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We demonstrate that violent kinetic preheating following inflation can lead to the formation of black holes
in the early Universe. In α-attractor models with derivative inflaton couplings, nonlinear amplification of
field fluctuations drives large spacetime curvature and gravitational collapse shortly after inflation ends.
Using fully general-relativistic lattice simulations, we find that these dynamics produce black holes with
masses of order tens of grams at subhorizon scales, without requiring large primordial curvature
perturbations. Although such micro black holes evaporate rapidly via Hawking radiation, their formation
modifies the postinflationary equation of state and their evaporation can successfully reheat the Universe
before big bang nucleosynthesis. These results identify kinetic preheating as a new, efficient channel for
black-hole production.
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Introduction. The inflationary epoch not only explains the
observed large-scale homogeneity of the Universe [1–3],
but also provides a natural origin for primordial fluctua-
tions that seed cosmic structure [4–6]. Yet, the transition
from inflation to the hot big bang, reheating, remains one
of the least understood phases in the early Universe. In
many well-motivated models, the inflaton’s couplings to
matter fields can drive nonperturbative and highly non-
linear energy transfer, a process known as preheating
[7–11]. Preheating generically leads to the production of a
high-frequency (MHz-GHz) stochastic gravitational wave
background due to the generation of large gradients in
the energy density [12–22]. When the transfer proceeds
through derivative, or kinetic couplings rather than poten-
tial-like interactions, the resulting dynamics can be espe-
cially violent [23–25], sourcing large gradients [26],
strong gravitational waves [27–32], and as we demonstrate
in this paper, gravitational collapse to black holes.
In previous work [25,32], we showed that kinetic preheat-

ing, which arises naturally in the conformal symmetry-based
constructions of multifield α-attractor inflationary models,
can lead to rapid fragmentation of the inflaton condensate
and the formation of localized, high-density regions. Using
lattice simulations we previously showed that these configu-
rations are highly inhomogeneous, producing stochastic
gravitational-wave backgrounds with energy densities large

enough to perturb the late-time expansion rate and lead to
observational effects through shifts in the effective number of
relativistic species, Neff .
In the present work, we extend this analysis to explore

the ultimate nonlinear gravitational outcome of this proc-
ess. We find that, under generic conditions, the violent
inhomogeneities generated during kinetic preheating can
seed gravitational collapse and form black holes with
masses of order tens of grams. These micro black holes
emerge dynamically from the field fluctuations themselves,
without requiring any special initial conditions, and con-
stitute a new and robust pathway to black-hole production
in the early Universe. Kinetic preheating is an ideal place to
look for the dynamical production of black holes: the
tachyonic instability quickly and efficiently seeds large
overdense regions at the Hubble scale, kH ∼ 1. At the same
time, other models with tachyonic-instabilities and large-
scale overdensities, e.g., gauge preheating [31], do not; in
this case, however, the model contains only scalar fields
which evades the pressure-support that seems to stop
gauge-preheating from producing black holes.
Unlike primordial black holes (PBHs) [33–40] formed

from large curvature perturbations during inflation [41–45],
the black holes produced here originate from the intrinsi-
cally nonlinear, postinflationary dynamics of preheating.
Their formation reflects the strong coupling between field
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gradients and spacetime curvature in the fully relativistic
regime, which we capture using GABERel [31,46]—an
extension of GABE [47] that evolves the metric and matter
fields self-consistently in the Baumgarte-Shapiro-Shibata-
Nakamura (BSSN) scheme of numerical relativity [48,49].
The resulting gravitational collapse occurs at subhorizon
scales and within a few oscillations of the inflaton field,
highlighting the extreme efficiency of energy localization
during kinetic preheating.
The black holes produced in this scenario are far too

light to survive to the present day, evaporating via
Hawking radiation shortly after formation. Nevertheless,
their transient existence can have significant cosmological
implications. Their evaporation is sufficient to reheat the
Universe without any further couplings between the infla-
tionary sector and the standard model sector. Further, a
PBH dominated phase may lead to nonthermal particle
production, modify the postinflationary equation of state,
or imprint characteristic features in the stochastic gravita-
tional-wave spectrum. More broadly, these results establish
kinetic preheating as a qualitatively new channel for black-
hole formation in the early Universe.

