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Figure 1 The variation of ADM mass M and particle number Q of
mini-boson stars with frequency.
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Figure 2 Radial distribution of the scalar field ¢ for ground state and
first, second, third excited state boson stars.
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Figure 3 Distribution of the scalar field ¢ for chains of mini-boson star
with two and three constituents in the z — p plane. Figure from ref. [15].
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Figure 4 Spherically symmetric axion stars on the stable branch of the
first branch for a decay constant of f, = 1 (left) and f, = 0.02 (right).
Figure from ref. [81].
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Figure 5 The metric function of the Bardeen boson star, the scalar field

function, and the energy density distribution. Here, the magnetic charge
of the nonlinear electromagnetic field is g = 0.62.
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Figure 6 The orbits of photon in the Bardeen boson frozen star (left
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dinate time ¢ (right panel). Here, x = rcos¢, y = rsing, and magnetic
charge g = 0.62.

6 REERE

REHR AR T W ORI — IR R, AR T
T AR, B R IR AR I T SCH, T2 B KR AR
RO 25| TR R B R G A L, AR
R T B SR 5] D1 T KRR BB
AT 1 R 3 0 B 2 BA HAHEAE L K
B BEIREM L2 G Y AR R, IRV T AERR
S5 A EAR (s S ET ), bR E R A TR
R RGHE . IR, BATT TR AERRT
PRI AT Dy, Ao o B eIt 2R 48 P ™ A A ARy
S35, UL A B S I 9 7 XA, R
SKIE I 2 (5 T BUE NS0 RAASEOE 7 BRI,
T, AR SR AR R A R 25 A Bt R 34T T VAN
PRI, AR R AT I 57 X I 7 AR A5 K 51 4L
¥, FEN 2 U UL R A HPIRES KA EE
BRGSO ARFAE 2RI 5 R R A
e AR AP, AR B S T LIS 2 R, (LS
I v 2 PRl 55 R FE AL

1 HRHA IR fdt— PR Z R
It ARZRPEA B T A RAE B R 5] B
WHESE T MG S 2 AR, R, 2R HAE P RER 151
JIHEZE N BOR 2 77 58, 02 AdS B 8 22 A 4 SR 0 A
TR HIRT AL

2. FEE 53N /1A I R G U W FUR I, RV B
B A RS [A] R a] eSO e %, (B FLAE I I A A

250004-9



PGSR

ThERL: B i RO

2026 FF H 56 5

1] Ji@ e 2 DA S U O R RE R TBOK, (45 3 (0 AR AE
AR LA, PRI, H At 75 thAr 76 AR S AR e PR
IRAWEFE 0L Bebh, X T 23, el RS E R
AR E AL 5 Ra e PR 5 K B BB U AR E
(EVSSEL LRI RS

3. RGBSR — A28 TR LR HIE
BLfils Zh 7547 8 R AE 31 2 5 R AR B s
FRITES 2 IS, B U PR 2 75 T AR D 7300 5 ol A <
TUEREI B RIEE . BRI ORI N R T R
&, SRZ T T U R #5 R LA AR AN EE &

), H2%5 R B R 45 R I A1 AT D9 55 4 o R T A D
I, IX BV RE N BIE TR i R R B S SR A A R
K5 EE

B2, BB AR U5 5 77 B AR B 1R 52
B =, R ROR 2 A5 A R ST I AR S 0 BUR R AR A5
MR E . a5 T AR G BRI g, S0
T BT (0 5 e 3 R R AR DA R 25 U B LR AU
I, 3R TOA BB HEBE FOW I SEIE, £ 4575
BUS RARGE N PRZ B TR (R ) B A 2 45 75 T R
RN E AR

