy is characterized by the ab- '

f nod f soh h — 0—whil h states, and also in the limit where—o. Our results are
Sence ol nodes—ol Spheres w err)=0—while eac quoted in Table | and are in good agreement ith]. For
n-excited state has got nodes.

Since we will assume that bosons play the role of galactice"’lch configurationw/m could have been calculated from

dark matter, we only need to study the Newtonian regime ifF-d- (38 but in practiceu converges very slowly. We obtain
which [u| and|v|<1. In this limit, the system has got addi- much more precision by taking into account the asymptotic

tional symmetries which facilitate the description and classi-S¢hwarzschild expressid@8) which implies that

fication of the exact numerical solutions. The global order of _

magnitude ols andv depends on the parametedefined by e'=1-ru'+0(r 3. (44)
£2=1-w?/m?, with £<1 corresponding to the Newtonian _

limit. Indeed, one can showW16] that u=O(¢?) and v Noticing thatu’=u’, we find in the Newtonian limit
=0(&?) while u+v=0(¢*. So, at order O(¢&?),

u= —p—as usual in the first-order post-Newtonian approxi- 0 =
. . . 1-—==Ilim{u—ru'}. (45)
mation[19]—and the system follows a simple pair of equa- m
tions
We also compute a dimensionless mass parameter

Yn the opposite casm<w, the field oscillates at large distance o  mM
like r~!sim(w®—mA)Y%]. It fills the Universe with an infinite M=lim{ru’'}= —, (46)
amount of energy, unless some truncation mechanism is put by r—oo Mp
hand. This problem arises in particular wher- 0 [11], but not for
the solutions considered here. and a rescaled particle number
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TABLE I. Scaling factors foE (1— w/m), I\W, andN for the fundamentah=0 state and a few-excited
states. These numbers are applicable only in the Newtonian limit which is reached when all quantities

u, o, and (1- w/m) are small with respect to unity.

n Ureg(0)=U(0)/(0) (1- w/m)/a(0) M/\a(0) N/va(0)
0 —0.91858 0.97894 2.4 1.2
1 —1.2099 0.916 54 2.7
2 —1.3437 0.892 8.4 4.2
3 —1.4282 0.877 11.4 5.7
5 —1.5370 0.860 17.4 8.7
10 —1.6831 0.839 32 16
o —-5.0 4.35 e o0
e vide an explanation for some peculiar rotation curves with
N= f o’r’dr=5 —N. (47)  oscillatory behavior—as proposed fyl] who obtains simi-
0 2 Mp lar curves in his massless model. However, we will not con-

_ _ _ — sider this possibility in this paper, since we focus in a first
While (1— w/m) scales agr(0), M andN scale asyo(0)  stage on universal rotation curves of spiral galafik3.
with factors depending on that are given in Table I. At this point, we must say a few words about the stability
We now focus on rotation curves inside a toy model ofof such self-interacting bosons. Beside the Newtonian limit,
galactic halo consisting only of bosonic dark matter. Anya first complication arises from the fact that—for a given
baryonic contribution from the disk, the bulge, or any othernumberN of particles and numben of nodes—there are
component is neglected here. Test particles with circular oractually several values of the madscorresponding to static,

bits of radiusr have rotation speed, bounded, and spherically symmetric configurations. Only the
5 lowest-energy state is stable. This phenomenon occurs above
v 9 2 a critical particle numbeN~0.3 (Mp/m)2. In the Newton-
o Dya=CU". (49

So, the rotation curve is given l/ru’. In Fig. 1, we plot
this quantity for the fundamental and the=2,4,6 states as
well as for an extremely excited field configuration with
—oo, We also show the rotation curves associated to the
usual fitting functions for cold dark matter halos. We first
consider an isothermal distribution with

v(r)

piso“{a2+r2}711 (49) -""'"'----»..._,____
CDM (cusp)

wherea stands for the core radius. We also feature the case
of the cuspy profile towards which-body numerical simu-
lations point[20] n=0

pcuspocril{a"'r}iz- (50)

In this casea approximately corresponds to the radius where _ o _ _

peak velocity is reached. The overall normalization @nd FIG. 1. Rotation curves inside a galactic halo that consists of a

have been adjusted in order to match the scalar field halBure self-gravitating scalar field. The corresponding boson is mas-

rotation curves. As can be seen on Fig. 1, the curve assoc?—ive but has no interactions. The fundamental ard?,4,6 states
} . L ) are featured together with an extremely excited field configuration