The model. We consider a kinetic-preheating scenario for
an axion-dilaton inflationary model

L ¼ −
M2

Pl

2
R −

1

2
ð∂φÞ2 −WðφÞ

2
ð∂χÞ2 − VðφÞ; ð1Þ

in which the dilaton, φ, is kinetically coupled to the
axion, χ, through an exponential dilatonlike kinetic cou-
pling, WðφÞ ¼ e2φ=μ.
For this analysis, we consider the asymmetric E-model

α-attractor potential [50,51]

V ¼ m2μ2

2

�
1 − e−

φ
μ

�
2
: ð2Þ

For small values of μ, preheating is extremely efficient
and, as demonstrated in FLRW spacetime in Refs. [25,32],
leads to large spikes in the density contrast at several scales
and a loud background of stochastic gravitational waves at
high frequencies (GHz). In this letter, we extend the results
of these works to include the effects of nonlinear gravitation
to allow these overdense regions to undergo gravitational
collapse.
To implement fully nonlinear gravity we apply the

BSSN formalism [48,49] (see, e.g., [52]) which employs
a 3þ 1 decomposition of spacetime,

ds2 ¼ ð−α2 þ βiβ
iÞdt2 þ 2βidtdxi þ e4ϕγ̄ijdxidxj; ð3Þ

where the lapse, α, and shift, β are pure gauge degrees of
freedom whose dynamical equations are chosen to keep the
3-dimensional surfaces of the simulation purely spatial.
The evolution of the metric is governed by the extrinsic

curvature, Kij, which is decomposed into its trace, K, and
traceless, Ãij parts, Kij ¼ Ãij − δijK=3. In a pure homo-
geneous and isotropic FLRW universe, the mean curvature
is related to the Hubble parameter via K ¼ −3H. The full
set of nonlinear differential equations that define the
evolution of the metric degrees of freedom can be found,
e.g., in [52].
The kinetic coupling modifies the standard equations of

motion for scalar fields. We define

Π≡ 1

α
ð∂tϕ − βi∂iφÞ; Θ≡ 1

α
ð∂tχ − βi∂iχÞ; ð4Þ

which can be used to write the equations of motion for the
two fields,

∂tΠ ¼ βk∂kΠþ αKΠþ γij∂iα∂jφ − αγijΓk
ij∂kφ

−
α

2

∂W
∂φ

ðγij∂iχ∂jχ − Θ2Þ − α
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∂φ

; ð5Þ

∂tΘ ¼ βk∂kΘþ αKΘþ γij∂iα∂jχ − αγijΓk
ij∂kχ

þ α

W
∂W
∂φ

ðγij∂iφ∂jχ − ΠΘÞ: ð6Þ

In practice, the numerical system is more stable if the
gradients of the fields evolve independently. For example,
we define ψ i ≡ ∂iφ and evolve

∂tψ i ¼ βj∂jψ i þ ψ j∂iβ
j − α∂iΠ − Π∂iα; ð7Þ

while substituting ψ i into Eqs. (5) and (6).
We find the homogeneous values of φ0 and φ̇0 by

numerically integrating the homogeneous Klein-Gordon
equations during inflation for a pure FLRW universe, using
the same method as Refs. [25,32].
The inhomogeneous initial conditions are set as in

Ref. [46], where the two-point correlation function of each
scalar field is given Bunch-Davies fluctuations,

hjδφkj2i ¼
1

2a2ωk
; hjδχkj2i ¼

1

2WðφÞa2ωk
; ð8Þ

where hjfkj2i is the ensemble average. We also apply a
window function (as in [46]) to reduce the power in high-
frequency modes that we expect to be outside of the
tachyonic instability. The fluctuations of the gravitational
sector are set mode-by-mode using perturbation theory. We
first calculate δρk and δij∂iT0j on the initial slice then solve
the associated Poisson equations [46] for the Bardeen
potential Φ. The full set of initial conditions for the
gravitational fields are α ¼ 1þΦ, ϕ ¼ −Φ=2, and

K ¼ −3H þ 3ðΦ̇þHΦÞ; ð9Þ
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alongside the choices of βi ¼ Ãij ¼ 0, γ̄ij ¼ δij. We
employ a Bona-Massó slicing condition to the lapse,
∂tα ¼ −2αðK − hKiÞ, and use the standard hyberbolic
gamma driver slicing condition on the shift, ∂tβi ¼
3Bi=4þ βj∂jβ

i and ∂tBi ¼ ∂tΓ̄i − ηBi=2þ βj∂jBi, with
η ¼ 102 [52]. This construction introduces the auxiliary
field, Bi, which makes the differential equation for the shift
hyperbolic and uses the conformal connection functions,
Γ̄i ≡ γ̃jkΓ̃i

jk, defined using the conformal connection
coefficients, Γ̃i

jk (although these are treated as dynamical
degrees of freedom in the BSSN formalism). For configu-
ration-space quantities, h� � �i is a spatial average over
constant-t hypersurfaces.