SE30Hk
1 Penrose R. Gravitational collapse and space-time singularities. Phys Rev Lett, 1965, 14: 57-59
2 Hawking S W, Penrose R. The singularities of gravitational collapse and cosmology. Proc R Soc London A Math Phys Sci, 1970, 314: 529-548
3 Hawking S W. Particle creation by black holes. Commun Math Phys, 1975, 43: 199-220 [Erratum: Commun Math Phys, 1976, 46: 206]
4 Wheeler J A. Geons. Phys Rev, 1955, 97: 511-536
5 Kaup D J. Klein-Gordon geon. Phys Rev, 1968, 172: 1331-1342
6 Ruffini R, Bonazzola S. Systems of self-gravitating particles in general relativity and the concept of an equation of state. Phys Rev, 1969, 187:

1767-1783

7 Coleman S R. Q-balls. Nucl Phys B, 1985, 262: 263
8 Friedberg R, Lee T D, Sirlin A. Class of scalar-field soliton solutions in three space dimensions. Phys Rev D, 1976, 13: 2739-2761
9 Silveira V, de Sousa C M G. Boson star rotation: A Newtonian approximation. Phys Rev D, 1995, 52: 5724-5728.
10 Yoshida S, Eriguchi Y. Rotating boson stars in general relativity. Phys Rev D, 1997, 56: 762-771
11 Jetzer P, Van Der Bij J J. Charged boson stars. Phys Lett B, 1989, 227: 341-346
12 Balakrishna J, Seidel E, Suen W M. Dynamical evolution of boson stars. II. Excited states and self-interacting fields. Phys Rev D, 1998, 58:
104004.
13 Wang Y Q, Liu Y X, Wei S W. Excited Kerr black holes with scalar hair. Phys Rev D, 2019, 99: 064036
14 Herdeiro C A R, Kunz J, Perapechka I, et al. Chains of boson stars. Phys Rev D, 2021, 103: 065009
15 Sun S X, Zhao L, Wang Y Q. Chains of mini-boson stars. J High Energ Phys, 2023, 8: 152
16 Gervalle R. Chains of rotating boson stars. Phys Rev D, 2022, 105: 124052
17 Sun S X, Wang Y Q. Chains of rotating mini-boson stars. arXiv: 2312.16921
18 Bernal A, Barranco J, Alic D, et al. Multistate boson stars. Phys Rev D, 2010, 81: 044031
19 Astefanesei D, Radu E. Boson stars with negative cosmological constant. Nucl Phys B, 2003, 665: 594-622
20 Hartmann B, Riedel J. Glueball condensates as holographic duals of supersymmetric Q-balls and boson stars. Phys Rev D, 2012, 86: 104008
21 dela Fuente A, Zosso J. The large charge expansion and AdS/CFT. JHEP, 2020, 6: 178
22 Liu H S, Lu H, Pang Y. Revisiting the AdS boson stars: The mass-charge relations. Phys Rev D, 2020, 102: 126008
23 Prikas A. Q stars in extra dimensions. Phys Rev D, 2004, 69: 125008
24 Hartmann B, Kleihaus B, Kunz J, et al. Rotating boson stars in five dimensions. Phys Rev D, 2010, 82: 084022
25 Seidel E, Suen W M. Oscillating soliton stars. Phys Rev Lett, 1991, 66: 1659-1662
26 Brito R, Cardoso V, Herdeiro C A R, et al. Proca stars: Gravitating Bose-Einstein condensates of massive spin 1 particles. Phys Lett B, 2016,
752: 291-295
27 Lee J, Koh I. Galactic halos as boson stars. Phys Rev D, 1996, 53: 2236-2239
28 Sahni V, Wang L. New cosmological model of quintessence and dark matter. Phys Rev D, 2000, 62: 103517
29

Berti E, Cardoso V. Supermassive black holes or boson stars? Hair counting with gravitational wave detectors. Int J Mod Phys D, 2006, 15:
2209-2216