T o s o o g sobE ot A= Comintona coldtrk mateCOM s 1

- . also presented for comparison with mass density given by relations
exhibit, however, the peak which all the other curves feature(49)—isothermal distribution—an(60)—cuspy profile. Each curve

At the outskirts of the system, the (?uspy d'St,r'bUt'(ﬂO) has an arbitrary core radius and normalization. We choose to nor-
leads to a decrease of the rotation velocity W'_Thz _ malize the five scalar field solutions to a common amplitude at the
=log(r)/r while, in then=0,2,4,6 states, the decrease is typi-first maximum. These solutions possess1 maxima, followed by
cally Keplerian. Near the origin, the scalar field configura-a decay inr ~2—as for any bounded object. The amplitudes of the
tions yield a core with constant density as in the isothermatirst inner maxima are approximately the same, while the outer ones
case. This is in agreement with recent measurements of thge bigger. Fon— o, the last maximum and the *2 behavior are
rotation curves of low surface brightness spirals. Note theejected far outside the figure, at infinity, we only see a quasiflat
small wiggles of the excited configurations. This could pro-region with small oscillations.
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ian regime, we are much below this scale and, for a given sesmazing one-to-one correspondence between the disk and
(N,n), there is a unique static configuration. A stronger con-halo core density, depending only on one paramé¢tee
dition is that the gravitating boson system should be stablenagnitudg, is generally called the disk-halo conspiracy.
against fission into free particles so thet<<Nm. It was The purpose of this article is to investigate whether or not
shown in[16] that this criteria is satisfied by all states in the a noninteracting massive scalar field halo may account for
Newtonian limit, even for large values of In that regime, the universal rotation curves of PSS. To achieve this goal, we
M tends towarddNm whenn—c at fixedN (in Table I, the  must solve once again the Einstein and Klein-Gordon equa-
precision onM and N is not sufficient to see this effect tions, adding to the former the contribution from the lumi-
Stability against fission is only a necessary condition. More"0us disk. In order to keep a spherically symmetric metric,
generally, one should check stability at the classical level We will describe the gravitational impact of the disk as if it
under any small perturbation leavilgjunchanged, andi) ~ Was spherical. This approximation is reasonable provided
at the quantum level under tunneling from excited states téhat the corresponding contribution to the mass budget of the
the fundamental state. The former analysis was performegystem remains small—which is the case for faint spirals. In

analytically by [17] who concludes on the stability of all the opposite case, a much more complicated metric needs to
excited states—at least in the Newtonian limit. A nonpertur-P€ introduced in order to describe the aspherical distribution

yielded the opposite conclusion. However, as clearly state§t€in equation the disk density contributipn Should the
in [21], these simulations were based on the most generdlisk be alone, the rotation curve would K]

perturbations which were, in particular, allowed to violate 122

the conservation of the particle numblr Therefore, the V2 (=12 (re.) 1.97r/r o) 51)
positive result of17] seems to apply to our situation. As far disk disk Opt’{(r/ropt)2+ 0.78)143

as the stability under tunneling is concerned, we are not

aware of any previous result. Notice anyway that, in order toThe densityp is easily derived from a simple Newtonian
be conservative, we will only consider=0 fundamental calculation

state configurations in what follows.

Vi VaisVii f(r/r
d|sk_*_2 dISI; dISk:V(Zjigk(ropr) (rz Opt)' (52)
opt

In general, reproducing the observed galactic rotationyhere we introduce the dimensionless function
curves amounts to modeling the contribution of many com-

ponents apart from the halo and the observed luminous disk, 4.38,7078 5.64u122

like a HI gas, a rotating bar, or bulge, etc. In order to make a f(u)=— 123 7.2 243" (53
strong statement, we will restrict our analysis to the simplest {u?+0.781% {u*+0.78}>

case of spiral galaxies and on distances smaller than the o
tical radiusr,,; defined as the radius of the sphere encom

. 0 . )
p)a(lissmg ?]:3/0 Orf] the |Url;nlné)iU;5 rr1natter. tlrr:deedﬁlfor SP';?# g"’::complicated expression involving modified Bessel functions.
axies al on suc stances, the only signitica tBelow r<0.04,,, we maintain a constant density which

contributions to the total density arise from a stellar d'Sl\NouId otherwise diverge. We have actually checked that the

with (_aqune.nual density prlofll_e, plus t_he unknown dark haIodetails of the disk mass density near the center do not affect
contribution; one can avoid introducing a plethora of freeoHrlr results

parameters describing the other components. On the basis 0 Introducing the additional mass distributignof the lu-

such considerations, Persic, Salucci, and Qi8}—hereafter . s : .
denoted PSS—performed a detailed statistical study 0v‘jrénzlnous disk into the pure scalar case discussed in Sec. IlI

