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Inflation is a dynamical solution to an initial 
conditions problem.
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Figure 1. Current measurements of the angular power spectrum of the CMB temperature and polarization
anisotropy. The horizontal axis is scaled logarithmically in multipole ` left of the vertical dashed line (` < 30)
and as `0.6 at higher multipole. Best-fit models of residual foregrounds plus primary CMB anisotropy power
for TT datasets are also plotted. To illustrate the expected improvements with CMB-S4, the projections for
a strawman instrumental configuration are shown in grey (binned with �` = 5 for TT and EE spectra and
�` = 30 for BB) for a ⇤CDM with r = 0 cosmological model.

shift space distortions, weak lensing, galaxy and galaxy cluster surveys, Lyman-alpha forest measurements,
local determinations of the Hubble constant, observations of type Ia SNe, and others. The CMB primary
anisotropy measurements provide highly complementary data for the combined analysis; by providing a
precision measurement of the Universe at z = 1100, the CMB data leads to tight predictions for measurements
of the late time Universe for any adopted cosmological model—measurements of the Hubble constant, the
BAO scale, and the normalization of the present day matter fluctuation spectrum being excellent examples.
Secondary CMB measurements provide late-time probes directly from the CMB measurement, e.g., CMB
lensing, the SZ e↵ects and SZ cluster catalogs, which will provide critical constraints on the standard
cosmological models and extensions to it. The cosmological reach of future cosmological surveys at all
wavelengths will be greatly extended by their joint analyses with secondary CMB anisotropy measurements.

1.2 CMB-S4 Design Considerations

The CMB-S4 science goals, as outlined in the executive summary, and detailed in the following chapters, lead
to several general aspects of the instrument design. We briefly summarize the general design considerations
below.
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They are logically different initial conditions problems.
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like the big crunch of the more realistic model of FIGURE 8. The model of FIGURE 9 
would have no second law of thermodynamics because its entropy starts off with the 
same enormously high entropy value that it ends up with. Thus, our question implicitly 
contains a second question: Why is there a second law of thermodynamics at  all? 

THE WEYL CURVATURE HYPOTHESIS 

Let us phrase our question in terms of phase-space volumes. The puzzle that needs 
to be explained is as follows: Why was the initial state of the universe-the big 
bang4onstrained to such a very tiny fraction of the whole volume of phase-space, 
namely, 

one part in 1 0 ~ ~ ' ~ ' ,  

FIGURE 10. The Creator locating the tiny region of phase-space-one part in 10'0'z3-needed to 
produce a 108'-baryon closed universe with a second law of thermodynamics in the form we know 
it. 

in the case of our particular universe model? (Recall the logarithmic relation between 
entropy and phase-space volume.) This question is made graphic in FIGURE 10, where 
we imagine the Creator, armed with a pin, aiming for this absurdly tiny region of 
phase-space that is necessary in order to provide us with a universe of the uniformity 
needed for a second law of thermodynamics in the form that is familiar to us. 

Several points should be made here. In the first place, our assumption of a closed 
universe (with, say, loEo baryons) is not essential to the argument, though it enables us 
to consider that the phase-space available to the Creator might have finite volume. For 
an infinite universe volume, the phase-space would have to have infinite volume. The 

Penrose 1989

Planck

“Regardless of initial conditions, inflation dynamically 
smooths out all inhomogeneities.”



Does Inflation always inflate 
regardless of Initial conditions?
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Betteridge’s Law



How to test this?

Step 1 : Pick an inflationary model (dynamics)

Step 2 : Choose inhomogeneous initial conditions for this 
model

Step 3 : Do calculations (numerics/analytics), do we get 
>60 folds of inflation for some patch?

This is the hard part!



GRCHOMBO + GRTeclyn!
Numerical Relativity with Adaptive Mesh Refinement

Open Source BSD-3 License

arXiv:1503.03436
arXiv:2112.10567
arXiv:2201.03458

GRTL Code Collaboration  
(formerly known as the “GRCHOMBO people”)

www.grtlcollaboration.org

Aurrekoetxea et al.

http://www.grtlcollaboration.org


These are expensive 
simulations…

Solve full Einstein equations : no approximations made 
up to numerical error.