250004-10


https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1098/rspa.1970.0021
https://doi.org/10.1007/BF02345020
https://doi.org/10.1103/PhysRev.97.511
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1103/PhysRevD.13.2739
https://doi.org/10.1103/PhysRevD.52.5724
https://doi.org/10.1103/PhysRevD.56.762
https://doi.org/10.1016/0370-2693(89)90941-6
https://doi.org/10.1103/PhysRevD.58.104004
https://doi.org/10.1103/PhysRevD.99.064036
https://doi.org/10.1103/PhysRevD.103.065009
https://doi.org/10.1007/JHEP08(2023)152
https://doi.org/10.1103/PhysRevD.105.124052
https://arxiv.org/abs/2312.16921
https://doi.org/10.1103/PhysRevD.81.044031
https://doi.org/10.1016/S0550-3213(03)00482-6
https://doi.org/10.1103/PhysRevD.86.104008
https://doi.org/10.1007/JHEP06(2020)178
https://doi.org/10.1103/PhysRevD.102.126008
https://doi.org/10.1103/PhysRevD.69.125008
https://doi.org/10.1103/PhysRevD.82.084022
https://doi.org/10.1103/PhysRevLett.66.1659
https://doi.org/10.1016/j.physletb.2015.11.051
https://doi.org/10.1103/PhysRevD.53.2236
https://doi.org/10.1103/PhysRevD.62.103517
https://doi.org/10.1142/S0218271806009637

MRS hEREE: B it RO 20264 HS6 HS

30
31

32

33
34

35
36
37
38

39

40

41
42
43
44
45
46
47
48
49

50
51
52
53
54
55
56
57

58
59
60
61
62
63
64
65
66
67
68
69
70

Palenzuela C, Pani P, Bezares M, et al. Gravitational wave signatures of highly compact boson star binaries. Phys Rev D, 2017, 96: 104058
Calderdn Bustillo J, Sanchis-Gual N, Torres-Forné A, et al. GW190521 as a merger of Proca stars: A potential new vector boson of 8.7 X 10713
eV. Phys Rev Lett, 2021, 126: 081101

Calderon Bustillo J, Sanchis-Gual N, Leong S H W, et al. Searching for vector boson-star mergers within LIGO-Virgo intermediate-mass black-
hole merger candidates. Phys Rev D, 2023, 108: 123020

Torres D F, Capozziello S, Lambiase G. Supermassive boson star at the galactic center? Phys Rev D, 2000, 62: 104012

Yuan Y, Narayan R, Rees M J. Constraining alternate models of black holes: Type I X-ray bursts on accreting fermion-fermion and boson-fermion
stars. Astrophys J, 2004, 606: 1112-1124

Cardoso V, Pani P. Testing the nature of dark compact objects: A status report. Living Rev Rel, 2019, 22: 4

Gao HY, Saffin P M, Wang Y J, et al. Boson star superradiance. Sci China-Phys Mech Astron, 2024, 67: 260413

Kojima Y, Yoshida S, Futamase T. Non-Radial pulsation of a boson star. I. Prog Theor Phys, 1991, 86: 401-410

Macedo C F B, Pani P, Cardoso V, et al. Astrophysical signatures of boson stars: Quasinormal modes and inspiral resonances. Phys Rev D, 2013,
88: 064046

Horvat D, Ilijic, Kirin A, et al. Formation of photon spheres in boson stars with a nonminimally coupled field. Class Quantum Grav, 2013, 30:
095014

Herdeiro C A R, Pombo A M, Radu E, et al. The imitation game: Proca stars that can mimic the Schwarzschild shadow. J Cosmol Astropart Phys,
2021, 2021: 051

Wang X E. From Bardeen-boson stars to black holes without event horizon. arXiv: 2305.19057

Yue Y, Wang Y Q. Frozen Hayward-boson stars. J Cosmol Astropart Phys, 2025, 5: 066

Ma T X, Fang T F, Wang Y Q. Boson stars and their frozen states in an infinite tower of higher-derivative gravity. Eur Phys J C, 2025, 85: 542
Tan C, Wang Y Q. Frozen neutron stars. arXiv: 2509.09338

