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The problem of gravitational singularities1 Black holes and singularities

Black holes are at the heart of several open questionsin fundamental physics. Foremost among these is the
problem of gravitational singularities:
• General Relativity predicts singularities withinblack holes, via the Hawking-Penrose theorems;
• the cosmic censorship conjecture posits thatsingularities must be hidden by event horizons;
• singularities may be an artifact of the classical
theory’s breakdown at small energy scales;

• regular black holes consist in quantum effective
black hole spacetimes with no singularity.

The Event Horizon Telescope Collaboration: A&A, 681, A79 (2024)
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Fig. 1. Representative example images of M 87∗ from the EHT observations taken on 2017 April 11 and 2018 April 21 (north is up and east is to the
left). The 2017 image is generated with the average of fiducial parameter sets from the imaging techniques used in M 87∗ 2017 IV. The 2018 image
is created by taking the average of the blurred images generated by the imaging techniques found in Sect. 5. Comparison of the images shows
consistency in the diameter across observation epochs, but a shift in position angle of brightness asymmetry. The circle represents a Gaussian
blurring kernel with a full width half maximum of 20 µas.

Chen et al. 2023) joined the EHT array for the first time. The
addition of this new station results in a better (u, v) coverage
compared with the 2017 EHT observations, particularly along
the north-south direction. New EHT images of M 87∗ can pro-
vide further evidence that the event-horizon-scale images from
the 2017 observations are consistent with the prediction from
general relativity that strongly lensed emission around a black
hole should form a persistent ring-like structure. A detection of
variability around the ring-like structure can also provide us with
a better insight into the dynamics of the underlying plasma and
the black hole angular momentum.

The structure of this paper and the main results are as fol-
lows: In Sect. 3, we describe the observations and processing of
the 2018 EHT campaign data, providing a summary of the data
properties and issues compared to that from the 2017 EHT cam-
paign. As in 2017, we see a clear indication of a deep null in
the visibility amplitudes around 3.4 Gλ. We also see significant
closure phase deviations relative to 2017, indicating non-trivial
structural changes.

We explain how we derived pre-imaging constraints on the
expected compact flux density and its size in Sect. 4. Combin-
ing results from simple visibility modeling and information from
lower frequencies, we settled on pre-imaging initial parameters
for the compact flux density to be between 0.4 to 1.0 Jy and the
size of the source to be ≤100 µas.

In Sect. 5, we describe the imaging procedure and investi-
gate the primary image morphologies. We reconstruct the images
using a variety of imaging techniques, ranging from traditional
inverse imaging to Bayesian posterior exploration. We compare
the recovered image structure across the different imaging meth-

ods, frequency bands, calibration pipelines, and observing dates.
We recover a clear ring-like structure, with a deep central depres-
sion and a diameter of ∼42 µas. We also find that the position
angle of the brightest region of the ring is between 200◦ and
230◦, which is different from the position angle measured in
2017. We present the average images of M 87∗ across methods
on 2018 April 21 compared to 2017 April 11 in Fig. 1.

Inspired by the clear ring-like structure seen in the imag-
ing methods, in Sect. 6 we quantify the support for the ring-like
structure by comparing the Bayesian evidence of different geo-
metric models against the data. We find that ring-like models are
strongly preferred by the 2018 data. We then check the consis-
tency of important physical quantities such as the diameter and
position angle of the emission ring by directly modeling those
features in the visibility domain. We find that all direct modeling
methods find a position angle around 210◦. The direct modeling
methods also prefer a slightly higher diameter, around 45 µas.
The diameter estimates from imaging and direct modeling live
within each other’s error bars, and systematic differences in the
median diameters can be attributed to model-dependent resolu-
tion effects.

In Sect. 7, we build upon the findings from the 2017 EHT
campaign by comparing them against the imaging and direct
modeling results from the 2018 data. We explore the persis-
tence of the ring diameter between 2017 and 2018 and discuss
the stability of the mass across the two years. We also discuss
the possible origin of the shift in the position angle between the
two years, which is consistent with our understanding of turbu-
lent material around the black hole. We investigate the compact
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Figure from Akiyama et al. (2024).
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Black holes and singularities1 Black holes and singularities

 

Asymptotic flatness 

Event horizon 

Black hole region 

Curvature Singularity 

What is a black hole?
Asymptotically flat spacetime with no-escape region forcausal signals. Event horizon as region boundary.
Asymptotically flat similar to Minkowski at infinity.
What is a singularity?
Metric singularity: gµν diverge or det(gµν) = 0.
Coordinate singularity: removable via extension.
Curvature singularity: curvature invariants diverge.
Curvature invariant scalar polynomial in Rµναβ .
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An example: the Schwarzschild black hole1 Black holes and singularities
Adopt standard spherical coordinates {t, ρ, θ, φ}, with dΩ2 ≡ dθ2 + sin2θ dφ2. Metric:

ds2 = −
(

1 − 2GM
ρ

)
dt2 +

(
1 − 2GM

ρ

)−1
dρ2 + ρ2dΩ2.