47Gp=
IV. COMPARISON WITH OBSERVATIONS r2

Riote that this profile is only valid in the range OrQg<r
'_<2rOpt since relation(51) obtains from the fit of a more

about 1100 optical and radio rotation curves. They rescale |mplly amounts to modify the time-time Einstein relation
. ) . 5) into

each rotation curve to the same size and amplitude by ex-

pressing the radius agrq, and the speed ag(r)/V(rqp) - ,

. 4 —_ -
The rescaled curves were found to depend only on a single 2"+ 2+ L: —2e?{(1+e ) o?+e ?a'?+p},
parameter, the luminosity M Galaxies were divided into 11 r
classes depending on their brightnéds and the authors (54

provided for each group of spirals the average rotation curve . . . —

in the ranger <1.1r o They showed that for nonluminous where the dimensionless disk densitynay be expressed as
galaxies, rotation curves are increasing near the optical ra-

dius while for brighter objects, they tend to become flat or —
even slightly decrease. This result is remarkable insofar as m
the dynamical contribution of the luminous disk—known up o o
to a constant bias factgg—is slightly decreasing at ;. The radiusr and the scalar fieldr have been previously
The immediate conclusion is that faint galaxies are alwayslefined in relation36). The other Einstein equatioi26) as
dominated by their halo whereas bright spirals only need avell as the Klein-Gordon relatiof24) are not affected. It is
very small contribution from nonluminous matter. This worth studying the limit of these equations in the Newtonian

477G
> P (55)
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regime in order to gain intuition on their scaling behavior. As 0.5 —r—rr . T .

before, the relationi= — szappIies in this regime and the I ~ 10 P
system reduces to 01 x@\ 7
OE \ J E é
> E \u\ 1 F 4
_ ViE S
= 2 . 1t 7
u"+=u'=20 +p, (56) F <Mp>=-185 - / <Mp>=-19.4
;
0‘01 1 1 | ] 1 1 1 ] 1
05 ——rr : —
- 22— C P SN = ]
o'+ =0'=2uo. (57)
r 01k 4 b ]
> E ER- E
Relation(40) is not modified whereas the disk mass density . 1F :
Rk <Mp>=-205 4

p is introduced in the right-hand side term of expressi@®) - <Mp>=-20.0
to yield Eq.(56). As before, the scale invariance of the so- 0.01 R :
lution becomes more obvious when these relations are ex- 05

TT T T T T T T T T

pressed in terms of the quantiti&= o(r)/o(0) and Uyeq [ 11 / ]
=u(r)/o(0). Equations(56) and (57) become 01k {4t // j
= 1t/ :
T 2—, 2 ] / ]
Uredt LUrea= 25"+ R, (58) [ Mp=-209 | [ Mp=-212 |

001 L v : L -
) 02 1 302 1 3

'+ =S =20 (59) o o

FIG. 2. Two-dimensional likelihood contours in thiey,y}
The disk density enters through the dimensionless parametspace, for six galaxy classes ordered by growing magnitude. In the
o four first cases, the crosses show the best-fit models. For the last
p 47G p two cases, the minimum is strongly degenerate along a line ranging
= ;2(0) = m2 ;2(0)- (60) from =0 to «=0.5. The curves correspond D@Z—sznin=3-2
(resp. 6.2, which would give the 68%resp. 95% allowed region if
the experimental errors could be rigorously interpreted asol
fGaussian errors.

R

ShouldR vanish, the fundamental=0 mode solution for
S(x) would be uniquely determined. Taking advantage o
relations(52) and (53) allows us to express the disk contri-

bution R as (59—is completely determined. The full rotation curve,

which both disk and halo generate, may be readily derived.
With a x? analysis, we obtain likelihood contours in the
] i (62) two-dimensiondl free parameter spader, y} shown on Fig.
2. We use only the six less luminous galaxy classes from PSS
) ) ) ) since they are the most relevant probes of the halo contribu-
The general scale-invariant soluti(x) in the presence of @ (ion anda priori the closest cases to spherical symmetry—
disk depends now on the parameters brighter galaxies require only a small halo contribution, at
2 (Fo) least inside the optical radius. The minimuyA vglues are
aEXopt:mroptm and y= disk\"opt’. 62) (2.5,23.6,20.9,29.4,17.8,7,6and the corresponding best-fit