Finster F, Smoller J, Yau S T. Particlelike solutions of the Einstein-Dirac equations. Phys Rev D, 1999, 59: 104020

Herdeiro C A R, Radu E. Asymptotically flat, spherical, self-interacting scalar, Dirac and Proca stars. Symmetry, 2020, 12: 2032

Colpi M, Shapiro S L, Wasserman I. Boson stars: Gravitational equilibria of self-interacting scalar fields. Phys Rev Lett, 1986, 57: 2485-2488
Guzman F S. Accretion disc onto boson stars: A way to supplant black holes candidates. Phys Rev D, 2006, 73: 021501

Amaro-Seoane P, Barranco J, Bernal A, et al. Constraining scalar fields with stellar kinematics and collisional dark matter. J Cosmol Astropart
Phys, 2011, 11: 002

Friedberg R, Lee T D, Pang Y. Scalar soliton stars and black holes. Phys Rev D, 1987, 35: 3658-3677

Peccei R D, Quinn H R. CP conservation in the presence of pseudoparticles. Phys Rev Lett, 1977, 38: 1440-1443

Grilli di Cortona G, Hardy E, Pardo Vega J, et al. The QCD axion, precisely. JHEP, 2016, 1: 034

Loiko V, Perapechka I, Shnir Y. Q-chains in the U(1) gauged Friedberg-Lee-Sirlin model. EPL, 2021, 133: 41001

Kunz J, Perapechka I, Shnir Y. Kerr black holes with parity-odd scalar hair. Phys Rev D, 2019, 100: 064032

Cunha P, Herdeiro C, Radu E, et al. Two boson stars in equilibrium. Phys Rev D, 2022, 106: 124039

Kleihaus B, Kunz J, List M, et al. Rotating boson stars and Q-balls. II. Negative parity and ergoregions. Phys Rev D, 2008, 77: 064025

Herdeiro C A R, Kunz J, Perapechka I, et al. Multipolar boson stars: Macroscopic Bose-Einstein condensates akin to hydrogen orbitals. Phys Lett
B, 2021, 812: 136027

Huang L X, Sun S X, Zhang R, et al. Excited Dirac stars with higher azimuthal harmonic index. J Cosmol Astropart Phys, 2024, 4: 085

Liang C, Rena J R, Sun S X, et al. Multi-state Dirac stars. Eur Phys J C, 2024, 84: 14

Sun S X, Cui S'Y, Huang L X, et al. x-Dirac stars. Eur Phys J C, 2024, 84: 699

Henriques A B, Liddle A R, Moorhouse R G. Combined boson-fermion stars. Phys Lett B, 1989, 233: 99

Henriques A B, Liddle A R, Moorhouse R G. Combined boson-fermion stars: Configurations and stability. Nucl Phys B, 1990, 337: 737-761
Gunderson M A, Jensen L G. Boson stars in the Brans-Dicke gravitational theories. Phys Rev D, 1993, 48: 5628-5633

Comer G L, Shinkai H A. Generation of scalar-tensor gravity effects in equilibrium state boson stars. Class Quant Grav, 1998, 15: 669—-688
Whinnett A W, Torres D F. Charged scalar tensor boson stars: Equilibrium, stability and evolution. Phys Rev D, 1999, 60: 104050

Hartmann B, Riedel J, Suciu R. Gauss-Bonnet boson stars. Phys Lett B, 2013, 726: 906-912

Baibhav V, Maity D. Boson stars in higher derivative gravity. Phys Rev D, 2017, 95: 024027

Horvat D, Iliji¢ S, Kirin A, et al. Nonminimally coupled scalar field in teleparallel gravity: Boson stars. Class Quant Grav, 2015, 32: 035023
Iliji¢ S, Sossich M. Boson stars in f(7) extended theory of gravity. Phys Rev D, 2020, 102: 084019