Results. To demonstrate the formation of black holes, we
focus on a single value of μ chosen among those tested in
[25,32]; for μ ≈ 4.68 × 10−2 Mpl, which also implies
m ¼ 8.04 × 10−6 Mpl, we anticipate efficient preheating.
The results we present here are from a simulation that
begins one-half an e-folding before the end of inflation, for
consistency with [31,32]; in that work we chose the box to
be Hubble-scale at the end of inflation to resolve the
tachyonic instability. Here, we choose a smaller box to
resolve the high-frequency modes while still being able to
see the tachyonic instability. To accomplish this, we take
L ¼ H−1

ende
−0.5=5 ≈ 6.72 m−1, which corresponds to a box

size of H−1
end=5 as the end of inflation. The grid is taken to

have N3 ¼ 2563 points. With a time step of Δt ¼ L=N=30.
We express time in units of the Hubble scale at the
beginning of the simulation, H−1� ≈ 0.019 m−1, which
represents the fundamental timescale of the problem.
To test for convergence, we ran lower-resolution simu-

lations (N3 ¼ 1283) as well as simulations with various
box-sizes, ranging from L ≈ 6.72 m−1 to L ≈ 33.6 m−1, as
well as several slicing conditions, including those designed
to better resolve horizons [53]. We also performed a
simulation in which we reduce the time step by a factor
of ten (to Δt ¼ L=N=300) after t ≈ 1.70 H−1� to ensure
convergence during the collapsing stage. In all of these
simulations we found the same behavior; we choose this
simulation since it showed the longest numerical stability
with sufficient time-resolution to see the relevant processes
of preheating and the formation of the black hole.
To validate the fully nonlinear simulation, we calculate

the statistics of the ϕ and χ fields in Fig. 1. The variances of
the field show consistency with the FLRW simulation
throughout the time when the field is in the linear regime as
well as during the tachyonic reheating phase and during the
phase of nonlinear evolution, demonstrating that the field
equations are consistent with previous studies. Figure 2
shows how the density, ρ=hρi evolves as the tachyonic
instability creates large density contrasts. Figure 3 dem-
onstrates how the lapse, α, begins to diverge from unity as

the density contrast grows, just before it gravitationally
collapses.
As the simulation continues to evolve, the overdense

region begins to gravitationally collapse, as can be seen in
the panels in Fig. 4. The timescale over which this collapse
occurs is very short compared to the timescale of the
preheating instability. Within Δt ≈ 0.002H−1� we see that
the density contrast grows by several orders of magnitude
while the value of the shift goes to zero.
At t ≈ 1.7063 H−1� we see the formation of a black hole

horizon. We identify apparent horizons by searching for
trapped surfaces [54]; we evaluate the expansion

Θ≡∇ini þ Kijni nj − K; ð10Þ

on spherical surfaces surrounding the overdense region. The
outermost surface on which the expansion vanishes is the
apparent horizon, r⋆. While the size of the collapsed region
is small compared to our box, there are still many points
inside r⋆. For our case, the coordinate apparent horizon is
located at r⋆ ≈ 2.5Δx ≈ 0.065 m−1 as seen in Fig. 5.
Finally, we estimate the mass of the black hole by calculating
the density in the collapsing region. We look at several
successive slices from t ≈ 1.66 H−1� until t ≈ 1.70 H−1� and
sum over the region where ðρ − hρiÞ=hρi > 25.1 For this
simulation, MBH ¼ 30 g, which is approximately 3.5% of
the total mass of the simulation at that time.

Reheating from primordial black-hole evaporation. Once
PBHs are formed, the subsequent cosmological evolution
depends on their evaporation history. PBHs behave as
nonrelativistic matter, so if their initial energy fraction at

FIG. 1. The variances of the inflation (black), φ, and the axion
(red), χ over time for the run presented here (solid) and a
corresponding FLRW simulation (dashed). The rise of the
variance of the axion represents the phase of kinetic preheating
which extends from ≈0.5 H−1� until t ≈ 1.25 H−1� .