Each simulation run takes 10000-100000 core/hrs

Adaptive mesh refinement allows for precision.

….(14.2 - 142 Tree-months of CO2).



Read our excellent review!



Inhomogeneous Initial Fields
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An Inhomogenous Mode
Can be very big ⇢mode � ⇢vacuum

<latexit sha1_base64="wiyAQSdXaEohad6StCdgleOG0P0=">AAACGHicdVDLSgMxFM3UV62vqks3wSK4qjNtUbsrunFZwT6gMwyZNG1Dk8mQZAplmM9w46+4caGI2+78GzNtBSt64MLhnHu5954gYlRp2/60cmvrG5tb+e3Czu7e/kHx8KitRCwxaWHBhOwGSBFGQ9LSVDPSjSRBPGCkE4xvM78zIVJRET7oaUQ8joYhHVCMtJH84oUrR8JPXI70SPKEiz5JU+gOh3DVmCAcxzxN/WLJLtczXMIFqdYNsWuOXa1Cp2zPUQJLNP3izO0LHHMSasyQUj3HjrSXIKkpZiQtuLEiEcJjNCQ9Q0PEifKS+WMpPDNKHw6ENBVqOFd/TiSIKzXlgenM7lS/vUz8y+vFenDtJTSMYk1CvFg0iBnUAmYpwT6VBGs2NQRhSc2tEI+QRFibLAsmhO9P4f+kXSk71XLlvlZq3CzjyIMTcArOgQOuQAPcgSZoAQwewTN4BW/Wk/VivVsfi9actZw5BiuwZl/3vqJF</latexit>

homogeneous

inhomogeneous



Scalar/Matter Sector

Gravity Sector
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FIG. 1. In small field inflation the width of the inflationary
“slow-roll” part of the potential �� ⌧ MPl, whereas in large
field �� � MPl.

FIG. 2. Illustration of the cases N = 1 and N = 2 showing
the values of � on a 2D slice through the y axis. On this slice
the maximum value of � in each case is 4⇥ 10�4MPl and the
minima are �9.5⇥10�5MPl and �6.0⇥10�5MPl respectively.

the initial inhomogeneities. The value �0 is chosen such
that we have 100 e-folds of inflation in the absence of
any inhomogeneities. Since there are three modes each
with amplitude ��, the maximal total amplitude of the
fluctuations about �0 is 3��. We chose not to include
random phases in this work as we have found that ran-
dom phases do not materially change the overall results.
Note that we have normalised the total �� by the num-
ber of modes N – this means that the average gradient
energy is slightly higher for larger N , but that the maxi-
mum traverse from �0 towards the inflationary minimum
is the same. See Figure 2 for an illustration of the cases
N = 1 and N = 2.

We set L to be the length of the simulation domain,
and use periodic boundary conditions to simulate a space
composed of periodic fluctuations of this length and am-
plitude. L is chosen to be the Hubble length in the ab-
sence of inhomogeneities (�� = 0), that is

L =
3MPlp

24⇡V (�0)
, (5)

Hence, our model of initial inhomogeneities depends on
the integer N , the amplitude of inhomogeneities ��, and

the potential V (�0). The potential V (�0) sets the infla-
tionary Hubble scale, the integerN sets the wavelength of
the shortest perturbations relative to this scale, and ��

sets the amplitude of the inhomogeneities. In this work
we focus on N of order unity and leave a more systematic
study of the space of initial conditions for future work.
In large field inflation we use a single mode, i.e. N = 1,
and vary ��. In the limit in which the gradient energy
dominates, i.e. ⇢grad � V (�0), changing�� is equivalent
to changing the wavelength of the mode relative to the
actual Hubble length H