Balakrishna J, Shinkai H A. Dynamical evolution of boson stars in Brans-Dicke theory. Phys Rev D, 1998, 58: 044016

250004-11


https://doi.org/10.1103/PhysRevD.96.104058
https://doi.org/10.1103/PhysRevLett.126.081101
https://doi.org/10.1103/PhysRevD.108.123020
https://doi.org/10.1103/PhysRevD.62.104012
https://doi.org/10.1086/383185
https://doi.org/10.1007/s41114-019-0020-4
https://doi.org/10.1007/s11433-023-2357-4
https://doi.org/10.1143/PTP.86.401
https://doi.org/10.1103/PhysRevD.88.064046
https://doi.org/10.1088/0264-9381/30/9/095014
https://doi.org/10.1088/1475-7516/2021/04/051
https://arxiv.org/abs/2305.19057
https://doi.org/10.1088/1475-7516/2025/05/066
https://arxiv.org/abs/2509.09338
https://doi.org/10.1103/PhysRevD.59.104020
https://doi.org/10.3390/sym12122032
https://doi.org/10.1103/PhysRevLett.57.2485
https://doi.org/10.1103/PhysRevD.73.021501
https://doi.org/10.1088/1475-7516/2010/11/002
https://doi.org/10.1088/1475-7516/2010/11/002
https://doi.org/10.1103/PhysRevD.35.3658
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1007/JHEP01(2016)034
https://doi.org/10.1209/0295-5075/133/41001
https://doi.org/10.1103/PhysRevD.100.064032
https://doi.org/10.1103/PhysRevD.106.124039
https://doi.org/10.1103/PhysRevD.77.064025
https://doi.org/10.1016/j.physletb.2020.136027
https://doi.org/10.1016/j.physletb.2020.136027
https://doi.org/10.1088/1475-7516/2024/04/085
https://doi.org/10.1140/epjc/s10052-024-12942-z
https://doi.org/10.1103/PhysRevD.48.5628
https://doi.org/10.1088/0264-9381/15/3/016
https://doi.org/10.1103/PhysRevD.60.104050
https://doi.org/https://doi.org/10.1016/j.physletb.2013.09.050
https://doi.org/10.1088/0264-9381/32/3/035023
https://doi.org/10.1103/PhysRevD.102.084019
https://doi.org/10.1007/978-94-011-4780-4_92

MRS hEREE: B it RO 20264 HS6 HS

71

72
73
74
75
76
71
78
79
80
81
82
83
84
85
86

87

88
89
90

91

92
93
94
95
96
97

98
99
100
101
102
103

104
105
106
107
108

Masé-Ferrando A, Sanchis-Gual S, Font J A, et al. Birth of baby universes from gravitational collapse in a modified-gravity scenario. J Cosmol
Astropart Phys, 2023, 6: 028

Maso-Ferrando A, Sanchis-Gual N, Font J A, et al. Numerical evolutions of boson stars in Palatini f(R) gravity. Phys Rev D, 2024, 109: 044042
Alcubierre M, Degollado J C, Nunez D, et al. Dynamic transition to spontaneous scalarization in boson stars. Phys Rev D, 2010, 81: 124018
Lee T D, Pang Y. Stability of mini-boson stars. Nucl Phys B, 1989, 315: 477-516

Seidel E, Suen W M. Dynamical evolution of boson stars: Perturbing the ground state. Phys Rev D, 1990, 42: 384-403

Love A E H. The yielding of the earth to disturbing forces. Proc R Soc A, 1909, 82: 73-88

Shida T. On the body tides of the earth, a proposal for the international geodetic association. Proc Tokyo Math-Phys Soc, 1912, 6: 242-258
Cardoso V, Franzin E, Maselli A, et al, Testing strong-field gravity with tidal Love numbers. Phys Rev D, 2017, 95: 084014

Mendes R F P, Yang H. Tidal deformability of boson stars and dark matter clumps. Class Quant Grav, 2017, 34: 185001