• Asymptotically flat, as limρ→+∞
2GM
ρ = 0

• ρ = 2GM: removable singularity (event horizon);
• ρ = 0: curvature singularity, where
Kretschmann curvature invariant diverges:

K ≡ Rµναβ Rµναβ = 48(GM)2

ρ6 .

0

1

2GM

ρ

1 − 2GM
ρ
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Regular black holes: non-rotating case1 Black holes and singularities
A spacetime is called regular at a point if no curvature singularity emerges at that point.
Regular black hole black hole with no curvature singularities.
Restrict to non-rotating spacetimes andconsider standard spherical coordinates.
R αβ
µν components are:
• pairwise diagonal;
• four are independent.

Scalar curvature invariants are scalar
polynomials in R αβ

µν .

Spacetime regular at a point iff
K1≡ −R01

01,

K2≡ −R02
02 = −R03

03,

K3≡ −R12
12 = −R13

13,

K4≡ −R23
23.

are finite.
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An example: the Bardeen regular black hole1 Black holes and singularities

First proposed regular black hole, with nospecified source, by Bardeen (1968):
ds2 = −f (ρ) dt2 + f (ρ)−1dρ2 + ρ2dΩ2,

f (ρ) ≡ 1 − 2Gm ρ2

(ρ2 + q2)3/2
.

in standard coordinates.
• Asymptotically flat, as limρ→+∞ f (ρ) = 1;
• regular, as {Ki} are finite ∀ρ ≥ 0.

0

1

ρ

f (ρ)

Gm
|q| < 3

√
3

4 , Gm
|q| = 3

√
3

4 , Gm
|q| > 3

√
3

4 .

Outermost f (ρ) zero is the event horizon.
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Action and scalar potential2 The fermion scalar theory
Fermion scalar theoryminimally coupled to General Relativity.
Dirac fermion ψ and real scalar ϕ interacting via a Yukawa term:

S =
∫

d4x
√
−g

[
R

16πG
− 1

2
∂µϕ∂

µϕ− U(ϕ)− ψ
(
γµDµ + mf

)
ψ + fϕψψ

]
.

Effective fermion mass: meff = mf − fϕ,with f =
mf
vF
. Scalar potential:

U(ϕ) = µ2v2
F

12
vF
vB

(
ϕ
vF

)2
[

3
(

ϕ
vF

)2
− 4

(
ϕ
vF

)(
1 + vB

vF

)
+ 6 vB

vF

]
,

Restrict to 0 < ζ < 1, with ζ ≡ vB
vF
.Two vacua at ϕ = 0 (true), ϕ = vF (false).

vF0

ϕ/vF

U(ϕ)

0 < ζ < 1
2 , ζ = 1

2 , 1
2 < ζ < 1.

8/24



Semiclassical treatment2 The fermion scalar theory

We apply a semiclassical treatment to the fermion scalar theory.
• Scalar ϕ and metric gµν are classical;
• static and spherically symmetricspacetime, in standard coordinates:

ds2 = −e2u(ρ)dt2 + e2v(ρ)dρ2 + ρ2dΩ2.

Scalar ϕ has spacetime symmetries: ϕ(ρ).

Dirac fermion ψ quantized in curved
spacetime and fermion ground stateconstructed at fixed particle number.
Apply:
• canonical quantization to ψ;
• Thomas-Fermi approximation.
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Thomas-Fermi approximation2 The fermion scalar theory
Physical assumption:

u, v and ϕ vary slowly over three-space with respectto fermion dynamics.
• Three-space partitioned into domains;
• domains filled with degenerate Fermi gas: stepFermi distribution, Fermi momentum kF(ρ);
• in domains, compute number N and fermionstress-energy tensor.

Fermion ground state isotropic perfect fluid.

 

 

 

𝑡 = 𝑐𝑜𝑛𝑠𝑡 𝐷𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒 𝐹𝑒𝑟𝑚𝑖 𝑔𝑎𝑠 
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Field equations and initial conditions2 The fermion scalar theory
To find kF(ρ), minimize fermion energy at fixednumber, with Lagrange multiplier ωF:√

k2
F + m2eff = ωF e−u.

