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Introduction

Dark matter (DM) properties remain elusive. Scalar fields as ultralight DM (e.g., QCD axion, fuzzy DM)

provide new phenomenological insights.

Accurate description of scalar fields around black holes (BHs) to explore DM interaction through gravity

may lead to discover properties of the nature of DM.

Ultralight Dark Matter exhibits wave-like properties at astrophysical scales, an example is Sagittarius A* and

the DM core.

Our goal is to construct self-gravitating configurations of massive scalar fields near black holes.



Framework

We consider a massive complex Scalar Field minimally coupled to gravity. A key feature that allows

us to describe the system accurately is the use of horizon-penetrating coordinates.

Einstein-Klein-Gordon (EKG) Equations describe the interaction between a scalar field and spacetime
curvature. Quasi-stationary solutions..

B(t,r) = e*p(r),

o + W,

2
ds* = —a*dt® + dr* 4 m(adt + dr)? + r*dQ?,
r . S

where the metric functions are positive of the time and areal radial coordinates (t, r),

Boundary Conditions:
Near horizon: Regular solutions matching the BH’s geometry.

At infinity: Scalar field amplitude decays (¢ — 0).



Use of horizon-penetrating coordinates to handle strong-field regions.

Mesh refinement grid to solve the close horizon region.
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Numerical Solutions

Shooting algorithm to solve eigenvalue problems for EKG equations.
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Gravitational Atoms

The study of ultralight DM + supermassive BH systems is a long-standing problem. A key challenge in these
systems arises from the vastly different scales between the BH and the DM halo core. With our model, we
can follow very precisely the self-gravitating SF’s behavior from scales many orders of magnitude larger

than the BH radius all the way to the apparent horizon, and explore the energy density in the BH’s vicinity

even in the strong gravity regime.

Scalar fields form quasi-bound states around BHs, analogous to hydrogen atoms.
Spectrum dependent on BH mass and scalar field properties.

Determined by the gravitational fine structure constant
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Results Overview

Besides ro = 2Msx > 0, the only other free parameter at the horizon is the SF’s amplitude A.

In this work we focus on the ground-state solutions
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Results Overview
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Mass of the configurations for some values of the gravitational fine structure constant.

Color dashed lines in the plot indicate each BH mass.



Results Overview
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To exemplify with a particular physical system, we concentrate on Sgr A”.

Black dotted lines indicate the pericenter distance of stars S1 and S2.
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Results Overview
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Each curve is obtained by varying the SF amplitude A. For small A, the test field limit is recovered, at
which point the solutions accumulate as A — 0. The black dots indicate the values M1 = MBH. Dashed lines

represent BS’s 9



Astrophysical Implications

The configurations obtained here resemble the quasi-bound states for small values of A, while they depart from the

hydrogen-like bosonic clouds and yield new self-gravitating configurations for large A. In a suitable limit, these

configurations approach BSs.

Of particular interest are cases where the SF is ultralight and the BH is supermassive, for which our solutions are

consistent with long-lived DM halo cores with BHs in their center.

In particular, the characteristic survival times of these configurations are larger than cosmological times. In those

cases, a density spike is present very close to the apparent horizon.

However, its contribution to the mass function is negligible compared to that of the BH, and we do not expect it would

alter nearby trajectories significantly.
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Final remarks

Dark Matter Halos: Long-lived scalar field configurations could explain DM distribution in galaxies.

Scalar field effects are negligible for S-stars and other orbital dynamics near Sgr A*.
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(eV) MPF"(Mg) (Mg) Rsen (pc) (pc) (pc) (vears) for m for Mg
10 a0 | 10:° 10 0.1 10" 10" Fuzzy DM Stellar BH
10 210" 100 10210 0.1 10 10 Fuzzy DM LIGO detection
0 0 10 010 107 0 . o]0 QCD axion Microlensing limit
10 10 | 10® 0 0> 10 10°° ALD Stellar BH
102 10 100 10° 10 10> 100 10 ALP LIGO detection
10 10 10° 1014 10! 0.1 10° 104° Fuzzy DM Segr A*
0 d0 - 10 0 10 0.1 10° 10" [Fuzzy DM M87*
00w 010 10% 102" 10 10 107 ALP DM  Spr A*
(e T (0 1017 10 10 107%°  107%" 107** MeV DM  Primordial BH

Complete table on ArXiv: 2411.18601



Thank you!
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