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Self-gravitating thin shells are dynamically unstable on all angular scales
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We establish the dynamical instability of a static, spherically symmetric, and infinitesimally thin shell in
general relativity. The shell is made up of a perfect fluid with a barotropic equation of state, and it produces
a Schwarzschild spacetime in its exterior and a Minkowski spacetime in its interior. We introduce a linear
perturbation of the matter and spacetime, decompose it in spherical harmonics, and compute the shell’s
spectrum of quasinormal modes. We reveal the existence of two modes with a purely imaginary frequency,
one negative (which describes stable oscillations), the other positive (which describes an exponential
growth); these modes occur for all sampled values of the shell’s compactness and adiabatic index, and all
sampled values of the multipolar order l ≥ 2, in the even-parity sector of the perturbation. All other
quasinormal modes describe damped oscillations and do not contribute to the instability. This study
complements a recent analysis by Yang, Bonga, and Pen [Phys. Rev. Lett. 130, 011402 (2023)], which also
concluded in a dynamical instability, but was limited by an eikonal approximation to small angular scales
(l ≫ 1); our treatment applies to all angular scales. The eigenvalue problem for the mode frequencies is
formulated by introducing a perturbation of Minkowski spacetime inside the shell, a perturbation of
Schwarzschild spacetime outside the shell, and a perturbation of the shell matter. The metric perturbations
are governed by the Einstein field equations, and they are matched across the shell with the help of Israel’s
junction conditions. The matter perturbation is governed by the equations of fluid mechanics, and it
produces a source term in the junction conditions. All calculations are carried out in full general relativity,
but we also examine a nonrelativistic formulation of the problem; we show that a Newtonian shell also is
necessarily unstable to a time-dependent perturbation. Our conclusion suggests that a compact object
that features a thin shell at its surface will be dynamically unstable; this makes it nonviable as a model of
black-hole mimicker.

DOI: 10.1103/ccxt-5ljs

I. INTRODUCTION AND SUMMARY

A. Self-gravitating thin shells in general relativity

Observations of compact objects through gravitational
waves, horizon-scale imaging, and observations of galactic
nuclei have firmly established black holes as physical
constituents of theUniverse [1–8].With current observations
probing increasingly subtle features of black-hole dynamics
and theoretical models reaching similar levels of precision,
black holes provide a unique laboratory to test the strong-
field regime of general relativity and the nature of spacetime.
Alongside this progress, a variety of alternative compact

objects have been proposed that reproduce many observa-
tional signatures of black holes while avoiding features such
as an event horizon or a spacetime singularity. Such objects
are often referred to as black-hole mimickers and are
consistent with current observational constraints [9–11].
While there is currently no compelling evidence to suggest

that these objects exist in the observable Universe, a
measurement (e.g. the observation of a quasinormal mode
[12,13]) that would favor the existence of mimickers over
traditional black holes would cause some excitement in the
field of gravitational physics. At present, black-hole mim-
ickers cannot be ruled out, but the next generation of
gravitational-wave detectors might be able to do so [14–16].
One class of black-hole mimickers are gravastars, which

were introduced in 2001 by Mazur and Mottola [17]. They
consist of an infinitesimally thin shell of matter lying just
outside of where the event horizon would be, with an
interior typically taken to be a de Sitter spacetime; the
exterior spacetime is still described by the Schwarzschild
metric. Since their introduction, substantial effort has been
devoted to understanding these objects and determine how
they could be distinguished from black holes in gravita-
tional-wave measurements [11,18]. So far, LIGO’s obser-
vations have either found gravastars to be inconsistent with
the data, or that available data does not favor them over
black holes [18,19].
Recently, Yang, Bonga, and Pen demonstrated that such

self-gravitating thin shells are dynamically unstable under
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We show that a generic relativistic membrane with in-plane pressure and surface density having the same
sign is unstable with respect to a series of warping mode instabilities with high wave numbers. We also
examine the criteria of instability for commonly studied exotic compact objects with membranes, such as
gravastars, anti–de Sitter bubbles, and thin-shell wormholes. For example, a gravastar which satisfies the
weak energy condition turns out to be dynamically unstable. A thin-layer black hole mimicker is stable
only if it has positive pressure and negative surface density (such as a wormhole), or vice versa.

DOI: 10.1103/PhysRevLett.130.011402

Introduction.—The detection of binary black hole (BH)
mergers with ground-based gravitational-wave (GW)
detectors [1–4], images of the supermassive BHs M87
and Sgr A! ith radio interferometry [5,6], and the obser-
vation of S stars orbiting a small dark region in the Galactic
Center [7], all point to the existence of BHs, of which a
description was first obtained by Schwarzschild more than
one hundred years ago using general relativity. The study of
BHs is not limited to astrophysics and general relativity, but
also plays a role in other major areas of physics, such as
quantum fields and strings, condensed matter physics, and
quantum information. Because of its unparalleled concep-
tual and observational importance, it is paramount to test
the more refined features of BHs against all viable alter-
natives allowed by the laws of nature. Any signal, e.g.,
ringdown quasinormal modes [8,9], that favors a BH
mimicker over BHs themselves would represent a funda-
mental breakthrough or revolution in physics. In the
coming decades the third-generation ground-based GW
detectors [10,11], the space-borne GW detectors [12,13],
and the next-generation Event Horizon Telescope, will
likely improve the precision of such tests by many orders.
Horizonless compact objects are important candidates