�1 (including the energy density
from fluctuations). For N = 1 and a Euclidean metric
on the initial slice the wave number k = 2⇡/L satisfies

k

H
=

MPl
p
2⇡��

. (6)

In small field inflation, we consider the two cases N = 1,
and N = 2, a superposition of two modes, in addition to
the variation of ��. We will see that already small ��

prevent successful inflation in the small field case so that
we are not in the regime ⇢grad � V (�0).
We use the ADM metric, following the conventions of

[75],

ds
2 = �↵

2
dt

2 + �ij(dx
i + �

i
dt)(dxj + �

j
dt) , (7)

where ↵ and �
i are the lapse and shift parameters as

usual. In the BSSN formalism of numerical relativity
[78, 79], these parameters are specified on the initial hy-
persurface and then allowed to evolve using gauge-driver
equations. We choose ↵ = 1 and �i = 0 on the initial hy-
persurface, and hence the initial gradient energy on this
hypersurface is

⇢grad ⌘
1

2
�
ij
@i�@j�. (8)

It is convenient to introduce the conformal metric
�̃ij = ��ij such that det �̃ij = 1, the corresponding
Christo↵el-symbols �̃i

jk
, as well as the short-hand no-

tation �̃i = �̃
jk�̃i

jk
. We can then write the equations we

use to evolve the lapse and shift in the moving puncture
gauge [80, 81], which allows us to stably form and evolve
black holes in the spacetime, as

@t↵ = �µ↵↵K + �
i
@i↵ , (9)

@t�
i = B

i
, (10)

@tB
i =

3

4
@t�̃

i
� ⌘BB

i
. (11)

The exact values of µ↵ and ⌘B are chosen to improve
stability in any particular numerical simulation.
Next, we have to specify the initial conditions for the

metric �ij and extrinsic curvature Kij . Their values need
to satisfy both the Hamiltonian and momentum con-
straints on the initial hypersurface. Decomposing the
extrinsic curvature as

Kij = �
�1

Ãij +
1

3
�ijK , K = �

ij
Kij , (12)

Huge parameter space…
ds2 = �↵2dt2 + �ij(dx

i + �idt)(dxj + �jdt)
<latexit sha1_base64="RPUhnLFSFEuq5OLBBRwoM1XbC/4="></latexit>

ADM decomposition



Seven Lessons of 
Inhomogenous Inflation

Part 2



Lesson 1 : Large Field Inflation  
very robust

reality, inflation ends at some finite time, and the approximation (60) although valid at early times,

breaks down near the end of inflation. So the surface ⌧ = 0 is not the Big Bang, but the end of

inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⌧ ⌧ 0, and

light cones can extend through the apparent Big Bang so that apparently disconnected points are

in causal contact. In other words, because of inflation, ‘there was more (conformal) time before

recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew

exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or

equivalently a nearly constant energy density. In this section we describe the physical conditions

under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of

the field, V (�), dominates over its kinetic energy, 1

2
�̇
2. Inflation ends at �end when the

kinetic energy has grown to become comparable to the potential energy, 1

2
�̇
2 ⇡ V . CMB

fluctuations are created by quantum fluctuations �� about 60 e-folds before the end of

inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field �, the inflaton. Here, we don’t

specify the physical nature of the field �, but simply use it as an order parameter (or clock) to

parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field

(minimally) coupled to gravity is governed by the action

S =

Z
d4

x
p

�g


1

2
R +

1

2
g
µ⌫

@µ� @⌫� � V (�)

�
= SEH + S� . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a

scalar field with canonical kinetic term, S�. The potential V (�) describes the self-interactions of the

31

arXiv: 1608.04408 Clough, Lim, DiNunno, Fischer, Paban, Flauger
arXiv: 1511.05143 East, Kleban, Linde, Senatore
arXiv: 2212.04479 Corman + East
arXiv: 2011.12190 Joana + Clesse

arXiv: 2304.12150 Garfinkle, Ijjas, Steindhardt Disagrees

Lots of room at the inflating plateau! �� � Mp
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Lesson 2 : Small Field inflation very 
fragile

arXiv: 1608.04408 Clough, Lim, DiNunno, Fischer, Paban, Flauger

⇢grad ⇠ 10�4⇢V
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Slow-roll domain too small, inflation gets 

pushed off the slow-roll region.