To find u, v and ϕ, Einstein’s and scalar field eqs.:
e−2v − 1 − 2e−2vρ ∂v

∂ρ = −8πGρ2(W + V + U),

e−2v − 1 + 2e−2vρ ∂u
∂ρ = 8πGρ2(P + V − U),

e−2v
(
∂2ϕ
∂ρ2 +

(
2
ρ + ∂u

∂ρ − ∂v
∂ρ

)
∂ϕ
∂ρ

)
+ fS − dU

dϕ = 0.

Stress-energy tensor:
• W, P, S fermion quantities;
• U,V scalar quantities.

Initial conditions at ρ = 0:
u(0) = 0, v(0) = 0,

ϕ(0) = vF(1 − ε), ∂ρϕ(0) = 0,

with ε≫ 1.
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Solitonic configurations2 The fermion scalar theory

We are interested in solitonic solutions.
• asymptotically flat: null ϕ at ρ→ +∞;
• confined fermion core.

We set ϕ(0) ≈ vF three regions.
Fermion soliton star: regular and staticsolitonic solution.

INTERIOR REGION SURFACE REGION EXTERIOR REGION

R

0 ρ
O(µ−1)

vF φ
kF
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Thin-shell approximation3 Fermion soliton stars
Lee, Pang (1987) found fermion soliton starsin thin-shell approximation: surface regionreduced to zero-thickness hypersurface.
Applicability condition:

Rµ≫ 1.

Non-restrictive: implied by ϕ classicality.
• R fermion core radius;
• µ−1 scalar Compton wavelegth.

INTERIOR REGION EXTERIOR REGION

0 ρ

R

vF

SURFACE REGION

φ
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Exact solutions3 Fermion soliton stars
Fermion soliton stars also found by Del Grosso et al. (2023) as exact solutions, vianumerical integration. Dimensionless quantities adopted. 10
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FIG. 2: Radial profiles of the adimensional pressure P̃ , scalar profile y and metric functions u (shifted) and v
for two example configurations. Continuous lines represent numerical data, whereas dashed lines reconstruct the
asymptotic behavior of the solutions by fitting with the Schwarzschild solution. Top panels: Λ = 0.141, η = 1.26,
P̃c = 0.00903, and log10 ϵ = −13.9. The mass and radius of the soliton fermion star are µM/m2

p = 6.14 and µR = 33.8,
respectively. This solution falls within the confining regime. Bottom panels: Λ = 0.141, η = 0.996, P̃c = 0.0222, and
log10 ϵ = −12.9. The mass and radius of the soliton fermion star are µM/m2

p = 5.71 and µR = 39.3, respectively. This
solution falls within the deconfining regime.

B. Fermion soliton stars

First of all, we confirm that fermion soliton stars exist
also beyond the thin-wall approximation used in Ref. [16].
An example is shown in Fig. 2 which presents the radial
profiles for the metric, scalar field, and fermion pressure.

Inspecting the panels of Fig. 2 can help us understand
the qualitative difference between solutions in the confin-
ing regime (top) and the deconfining one (bottom). In
the first case, as soon as the scalar field moves away from
its central value at ρ → 0, and the effective mass of the
fermion field grows, the pressure quickly drops to zero.
This reflects in the fact that the macroscopic size of the
star R is found to be very close to where the scalar field
starts moving away from the false vacuum. This is the
reason why the macroscopic properties of the star are
mainly dictated by the scalar field potential. In the latter
case, the small bare mass of fermions makes them remain

ultra-relativistic even when the scalar field moves away
from the false vacuum, generating a layer where fermionic
pressure drops exponentially but remains finite. After the
energy of fermions has fallen within the non-relativistic
regime, fermionic pressure rapidly vanishes. The exis-
tence of such a layer makes the final mass and radius of
the star dependent on the fermion mass, see more details
below. Also, as the numerical shooting procedure requires
matching the asymptotic behavior of the scalar field out-
side the region where the energy density of the fermions
remains sizable, deconfining solutions are characterized
by a larger tuning of the parameter controlling the central
displacement ϵ.