1The choice of 25 as the threshold is not at all special, we
tested several choices of threshold and the resulting mass does not
depend on this specific value.
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the time of formation tf, βf ≡ ρPBHðtfÞ=ρtotðtfÞ is not
exponentially small, they quickly come to dominate the
energy density—the only other matterlike component is the
homogenous condensate of the dilaton, which vanishes

during preheating [25]. Our simulations indicate that
βf ≲ 0.05–as an order of magnitude estimate consistent
with the simulation presented here and others we have
conducted. Assuming a radiation equation of state during
preheating, the PBH fraction grows asΩPBH ∝ a, and PBH-
reheating equality occurs at

teq ≃
tf
β2f

: ð11Þ

Subsequently a matter-dominated phase follows until the
black holes evaporate via Hawking radiation [55–58] at

tevap ¼
10240π

gm4
pl

M3
BH ≃ 1.7 × 10−27 s

�
M
g

�
3
�
100

g⋆

�
; ð12Þ

where g is the graybody-weighted effective number of
degrees of freedom, g ¼ 15.25 for the full standard model,
and g� is the total number of ultrarelativistic degrees of
freedom in the standard model at high tempera-
ture, g� ¼ 106.75.

FIG. 2. Two-dimensional slices of the density, ρ=hρi over several slices from the end of the tachyonic resonance period until the
gravitational collapse begins. From left to right, these are at t ≈ 1.3730 H−1� ; 1.5332 H−1� ; 1.5904 H−1� , and 1.6705 H−1� . Note the
increasing scale of the vertical axis over these four slices.

FIG. 3. The lapse, α, at t ≈ 1.7050 H−1� right before gravita-
tional collapse begins.

FIG. 4. The density contrast (top panels) and the scaled lapse, log10ð1 − αÞ, (bottom panels) during the timewhen the overdense region
is collapsing. We scale the lapse to emphasize that it is departing significantly from one and we plot only the region surrounding the
emerging black hole.
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For the Oð10–100Þ g black holes produced during
kinetic preheating, tevap ∼ 10−24–10−21 s, corresponding
to an extremely short but genuine PBH-dominated epoch
lasting ΔNMD ≃ ð2=3Þ lnðtevap=teqÞ ∼ 10–20 e-folds.
The evaporation of these light PBHs rapidly con-

verts their mass into a relativistic plasma, reheating the
Universe to

TðPBHÞ
reh ≃ 0.87 MeV

�
g⋆
100

�
−1=4

�
109 g
M

�
3=2

; ð13Þ

so that MBH ≃ 30 g yields Treh ∼ 108 GeV. Because
tevap ≪ 1 s, this reheating occurs well before big bang
nucleosynthesis, leaving standard light-element abundan-
ces unaffected. Hawking emission distributes roughly
fg ∼ 10−2 [56] of the PBH energy into gravitons, giving

a negligible ΔNðGWÞ
eff ≲ 10−3. However, any additional

decoupled light species attains approximately the same
temperature as the visible Standard Model, and therefore
contributes ΔNeff ≃ 0.027ðgbX þ 7gfX=8Þ, where gb;fX counts
the internal degrees of freedom for bosons or (Weyl)
fermions, respectively. In particular, an additional three
right-handed (sterile) neutrinos added to the Standard
Model contribute ΔNeff ≈ 0.14. While this is within
current bounds, it is well within the range targeted by
upcoming experiments [59–61].
Thus, evaporation of the micro black holes formed

during kinetic preheating provides a natural and efficient
reheating mechanism: it restores a hot radiation bath at

Treh ∼ 108−10 GeV, precedes BBN by many orders of
magnitude, and leaves only a minuscule residual contribu-
tion to relativistic energy density today. Kinetic preheating
after α-attractor inflation therefore provides a realization of
the scenarios discussed in [62].

Discussion and conclusion. In this paper, we have dem-
onstrated that black holes can be formed during kinetic
preheating after α-attractor inflation. Using numerical sim-
ulations we have shown that the kinetic coupling between a
dilaton inflaton, and an axion-reheaton, leads to a violent
tachyonic instability which sources large localized density
fluctuations that subsequently undergo gravitational col-
lapse to black holes.
Our simulations use a fixed-grid which limits our ability

to resolve both the scale of the preheating instability and the
scales associated with the black hole as the horizon forms.
While we have several points inside this region, a next step
would be to further study this collapse using an adaptive
mesh scheme, such as those used in [63]. We generically
observe around 3.5% of the energy density in our simu-
lations collapsing into a single black hole, and anticipate at
least one black hole per horizon volume at the end of
inflation.
After collapse into black holes, the Universe evolves as

radiation dominated until reheaton-PBH equality, where it
subsequently evolves in a matter dominated phase that lasts
10–20 e-foldings. The Universe is then reheated as these
black holes evaporate via Hawking radiation. Reheating
through Hawking radiation populates all gravitationally
coupled degrees of freedom without any direct couplings
between the inflationary sector and the standard model.
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FIG. 5. The density contrast at the time of the horizon
formation, t ≈ 1.7063 H−1� . The black circle indicates the appar-
ent horizon.
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