arXiv: 1511.05143 East, Kleban, Linde, Senatore,



Lesson 3 : no Giant Death Black 
Holes

arXiv: 1608.04408 Clough, Lim, DiNunno, Fischer, Paban, Flauger
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FIG. 11. Plot showing the mass of the black holes formed ver-
sus the size of the initial perturbations. Although the mass
initially increases, it reaches a maximum (at a size of about
RS = 0.2L) after which it falls o↵ as 1/��, meaning the maxi-
mum mass of the black hole which can be formed is bounded.
The green dots are results from numerical simulations, and
the lines marked illustrate the approximate agreement to our
analytic calculations. The green solid line shows the maxi-
mum mass MBH predicted per Eqn. (52). The blue dotted
line shows MBH(a⇤/a↵)

3, reflecting the e↵ect of the transition
to de Sitter on the radius from which energy can fall in. The
two lines meet at the critical point �� ⇡ 0.43MPl.

roughly 1/3 of the mass of the Nariai black hole Eqn.
(46), after which increasing �� leads to a reduction in
BH size. While our analysis and numerical simulations
have focused on the specific case where the initial ex-
pansion is uniform and scaled to the gradient energy, we
expect similar no-go results to hold as long as the initial
hypersurface is approximately flat i.e. � ⇠ 1 and Aij ⇡ 0
since the Hamiltonian constraint Eqn. (15) implies that
the initial expansion will be, on average, uniform and
large. It would be interesting to revisit this question in
the more general case where these assumptions are re-
laxed.

C. Large field inflation with spatially varying K

We now consider spatially varying K in the case where
�� = 0.1MPl and study the e↵ect on inflation. The po-
tential is now set to be simply a cosmological constant
with the value V (�0) from the previous large field case,
to allow inflation to continue indefinitely.

For our purposes it is useful to recast Eqn. (22) for K
in the form

K = �zC̄(�� �0) + hKi . (54)

We set

hKi = �

p
24⇡Gh⇢i , (55)

where the value of ⇢ now includes the contribution from ⌘.
Without loss of generality, we set C̄ = 2.78⇥10�5 so that

FIG. 12. Illustration of the change in the spatial variation in
K when the parameter z is varied, showing a slice through
the maximum and minimum values of the profile.

the maximum value of K is zero for z = 1. Increasing
z increases the amplitude of the fluctuations in K and
allows us to consider larger regions of spacetime that are
initially collapsing, K > 0. The profile for K and the
dependence on z is illustrated in Figure 12.
We test a range of values of z between 1.0 and 2.0,

and find that in cases of smaller z (where most of the
spacetime is expanding initially) the collapsing part of
the spacetime “bounces back”, such that K quickly be-
comes approximately constant with a negative value ev-
erywhere. Inflation then continues, and over 20 efolds
are reached.
In cases of higher z, with z > 2.0, where more of the

spacetime (but still less than half) is collapsing initially,
we find that black holes form at the initially contract-
ing point. We therefore find that for an inhomogeneous
spacetime which would have resulted in inflation every-
where for constant K (�� = 0.1 is subcritical for black
hole formation in the constant K case), we are now able
to generate regions of collapse to form black holes once
variations of K are introduced. This is illustrated in Fig-
ures 13 and 14.
However, even in these cases, the remaining spacetime

continues to expand and inflate. Since hKi < 0 in all
cases here, this result is consistent with what would be
expected from [15] and [50] (note that our sign convention
means that K < 0 denotes locally expanding spacetime).
We will explore the case where hKi > 0 in future work.

V. CONCLUSIONS

We investigated the robustness of small and large field
models of inflation, subjecting it to several simple in-
homogeneous initial conditions both in the scalar field
profile and in the extrinsic curvature. In doing so we
have set up a framework that will allow us to study more
general initial conditions in the future. As expected, we

BH Mass vs Perturbation Amp

You can’t make a BH so big it swallows the universe.