for BH mimickers [14]. One class of them, such as boson
stars, has smooth distributions of matter and fields that are
convenient for stability analysis and numerical simulations.
However, it appears difficult to construct stable configu-
rations of these compact stars that approach the compact-
ness of BHs. For example, a fluid star with causal equation
of state can achieve maximum compactness at around
M=R ≤ 0.355 [15,16], with M its mass and R its radius as
measured from the surface area. The bound for boson stars
is around 0.44 [17]. There are proposals for constructing
compact stars with anisotropic stress [18–24] to increase
the maximum compactness, but they often feature problems

such as superluminal sound speed, violation of energy
conditions, and lack of stability analysis. A recent study
showed that the bound can be improved to ∼0.376 by
including various prescriptions of elastic stress [25].
Another class of compact objects often includes a (or

multiple) membrane(s) that separates spacetime regions,
such as gravastars [26] and thin-shell wormholes [27,28].
These are interesting because this type of construction
allows the transition to the exterior spacetime, which is the
same as the BH spacetime, to be arbitrarily close to the
horizon of a corresponding BH. Therefore, these models
can have compactness arbitrarily close to that of BHs.
In addition, membranes are often invoked if there is
interesting physics happening near a certain surface, such
as proposals considering hard structures near BH horizons
motivated by firewalls or 2 − 2 holes [29,30]. Moreover,
compact objects with membranes are expected to have
distinct strong-gravity dynamic behavior from more uni-
form compact objects. For this latter reason, two-dimen-
sional domain walls have been extensively studied in
cosmology.
Here, we present a perturbation study of self-gravitating

membranes with nontrivial energy and stress. We find that
if the signs of the in-plane pressure and surface density in
the membrane are the same, there is a generic warping
instability for modes with sufficiently high wave numbers.
We apply these results to commonly studied compact
objects, and find that a significant portion of the parameter
space of gravastars—which are usually modeled by a de
Sitter interior and Schwarzschild exterior with a spherical
shell of matter at the boundary—and AdS bubbles (with
anti–de Sitter interiors) are dynamically unstable. Static
thin-shell wormholes always have positive pressure and
negative surface density, so that they are free from these
instabilities. Therefore, requiring membranes to have

PHYSICAL REVIEW LETTERS 130, 011402 (2023)

0031-9007=23=130(1)=011402(6) 011402-1 © 2023 American Physical Society



Instability of thin shells: Summary

Yang, Bonga, Pan (2023) 
 Self-gravitating thin shells are dynamically unstable. 

     In the eikonal regime (l ≫ 1), there always exist an unstable mode.
     Black-hole mimickers that feature a thin shell are unstable. 
     Thin-shell wormholes are unstable. 

Pitre, Schneider, Poisson (2026) 
     Dynamical instability persists on all angular scales (l ≥ 2). 
     Shell’s interior is taken to be vacuum (Minkowski).  



Instability of thin shells: Preliminary remarks

An important ingredient in a stability analysis is the adiabatic index

The speed of sound is given by 

Radial stability requires 

Nonradial instability: Unstable mode for each l and any value of 𝛤.

p: surface pressure
𝜎: rest-mass density
𝜇: energy density



Newtonian analysis: Setup

The shell is a closed 2D surface embedded in 3D flat space.
We use intrinsic coordinates                     on the shell. 
These are Lagrangian coordinates: a fluid element moves 

     with           constant, and keeps its label during a perturbation.
The shell possesses:



Newtonian analysis: Governing equations

Mass conservation:

Momentum conservation:

Gravity: 



Newtonian analysis: Equilibrium configuration

The unperturbed configuration is static and spherically symmetric.

The governing equations imply

This describes a sequence of equilibria parametrized by 𝜎.



Newtonian analysis: Stability

The perturbation is described by a Lagrangian displacement vector, 
     which takes a fluid element from its unperturbed position to its
     new position. 

All other perturbation variables are obtained from 𝝃. 
The governing equations reduce to the matrix system 



Newtonian analysis: Stability

Diagonalization of A produces the shell’s eigenfrequencies 
and eigenvectors (normal modes). 

For each l and any value of 𝛤, we find that 

Conclusion: the shell is dynamically unstable. 



General relativity: Matter modes

The relativistic shell also has a mode with an imaginary frequency. 

The relativistic shell also is dynamically unstable. 
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General relativity: Wave modes

In addition, the relativistic shell has wave modes; stable;
     complex frequencies with a negative imaginary part. 
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Conclusion

A self-gravitating thin shell is unconditionally unstable to 
     nonradial perturbations (any l, any 𝛤, any M/R). 

This was established for a vacuum interior. 
Interior matter might succeed in stabilizing the shell. 
Yang, Bonga, and Pan (2023) show that this does not happen

     for a de Sitter interior (gravastar). 
Conjecture: it will not happen for any interior matter.
A black-hole mimicker that features a thin shell at its surface

     is dynamically unstable.     
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