
Átomos gravitacionales 
Nobles

1

Juan Barranco Monarca
Universidad de Guanajuato

En colaboración con: 
Miguel Alcubierre, Argelia Bernal,Juan Carlos Degollado, 
Alberto Diez-Tejedor, Miguel Megevand, Darío Núñez y Olivier 
Sarbach

ICN-UNAM
25-03-2026



Outline

• 1. Lightness is the new darkness
• 2. Ultra-light dark matter (at galactic scales)
• 3. Semiclassical description of the Einstein-Klein-
Gordon system
• 4. Boson stars and their relatives

• Multi-state boson stars
• L-Boson stars

• 5. What about the supermassive black hole at the 
center of galaxies?
• 6. Noble gravitational atoms: self-gravitating black 
hole scalar wigs with angular momentum number 
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Lightness is the new darkness



The darkest scenario:

•  Dark matter interacts only through gravitational interactions:

•  1) Forget how to detect it on Earth

•  2) Main properties: The mass and the spin

•  3)Consider the case of a bosonic particle that interact only 
through gravitation
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Scalar field as dark matter?

Ultralight scalars as cosmological dark matter
Lam Hui Jeremiah P. Ostriker ,Scott Tremaine, Edward Witten
Phys.Rev. D95 (2017) no.4, 043541
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An ultra-light boson as dark matter?



Can the dark matter halo be a self-gravitating 
object made of ultralight spin-zero bosons?
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Possible boson star configurations
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Possible boson star configurations
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Compactness
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Typical compactness:

Sun= .00001

Dark matter halo=.0001

Neutron Star=0.2



Back to the quantum

For ultralight 
Particles, the 
Quantum effects 
are visible at 
Astrophysical scales



Semiclassical description of the 
Einstein-Klein-Gordon system
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The program:

• Step 1:



Paso 1: Espacio de Hilbert

Inner product

Conmutation relations

A single real quantum  scalar field

Hilbert’s space



• Step 2:



Step 2: Semiclasical gravity
Semiclassical

Normal ordering

Second quantization

Averages



• Step 3:



Static space-time



where: 



Static-spherically symmetric

Harmonic 
expansion

Inner product



Einstein-Klein-Gordon system



Normalized functions:



This leads to:
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Boson stars Multistate Boson stars

Boson stars relatives









Some properties of boson 
star relatives



Multi-State Boson stars (MSBS)
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n=2
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Astrophysical realization of boson stars 
relatives demands stability
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Numerical perturbation analysis: Multistate boson stars
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Boson stars in excited states are unstable under numerical perturbations.

Multistate boson stars, even with particles in the excited states, can be stable

Stable if
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Numerical perturbation analysis: 
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Three fates of 



Linear stability analysis for 
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Pertubre the system 

Pulsation
equations



Pulsation equations can be rewriten:
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Define

Thus it is posible to count the number of unstable modes by means of the Nodal Theorem
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Complementarity between numerical perturbations 
and linear analysis
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Abstract

A new class of complex scalar eld objects, which generalize thewell known

bosonstars, wasrecently foundassolutionsto theEinstein–Klein–Gordonsys-

tem. Thegeneralizationconsists in incorporatingsomeof theeffectsof angular

momentum, whilestill maintaining thespacetime’sspherical symmetry. These

new solutions depend on an (integer) angular parameter , and hence were

named -boson stars. Like the standard = 0 boson stars thesecon gurations

admit a stable branch in the solution space; however, contrary to them they

haveamorphology that presentsashell-likestructurewith a ‘hole’ in the inter-

nal region. In this article we perform a thorough exploration of the parameter

space, concentratingparticularly on theextremecaseswith largevaluesof .We

show that theshells grow in sizewith theangular parameter, doing so linearly

for largevalues,with thesizegrowing faster than thethickness. Their massalso

increaseswith , but in such away that their compactness, while also growing

monotonically, converges to a nite value corresponding to about one half of

theBuchdahl limit for stablecon gurations.Furthermore,weshow that -boson

starscan behighly anisotropic, with the radial pressurediminishing relative to

the tangential pressure for large , reducing asymptotically to zero, and with

themaximumdensity also approachingzero.Weshow that thesepropertiescan

∗Author to whom any correspondence should beaddressed.
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Figure 3. MT vsωand vsR99 for = 0, 1, 5, 25, 50and 100. Each point on thesecurves
corresponds to adifferent solution, including for instance those shown in gure 2. The
squares denote themaximum of the total mass, which separates the stableand unstable
regions. Thecirclesdenote the rst appearanceof light rings, while thetrianglesdenote
the rst appearanceof an ISCO–OSCOpair and, hence, theexistenceof unstableorbits
(UOs).