Lesson 4 : IR modes deadlier than 
UV modes

arXiv: 1608.04408 Clough, Lim, DiNunno, Fischer, Paban, Flauger

e-folds vs perturbation amplitude

7

FIG. 6. Plot showing the failure of inflation for small field
inflation in the steep and flat cases for N = 1 and N = 2. The
average number of e-folds hN i decreases as �� is increased,
with an approximate relationship of hN i / ���4 for the flat
case and of hN i / ���3 for the steep case.

FIG. 7. Illustration of competition between gradient pressure
and potential gradient for a concave model.

as the naive expectation that the part of the field which
has the maximum initial value (and hence is closer to
the point where inflation ends) is that which falls to the
minimum first is not always correct. There is some ini-
tial resistance from gradient pressure which, for a range
of ��, pulls the field back up the hill away from the min-
imum, “saving” inflation and making it more robust to
inflation than one might expect. See Figure 7.

Using the Klein-Gordon equation, we can show that
local gradient pressure should temporarily “save” infla-
tion up to some critical value, above which the field will
fall directly to the minimum. The critical value for ��

where this happens can be approximated quite accurately
as follows. Consider the Klein-Gordon equation,

@
2

t
�� �

ij
@i@j�+

dV

d�
= 0, (27)

where we have ignored the friction term, and let

�max(t) = max(0,�(x, t)). (28)

Initially, �max = �0 + 3�� and �
ij

⇠ O(1). For this
point, and assuming that we are still in the concave part
of the potential, the field value should fall initially to-
wards the minimum if

�r
2
� <
⇠

����
dV

d�

���� . (29)

For the initial conditions and the potential we consider,
this is the case (assuming N = 1) for

3k2�� <
⇠ �

dV

d�

����
�=�max

. (30)

Using the relation Eqn. (5), �0 ⌧ 3��, and V (�0) ⇡ V0

for our small field case this becomes

32⇡3
n
2
V0��

M2
Pl

. 4V0(3��)3

µ4
, (31)

which simplifies to

�� &
r

8⇡3

27

nµ
2

MPl

. (32)

The critical value for our chosen values and n = 1 is�� ⇡

0.0017MPl, which corresponds to �max,crit = 0.00525MPl,
beyond the part of the potential that supports an ex-
tended period of inflation. Small field inflation is thus
more robust than on might naively expect because local
excursions towards the edge of the inflationary plateau
are pulled back onto it.
The results of several simulations are illustrated in

Figure 8. We see that the predicted critical value for
�� at which immediate failure occurs is approximately
correct. In fact the field can even resist some initial move-
ment towards the minimum at the maximum point, be-
fore being pulled back up the potential hill.

C. Small Field model without extended flat
direction

In this section, we will investigate the robustness of
small field inflation in the case in which the negative �

direction is a “cli↵”. We model the potential as

V (�) =

8
>><

>>:

V0 +m
2
�
2

� < 0

V0

✓
1�

⇣
�

µ

⌘4
◆

0 < � < 0.023MPl

m
2(�� �⇤)2 � > 0.023MPl

(33)

Hubble-scale wavelengths are deadlier than short 
wavelength perturbations (given same energy)
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Lesson 5 : Tensor metric modes are 
not dangerous
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we would form two identical black holes - one in the cen-
ter of the grid and one in the corners (the grid is periodic,
so the corners represent the same black hole). With the
presence of tensor perturbations the symmetry was bro-
ken, and while both regions still collapsed to some extent,
the corners now formed black holes more readily.

C. Interpretation of results

In our previous paper [68] we derived a limit on the size
of �� above which inflation would immediately fail, as a
function of the features of the inflationary potential and
the size of the modes. Below this limit the field tended
to oscillate into a flat configuration, from which infla-
tion could proceed. The critical amplitude was based on
equating the pullback force from the initial field gradients
to the potential gradient, which tended to pull the field
down into the reheating minimum, and thus it should
remain unchanged by the presence of a background of
tensor perturbations.