Herdeiro C A R. Panotopoulos G, Radu E. Tidal love numbers of Proca stars. J Cosmol Astropart Phys, 2020, 8: 029

Chen J R, Huang L X, Zhao L, et al. Tidal love numbers of axion stars. Phys Rev D, 2024, 109: 104078

Collodel L G, Kleihaus B, Kunz J. Static orbits in rotating spacetimes. Phys Rev Lett, 2018, 120: 201103

Zhang Y P, Zeng Y B, Wang Y Q, et al. Motion of test particle in rotating boson star. Phys Rev D, 2022, 105: 044021

Zhang Y P, Zeng Y B, Wang Y Q, et al. Equatorial orbits of spinning test particles in rotating boson stars. Eur Phys J C, 2022, 82: 809

Zhang Y P, Sun S X, Wang Y Q, et al. Fate of initially bound timelike geodesics in spherical boson stars. Phys Rev Res, 2024, 6: 033187

Zhang Y P, Zeng Y B, Wang Y Q, et al. Gravitational radiation pulses from Extreme-Mass-Ratio-Inspiral system with a supermassive boson star.
arXiv: 2108.13170

Babak S, Fang H, Gair J R, et al. “Kludge” gravitational waveforms for a test-body orbiting a Kerr black hole. Phys Rev D, 2007, 75: 024005
[Erratum: Phys Rev D, 2008, 77: 04990]

Cunha P V P, Font J A, Herdeiro C, et al. Lensing and dynamics of ultracompact bosonic stars. Phys Rev D, 2017, 96: 104040

RosaJ L, Macedo C F B, Rubiera-Garcia D. Imaging compact boson stars with hot-spots and thin accretion disks. Phys Rev D, 2023, 108: 044021
Gyulchev G, Nedkova P, Vetsov T, et al. Image of the thin accretion disk around compact objects in the Einstein-Gauss-Bonnet gravity. Eur Phys
JC, 2021, 81: 885

Yang S J, Wu S P, Wei S W, et al. Deciphering black hole phase transitions through photon spheres. Sci China-Phys Mech Astron, 2025, 68:
120412

Oppenheimer J R, Snyder H. On continued gravitational contraction. Phys Rev, 1939, 56: 455-459

Zel’dovich Y B, Novikov I D. Relativistic Astrophysics 1: Stars and Relativity. Chicago: University of Chicago Press, 1971. p. 369

Huang L X, Sun S X, Zhang Y P, et al. Orbits of photon in Bardeen-boson stars and their frozen states. arXiv: 2503.14984

Huang L X, Sun S X, Wang Y Q. Bardeen spacetime with charged scalar field. arXiv: 2407.11355

Chen J R, Wang Y Q. Hayward spacetime with axion scalar field. arXiv: 2407.17278

Zhao Z H, Gu Y N, Liu S C, et al. Light rings, accretion disks and shadows of hayward boson stars in asymptotically AdS spacetime. arXiv:
2507.09563

Chicaiza-Medina S S, Degollado J C. Hayward boson stars. arXiv: 2508.11906

Zhao ZH, Gu Y N, Liu S C, et al. Non-topological soliton bardeen boson stars and their frozen states. Eur Phys J C, 2025, 85: 511

Brihaye Y, Hartmann B. Frozen states of charged boson stars. arXiv: 2507.08946

Sun S X, Huang L X, Zhao Z H, et al. Bardeen spacetime with charged dirac field. arXiv: 2411.12969

Huang L X, Sun S X, Wang Y Q. Frozen Bardeen-Dirac stars and light ball. Eur Phys J C, 2025, 85: 357

Zhang R, Wang Y Q. Spherically symmetric horizonless solutions and their frozen states in Bardeen spacetime with Proca field. arXiv:
2503.16265

Zhang X Y, Zhao L, Wang Y Q. Bardeen-Dirac stars in Anti-de Sitter spacetime. J Cosmol Astropart Phys, 2025, 1: 117