Wepresent someof our solutions in gure2, whereweshow the rescaled density pro les

(de ned as = 4πr2ρ such that M = dr) associated with some of our con gurations.10

Sinceoneneedssomecriterion in order to comparesolutions through different valuesof , in

this case we chose to display con gurations that, for each , have the maximum total mass,

which are also the most compact stable solutions. This is a criterion we will adopt in most

of this work. In the same gurewealso show somesolutions for given (= 25) and varying

compactness, themorecompact onesbeing unstable. Thesolutionsclearly exhibit ashell-like

morphology, at least for > 1. For bigger the stars are larger both in size and in total mass.

Wewill see that thecompactnessalso increaseswith . In contrast, if oneconsidersstarswith

xed and increasing size, thecompactnessdecreases.Wealso note that, as is thecase for the

traditional = 0 boson stars, themost compact solutionsbelong to theunstablebranch.

Figure3 showsthedependenceof thetotal masson the frequency and on theR99 radiusfor

= 0, 1, 5, 25, 50 and 100. For each we indicate themaximum of MT (squares), which we

denoteMmax, and the rst appearanceof alight ringspair (circles) andof an ISCO–OSCOpair

(triangles).Wehaveseen inpreviousworks[42, 43] that thestateof maximummassmarksthe

transition from the stable solutions (to the right in these gures) to the unstable ones (to the

left) for in the interval from 0 to 5. Wealso corroborated in thepresent work that this fact is

still true for larger valuesof .

In the following subsections we analyze various properties of these solutions, including

their compactness, anisotropy and causal circular orbits.

10Throughout thissection wealternate between showing results in termsof ρ and , depending onwhat we ndmore

illustrative.
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Figure 7. For solutions of high compactness we indicate the regions of existence and
stability of causal circular orbits (COs). In theseplots, each vertical lineof constant Cm
correspondstoadifferent solution. Thegreen regionsindicatetheradii withstable(time-
like) circular orbits (SCOs), while the red region indicates those with unstable orbits
(UCOs). On the other hand, no COs exist in the dark gray region, which is limited by
apair of light rings (LRs), red line. Finally, thedark green region indicates the ‘almost
empty, almost at’ central region of the > 1 ‘shells’ , where the circular orbits have
speed v < 10− 5. Wealso includeasaguideR99,Rm, and thecorresponding locationsof
aSchwarzschild LR and ISCO.

wewill see that the limiting case →∞ would display a vertical line in this typeof plot. On

the other hand, we see little differences in anisotropy when transitioning between stable and

unstablesolutions for any given valueof .

3.3. Geodesic motion

Given the large compactness that -boson stars may achieve, one may wonder whether they

admit light rings and/or ISCOs/OSCOs. In fact, it is known that even traditional = 0 boson

starscan havelight ringsand ISCOs/OSCOs, although this is trueonly in thecaseof solutions
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Figure 2. Rescaled density pro les, 4πr2ρ(r), of solutionswith maximumMT for var-
ious values of (solid lines), and of varying compactness for xed = 25, both in the
stable and unstable region (red lines). The inner panel shows a zoom into the small r
region for abetter reference of thecaseswith = 0 and 1.

way, in thebottom panel of this gurewe illustrate different cases regarding the existenceof

unstablecircular orbitsof massiveparticleswith µL = 1.

Finally, wegivean expression for the test particle’sspeedmovingon acircular orbit (more

precisely, the magnitude of its three-velocity as measure by a static observer located at the

corresponding radius):

v(r) := r
dφ

dt
=

rα (r)

α(r)
, (13)

which will beused in thenext section to show somerotation curves.

3. Extreme -boson stars

In thissectionwepresent andanalyzeour results. For all integer from0 to 15, and for = 20,

25, 50, 75, 100, 200, 400 and 1600, weconstructed solutions, tensof them in somecases, that

correspond to different valuesof thecentral parameter u0. Theparametersandmain properties

of someof themost relevant solutionsthatwehaveobtainedaredisplayedin table3of appendix

C, whichalso includesareferenceto the guresinwhich they areused. In addition, in thenext

sectionweobtain general expressionsthat areapplicablefor thelimitingcase inwhich →∞ .
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Boson stars can be treated effectively as classical 
configurations of multi-complex scalar field  



Nature is complicated: there are supermassive 
black holes in the center of most of the galaxies







Gravitational fine structure constant:

If Quasi.-bound states (in the test 
field limit) form 



Uncertainty relation for ultralight particles 
and black holes



Conclusions

• Boson stars might arise as self-gravitating compact objects made of 
ultra-ligh spin zero DM particles 

• There are many realization of Boson Stars relatives (such as Multistate 
boson stars, L-Boson stars, and more)

• They could be more compact, with a richer structure and because their 
stability, if they form, they can be astrophysical candidates.
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Beyond the test field limit: 











• In the limit  of very small fine structure gravitationla constant, the 
accretion of scalar field by the black hole is negligible, and the scalar 
wig resembles the properties of a boson star or theri relatives.  



Does it work? (conclusion)
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