However, as we have seen in this work, below this crit-
ical limit for ��, the picture changes with the addition
of the tensor perturbations. The oscillations of the max-
imal points in the field get stuck at values further from
the flat configuration. These points do not initially re-
sult in failure and may still enter a slow roll period, but
they accelerate the failure at the critical point at later
times. As we continue to increase the amplitude of the
metric perturbations, things actually improve again with
the field stuck closer to the flat configuration.

To confirm this picture, we again consider the evolution
of the extremal points. The Klein-Gordon equation is

�̈+ 3H�̇� �ij@i@j� = �V 0 , (28)

where we have included the gradient term in addition to
the usual friction term7.

We make the simplifying assumption that the gravita-

tional wave background can be modelled by a homogeneous

energy density, equal to the initial homogeneous average
across the spatial slice, and scales like

h⇢Aij i/V0 = r�p , (29)

where r sets the initial value of the energy density relative
to the inflationary energy density V0, and p ⇠ 4 is the
power law scaling of the field with the expansion. We
also assume that the initial spacetime is conformally flat,
and that � is approximately constant around the critical
point, so that it can be represented by some spatially
homogeneous number of e-folds, a, with � = 1/a2.

It is helpful to rewrite the Klein Gordon equation with
the derivatives taken with respect to the number of e-
folds. Defining the deviation from the average value at

7 Compared to our discussion of the pullback e↵ect in [68], we have
included the friction term.

FIG. 10. Large field simulations showing the value of the ex-
trinsic curvature K. The red regions are collapsing and the
blue regions are inflating. We still see collapse in the cen-
tre and corner regions, as in the absence of tensor perturba-
tions, but these regions are less symmetric, and the black holes
(identified using an apparent horizon finder) tended to form
more readily in the corner regions. Overall the qualitative
behaviour of local collapses in a globally inflating spacetime
is unchanged.

2

FIG. 1. Number of e-folds of inflation versus h⇢Aij i/V0 (relating to the amplitude of the tensor perturbations’) and �� (the
amplitude of fluctuations in the inflaton field). The decrease in e-folds with increasing �� is consistent with our previous work,
showing a power law decrease. The amount of inflation initially decreases as the gravitational wave fluctuations are increased,
but the decrease levels o↵ and even recovers slightly at h⇢Aij i/V0 ⇠ 1. Above h⇢Aij i/V0 ⇠ 4 the fluctuations reach a level at
which they undergo gravitational collapse, and we are not able to evolve the simulations to the end of inflation.

the most problematic for the onset of inflation in our
previous work [68].

Our key results are shown in figure 1 and are sum-
marised here for convenience

• Inhomogeneities in the transverse traceless part of

the extrinsic curvature lead to a reduction in the

number of e-folds compared to the case in which

the inhomogeneities were confined to the inflaton

field and the conformal factor. This behaviour is
illustrated in figure 1.

• Scalar field inhomogeneities are required for failure.

Adding a tensor background to a spatially homoge-
neous inflaton field did not lead to failure even for
high amplitudes of tensor perturbations.

• There exists an upper bound on the e↵ects of ten-

sor fluctuations on the robustness of inflation. For
energy densities in these inhomogeneities above the
inflationary energy density V0, the reduction in the
number of e-folds saturates and even reverses as the
amplitude of the fluctuations increases. We pro-
pose that this is mainly due to the increased Hubble
friction, as a result of which the oscillations of the
inflaton field are “damped” by the e↵ective energy

density of the metric perturbations. We propose
that large tensor fluctuations could therefore miti-
gate the disruptive e↵ect of a small non zero initial
value of �̇.