Hao C H, Huang L X, Su X, et al. Emergence of negative mass in general relativity. Eur Phys J C, 2024, 84: 878

Su X, Hao C H, Fang T F, et al. Generalized Bronnikov-Ellis wormhole with nonlinear electromagnetic field. Eur Phys J C, 2025, 85: 1040
Huang L X, Wang Y Q. Scalarization of Bardeen spacetime. arXiv: 2509.08549

Wang Y Q. Frozen gravitational stars in Einsteinian cubic gravity. arXiv: 2410.04575

250004-12


https://doi.org/10.1103/PhysRevD.109.044042
https://doi.org/10.1103/PhysRevD.81.124018
https://doi.org/10.1016/0550-3213(89)90365-9
https://doi.org/10.1103/PhysRevD.42.384
https://doi.org//10.1098/rspa.1909.0008
https://doi.org/10.11429/ptmps1907.6.16_242
https://doi.org/10.1103/PhysRevD.95.084014
https://doi.org/10.1088/1361-6382/aa842d
https://doi.org/10.1088/1475-7516/2020/08/029
https://doi.org/10.1103/PhysRevD.109.104078
https://doi.org/10.1103/PhysRevLett.120.201103
https://doi.org/10.1103/PhysRevD.105.044021
https://doi.org/10.1140/epjc/s10052-022-10743-w
https://doi.org/10.1103/PhysRevResearch.6.033187
https://arxiv.org/abs/2108.13170
https://doi.org/10.1103/PhysRevD.75.024005
https://doi.org/10.1103/PhysRevD.96.104040
https://doi.org/10.1103/PhysRevD.108.044021
https://doi.org/10.1140/epjc/s10052-021-09624-5
https://doi.org/10.1140/epjc/s10052-021-09624-5
https://doi.org/10.1007/s11433-025-2787-4
https://doi.org/10.1103/PhysRev.56.455
https://arxiv.org/abs/2503.14984
https://arxiv.org/abs/2407.11355
https://arxiv.org/abs/2407.17278
https://arxiv.org/abs/2507.09563
https://arxiv.org/abs/2508.11906
https://doi.org/10.1140/epjc/s10052-025-14228-4
https://arxiv.org/abs/2507.08946
https://arxiv.org/abs/2411.12969
https://doi.org/10.1140/epjc/s10052-025-13929-0
https://arxiv.org/abs/2503.16265
https://doi.org/10.1088/1475-7516/2025/01/117
https://doi.org/10.1140/epjc/s10052-024-13105-w
https://doi.org/10.1140/epjc/s10052-025-14729-2
https://arxiv.org/abs/2509.08549
https://arxiv.org/abs/2410.04575

MRS hEREE: B it RO 20264 HS6 HS

Research progress on boson stars and their frozen states

SUN Shi-Xian, HUANG Long-Xing, CHEN Jun-Ru, ZHANG Yu-Peng,
LIU Yu-Xiao & WANG Yong-Qiang”

School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China
*Corresponding author (email: ygwang @lzu.edu.cn)

A boson star, as a self-gravitating bound state composed of a macroscopic Bose-Einstein condensate, is a product of com-
bining field theory with general relativity and can be regarded as one of the candidates for black holes. Unlike black holes,
boson stars do not possess an event horizon, offering a new perspective for addressing the black hole information paradox.
In this paper, we review the theoretical framework governing boson stars, with a particular focus on the construction of sta-
tionary and mixed solutions within scalar and vector (Proca star) field models, alongside their respective stability analyses.
Furthermore, we examine the distinct observational signatures of these objects, including tidal effects and gravitational
radiation, as well as their potential imprints in Event Horizon Telescope data as black hole mimickers. We highlight the re-
cent discovery of “frozen stars”—an ultra-compact class of boson stars that approach the black hole compactness. Finally,
we discuss the current challenges and future directions in the burgeoning field of boson star research.
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