R:Vésk(ropt){ 2f( X

a(0) | P Xopt

a(0) rotation curves are shown on Fig. 3. We will not over inter-
pret the absolute value of the in terms of goodness-of-fit,
which come into play through the disk density because we do not know the exact meaning of the data error
bars. A careful examination shows that the points are not
Ria,y}=vya ?*f(x/a). (63)  distributed according to their very small errors, at least if the

Th dial . f th disk relati h data are to be explained by smooth curves—this is visible for
e radial extensiop of the matter disk relative to the jnqiqnce with the third point in theM )= —20.5 case, which

sca:ar Pallg Is accounted for _by the parakrpeter&nce_:tr}; explains why the minimay? is only 29.4. Therefore, there is
scalar field generates a rotation curve whose magnitide  , piny gither that the errors are slightly underestimated, or

scales asr(0), the quantity y measures the dynamical im- that the data feature small wiggles corresponding, e.g., to
pact of the disk relative to that of the halo. These parameters

therefore determine the size and the mass of the disk with———

respect to the halo in which it is embedded. The actual scale2rhe pss data include an error bar alss at oy, reflecting the

of the entire system is specified in turn by—say—the opticakumulated observational uncertainties at the point chosen for res-
radiusr o, and the disk speetiys(r o). ONnce the configu-  caling. So, in eachy? calculation, we must marginalize over an
ration {«,y} is chosen, the behavior of the field—given by overall data normalization factor, which means that we have three
the scale-invariant solutio8,,(x) to the system¢58) and  free parameters and +13=28 degrees of freedom.
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V(N V(rop)

<M>=-19.4
T T T T 50 T LT T S P
— 40 Mg ot LA,
ik S
3 ' R
© 30 | 1 ;
s
zZ I Nx 20 L -
=
c I |
S 10
<Mp>=-20.5 Or Mp=-200 ][ <Mp>=-205 ]
.

V() V(ropy

<M|> =-20.9 <M|> =-21.2 <Mp>=-20.9 <M|> =-21.2
0 L 1 L 1 1 1 1 1 1 1
0 0.5 1 0 0.5 1 0 0.5 1 15 2 2.50 0.5 1 15 2 2.5
1/ Topt 1/ topt m < fopt V{rggt) > M < fopt Vifopr) >

FIG. 3. In each panel, the theoretical rotation curve corresponds FIG. 4. The constellation dfa,y} configurations is featured in
to the{e, y} configuration that provides the best fit to the data. Thethe plane 0T optVopt - X%)- Faint galaxies have a preferred mass
dashed lines shows the contribution of the disk, which increasegile the brighter ones in the two last panels provide only an upper
with the galaxy magnitude as for usual CDM models. bound.

spiral arms, that should enter into a better modelization ofigain face the problems associated with large systematic un-
the disk density. Anyway, even with the given error bars, thecertainties, which motivate the PSS approach. In a first step,
x? are already fairly good and our scalar halo model seemwe ploty? as a function ofn Fopt/(Fopy N Fig. 4 and remark
to fit universal rotation curves at least as well as the toythat the faint galaxies have a preferred mass while the
model cold dark matte(CDM) halo used by PSS. We also brighter ones in the two last panels provide only an upper
note that for the last two cases, the minimum is stronglybound. Then, we assume that each synthetic universal rota-
degenerate along a line ranging frem=0 to «=0.5. So, for  tion curve is associated with a unique typical galaxy, with
the most luminous galaxies, the data provide only a loweaverage optical radius and velocity. For each class of magni-
bound on the halo size, while for the other cases a specifitude, we perform an average on the subsample given by
value is preferred. PSS—see the tables in their Appendix D—and find, respec-
For each individual galaxy, one can restore the physicatively, (rqp(rqp =710, 1100, 1900, 2500, 3200, and
value of the rotation velocity by adjusting the free scaling4900 kpckms?. Since we do not employ the raw 600 gal-
parameteir(0). Themass of the scalar field is given by axy data, we cannot give an error on these numbers, nor can
we make a precise prediction for the mass. However, plotting
the x? as a function ofm, we find that the first four classes