• At higher amplitudes, increases in the extrinsic cur-

vature fluctuations result in local collapse. For en-
ergy densities in the homogeneities above ⇠ 4V0 re-
gions of the spacetime begin to collapse. We expect
black holes to form from the collapses we observed
but we were not able to continue the simulations
long enough to observe the apparent horizons form-
ing. We do not expect these collapses to impede
slow roll inflation in the remaining spacetime.

• The failure of the critical point can be simply mod-

elled. We use insights from our simulations to pro-
pose a model for the failure of the critical point,
which allows us to recreate our results and explore
the behaviour of larger metric fluctuations. The
model could be applied to any additional energy
density component with a known scaling versus e-
folds.

• Large field inflation is robust to large tensor per-

turbations. We confirmed that large field models

Tensor “GW” modes

BH formation from 
collapsing tensor modes|ATT

ij |2
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Adding kinetic perturbations �̇ 6= 0
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FIG. 2. The e↵ect of increasing the initial kinetic energy on the range of expected number of e-folds for the first three modes
(left) and varying relative phase (right) of the initial ⇧ fluctuation. The initial relative phase ✓ = 0 for the former and the
mode number N⇧ = 2 for the latter. [ME: Green in upper is blue in lower but at higher energies, may be confusing.]

FIG. 3. The evolution of the scalar-field with average number
of e-folds at the corner (red) and centre (blue) of our numer-
ical domain, corresponding to the minimum and maximum
values respectively. The black dash-dotted line shows �f i.e.
the value of the field for which the slow-roll parameter of the
potential ✏ = 1. The upper and lower plots show runs with
constant initial scalar-field momentum ⇧init = ⇧0 such that
the initial kinetic-to-potential energy ratio rkin(t = 0) = 0
and 0.005 respectively.

FIG. 4. Profiles of the scalar-field across the largest diago-
nal of our numerical domain (corner to far-corner) for several
e-folds. The upper and lower plots show runs with initial
kinetic-to-potential energy ratio rkin(t = 0) = 0 and 0.005 re-
spectively. Here dH0 is the fraction of the co-moving distance
to the initial Hubble scale. [ME: Change x-axis label?]

In Fig. 4, we further illustrate the evolution of the
scalar-field profile across the main diagonal of our grid
for all three runs. Here one can see the gradient pressure
in e↵ect, with the first plot showing the initial perturbed
profile rapidly flattening out. In the lower plot, one ob-
serves the ”wings” of the profile being drawn past the
✏ = 1 boundary and into the potential minimum. As we
have a cubic grid, we therefore see eight non-inflating cor-
ner regions surrounding an inflating centre. Once part of

arXiv: 2405.03490 Elley, Aurrekoetxea, Clough, Giannadakis, Lim, Flauger

Lesson 6 : Fast roll makes 
inflation (not much) less robust
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Lesson 7 : Concave 
potentials are less robust

inflation
ends
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Does Inflation always inflate 
regardless of Initial conditions?

Better question : Suppose inflation happened, what 
can it tell us about the universe?



A lower bound on 
scalar-tensor ratio r

Giannadakis, Elley, Flauger and Lim (arXiv : 2512.13673)

Part 3



Observables or 
Predictions?

Are there generic observable predictions for inflation 

if the inflation starts inhomogeneously?

1. For fixed inhomogeneous initial conditions, some 
inflation models can fail.

2. Suppose, for a given class of models, the failure 
depends on the model parameter.

3. If an observable depends on this model parameter, 
then this implies a bound on it.



“Characteristic scale” of 
inflation

For a given N efolds till end of inflation, how 
much field space did the inflation traverse?

Roest (2014), Creminelli et al (2015), CMB-S4 White paper (2016)

The bigger the traverse, the bigger its characteristic 
scale, the more robust inflation is.

�� for 60 efolds
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“Characteristic scale” of 
inflation

V (�) = ⇤4 tanh
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It has definite prediction for

scalar-tensor index

Kallosh+Linde (2013)

Our NR Lessons predict : higher    , more robust 
inflation.