In Fig. 3 we present the mass-radius and compactness-
mass diagrams for various values of Λ and η, in the confin-
ing regime. In the top panels, we observe that Λ strongly
affects the mass-radius scale and the maximum mass,
while from the bottom panels we observe that η has a
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Fermion soliton black holes: coordinate charts4 Fermion soliton black holes
Fermion soliton black holes: non-rotating regular black hole solitonic solutions.Select a coordinate chart:
Isotropic spherical coordinates

ds2 = −A(r) dt2 + B(r)
(

dr2 + r2dΩ2
)
.

r isotropic radius.

Standard spherical coordinates

ds2= −A(ρ) dt2 + A(ρ)−1 dρ2 + ρ(ρ)2dΩ2

= −Ā(ρ) dt2 + B̄(ρ) dρ2 + ρ2dΩ2.

ρ standard radius;
ρ rescaled standard radius.

Coordinate transformation not always possible:necessary and sufficient condition is ρ(r) ≡ r
√

B bijective.
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Isotropic coordinates: isomorphic regions4 Fermion soliton black holes
Assumptions in isotropic coordinates:
• globally regular spacetime, for r ≥ 0;
• C∞−smooth and non-divergingmetric functions A,B.

Mutually isomorphic regions if:
1. ρ(r) not globally bijective;
2. ρ(r) separately bijective in

r ∈ I1, I2, with and ρ(I1) = ρ(I2) = J;
3. standard reparametrization in

r ∈ I1, I2 yields same standardmetric functions Ā, B̄ in ρ ∈ J.

Example: Schwarzschild wormhole

ds2 = −
(

r − a
r + a

)2

dt2 +

(
r + a

r

)4

(dr2 + r2dΩ2).

Regions {0 < r < a} and {r > a}mutuallyisomorphic, both parametrizing externalSchwarzschild black hole with M = 2a/G.
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Isotropic coordinates: isomorphic regions theorem4 Fermion soliton black holes

Consider matter Lagrangian density not explicitly position
dependent, and solution with ρ(r) local extremum at r = r0.
• There exist left and right neighborhoods of r = r0related to mutually isomorphic regions;
• ρ(r) has oppositemonotonicity on each neighborhood;
• neighborhoods extend until new critical points for ρ(r)are reached on both sides, where ρ(r) takes same value;
• exception when right extension reaches r = +∞: ρ′always vanishes at r = +∞, irrespectively of other side.

r

ρ(r)

0 r0

ρ0

r

ρ(r)

0 r0

ρ0

r

ρ(r)

0 r0

ρ0
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Isotropic coordinates: non-existence argument4 Fermion soliton black holes

Consider fermion scalar solution with:
• confined fermion core of radius rF, nolocal extrema of ρ(r) within;
• one local extremum for ρ(r), in r > rF.

Black hole if
• asymptotically flat: ρ(r) ≈ r as r → +∞;
• local extremum as ∂t−Killing horizon.

Fermion scalar Lagrangian density explicitly
position independent for r > rF.

Theorem applies to outermostextremum r0, but thesis denied: absurd.

r

ρ(r)

0
rF rext r0
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Standard coordinates: no-go theorem4 Fermion soliton black holes
Region {a < ρ < b} with A(a) = 0 (or acenter) and A(b) = 0 (or b infinity) is:
• static (R) if A > 0;
• non-static (T) if A < 0.

Consider stress-energy tensor Tµν . If
−Tt

t + Tθ
θ ≤ 0 where A ≤ 0,

and {a < ρ < b} static, then:
i. A′(a),A′(b) ̸= 0;
ii. A ̸= 0 for ρ < a, ρ > b.

Spacetimes are sequences of R,T regions.Theorem restricts admissible sequences.

0 ρ

[TT]

[T]

[TRT]

[TR]

[RT]

[R]

R T
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Standard coordinates: non-existence argument4 Fermion soliton black holes
Consider hypothetical fermion soliton black hole: more than one causal region, innermostand outermost regions static, fermion core of radius ρF confined in innermost region.
Call h innermost radius where A(h) = 0. Theorem applies in ρF < ρ < h, since theory
purely scalar for ρ > h: no admissible causal sequence allows outermost static region.

0 ρρF R T fermion core
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Conclusions5 Conclusions and further explorations
We proved the non-existence of fermion soliton black holes:
• discussing mutually isomorphic regions in isotropic coordinates.
• via a no-go theorem in standard coordinates.

The non-existence arguments are complementary formaximally extended spacetimes.
Future developments:
• verify numerically the existence of exact fermion soliton black holes in isotropiccoordinates, allowing derivative discontinuities of the functions;
• study rotating fermion soliton stars: regular solitonic solutions to the fermion scalartheory, in stationary and axially symmetric spacetimes.
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