2
2 Y (64)  are perfectly compatible with a masse[4—16]x10 24
rgptﬂvz(ropt) eV while the two others push towards the lower end of this
interval withme[4—8]Xx10 %4 eV.
Here we defined the parametgr= Vﬁisk(ropt)/vz(rop,), cal- In Fig. 5, we plot the rotation curves obtained with

culated by the code for each value of the relevant parameters6x10 24 eV=5x10"°2 Mp and minimized overy. Al-
{a,y}. Of course, our model can provide a powerful expla-though they? values are approximately 1.5 bigger than those
nation for galactic rotation curves only if all galaxies can beof the independent best-fits of Fig. 3, the agreement with the
fitted simultaneously with the same valuemafand therefore data remains quite good. The effect of fixing the mass is to
approximately the same angular velocity(in principle one  obtain more radical behaviors gfy; for light galaxies, the
could introduce a time-dependent effective mass, withrotation curves are growing faster near the optical radius
slightly different values at large and small redshifts; how-while for bright galaxies they are even flatter. For all these
ever, since galaxy rotation curves have never been found tmodels, the total mass is closeMb=5x10'° M, whereas

be redshift dependent, we discard this possibility and assuntée ratio of the total radius over the optical radius—which,
thatm is constant in space and time, at least on observableespectively, encompass 83% of the total and luminous
scale$. In order to test this idea, it would be natural to usemass—varies between 4 fofM;)=-18.5 and 1.5 for
data from individual galaxies, but in doing so, one would(M,)=—21.2.
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' ' ' ‘ the Compton wavelength and the size of the halo. Note that
i since w=m, the light scalar fieldP rotates in its internal
space with a period of-30 yr.

We conclude that scalar fields could be a nice alternative

V) I V(rop)

05 |
, to CDM halo models. Our positive results concerning the
I <M;> =-185 , <M> =-19.4 rotation curves are strengthened by other astrophysical con-
0 ‘ ' * ' siderations. First, a scalar field solves naturally the dynami-

' cal friction issue for bared galaxies. Because it is completely
] smooth, such an extended field cannot slow down the spin-
ning bars observed at the centers of many galaxies, as would
a granular CDM medium. Second, following H al. [22],
an ultralight scalar field can avoid the excess of small-scale
; I <M;>=-20.5 structure predicted by CDM simulations near the galactic
0 * ' ' : center.
' ' ; ' Of course, several improvements are needed before con-
i cluding that a scalar field is the best galactic dark matter
candidate on the market. First, it is necessary to extend the
comparison to various types of individual galaxy rotation
, curves, with the drawback that more degrees of freedom
/ <Mp>=-209 | | <Mp>=-21.2 must be included in realistic modelizations of the baryonic
; : ; componentggas, bulge, . .). This is however the only way
to obtain better constraints an, and to find out whether a
quartic coupling, not considered in this analysis, improves
FIG. 5. In each panel, the average va(ug,V,,) over the cor- the model. In some particular cases, it would be worth taking
responding spiral galaxies has been used to get the scalar field mdg§0 account excited field configurations, which seem to be
M= a7/ (¥ opVop)- The best-fit configurations with a common Stable (due to charge conservatipmnd which predict ul-
value of the massn=6x10"2* eV are shown in solid lines, to- traflat rotation curves far from the core, with small wiggles
gether with the observations. Again, the dashed line shows the corihat may have already been obserysde also the claim in
tribution from the disk only. [23] concerning the possible existence of discrete dynamical
classes for spiral galaxy diskAlso, in order to get a better
view of the rotation curves in the vicinity of the core, espe-
In this work, we solved the Einstein and Klein-Gordon Cla”y for brlght spiral gaIaXieS, further technical ingredients
equations for a free massive scalar field, in the presence ofust be passed to the equations, in order to distinguish the
baryonic disk. Using the universal curves of Persic, Saluccispherical symmetry of the halo from the quasi two-
and Stel[13], which are based on hundreds of galaxies, wedimensional distribution of the stars.
showed that a galactic halo consisting of such a Bose con- Finally, it would be extremely interesting to plug such a
densate could explain fairly well the rotation of low- complex light scalar field into a general cosmological frame-
luminosity spiral galaxies. A single value of the mass, ofwork, and study in detail the growth of linear perturbations
order 6x 102 eV, is compatible with galaxies of different and the formation of nonlinear structures. The pioneering
magnitudes. The corresponding Compton wavelength 1/ discussions on such cosmological scenaf&#24 are very
=102 kpc is three orders of magnitudes smaller than thePromising and suggest that many interesting developments
typical size of spirals. Indeed, the spatial extension of a selfon scalar field dark matter should arise in the next years.
gravitating field® is given approximately by 1{/®(0) m),
while the square root of the central field val{expressed in
Planck unit$ is comparable with the velocity of orbiting par-
ticles (in units of c). Since we are dealing with speedls We would like to thank R. Taillet and J.-P. Uzan for useful
~100kms 1~10 3¢, there is really a factor of fbetween discussions.

V() 1 Vi(Topy)

V() / V(1o

0 0.5 1 0 0.5 1
1/ fopt T/ Topt

V. DISCUSSION AND PROSPECTS
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