µ
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What initial conditions?
Without a fundamental theory, we make guesses.
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Gradient Energy Kinetic Energy Potential Energy

Consider volume averaged inflaton field energies
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⇢r
<latexit sha1_base64="Sc3hl3UV9I325NvPiaEpsLf/Gco=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZK0WrMrunFZwdpCE8pkOmmHTmbizKRQQr/DjQtF3Pox7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8f3CmRSUxaWDAhOxFShFFOWppqRjqpJCiJGGlHo6uZ3x4Tqajgt3qSkjBBA05jipE2UhjIoejlAUcRQ9NeueLYbtWtOh50bN/3z/26IY5XPfNr0LWdOSpgiWav/B70Bc4SwjVmSKmu66Q6zJHUFDMyLQWZIinCIzQgXUM5SogK8/nRU3hilD6MhTTFNZyr3ydylCg1SSLTmSA9VL+9mfiX1810fBHmlKeZJhwvFsUZg1rAWQKwTyXBmk0MQVhScyvEQyQR1iankgnh61P4P7nzTFC2d1OrNC6XcRTBETgGp8AFddAA16AJWgCDe/AAnsCzNbYerRfrddFasJYzh+AHrLdPmaaSqA==</latexit>

⇢kin
<latexit sha1_base64="1drVxHX+hrjFtdNIK7ZgsvqQJoc=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqsy01Tq7ohuXFawtdIYhk6ZtaCYZkowwDPVX3LhQxK0f4s6/MX0IKnogcDjnXu7JiRJGlXacD6uwsrq2vlHcLG1t7+zu2fsHt0qkEpMOFkzIXoQUYZSTjqaakV4iCYojRrrR5HLmd++IVFTwG50lJIjRiNMhxUgbKbTLvhyLMPdjpMcyzieUT6ehXXGqbt2tOzXoVD3PO/Oahji1+qnXgG7VmaMClmiH9rs/EDiNCdeYIaX6rpPoIEdSU8zItOSniiQIT9CI9A3lKCYqyOfhp/DYKAM4FNI8ruFc/b6Ro1ipLI7M5Cyk+u3NxL+8fqqH50FOeZJqwvHi0DBlUAs4awIOqCRYs8wQhCU1WSEeI4mwNn2VTAlfP4X/k9uaKapau25UWhfLOorgEByBE+CCJmiBK9AGHYBBBh7AE3i27q1H68V6XYwWrOVOGfyA9fYJSgSV2g==</latexit>

V (�)
<latexit sha1_base64="JA7fp2GJORf93qlEDOBvqoAMLgk=">AAAB7nicdVDLSgMxFM34rPVVdekmWIS6GTJttc6u6MZlBfuAdiiZNNOGZjIhyQhl6Ee4caGIW7/HnX9j+hBU9MCFwzn3cu89oeRMG4Q+nJXVtfWNzdxWfntnd2+/cHDY0kmqCG2ShCeqE2JNORO0aZjhtCMVxXHIaTscX8/89j1VmiXizkwkDWI8FCxiBBsrtVulnhyxs36hiFyv4lVQGSLX9/0Lv2YJKlfO/Sr0XDRHESzR6Bfee4OEpDEVhnCsdddD0gQZVoYRTqf5XqqpxGSMh7RrqcAx1UE2P3cKT60ygFGibAkD5+r3iQzHWk/i0HbG2Iz0b28m/uV1UxNdBhkTMjVUkMWiKOXQJHD2OxwwRYnhE0swUczeCskIK0yMTShvQ/j6FP5PWmUblFu+rRbrV8s4cuAYnIAS8EAN1MENaIAmIGAMHsATeHak8+i8OK+L1hVnOXMEfsB5+wT7WI9a</latexit>

Gradient Energy Kinetic Energy Potential Energy

Start with ⇢r � V , ⇢kin � V
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and evolve…
If      dominates => inflation! V
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Consider volume averaged inflaton field energies



What initial conditions?
Without a fundamental theory, we make guesses.

Consider volume averaged inflaton field energies

⇢r
<latexit sha1_base64="Sc3hl3UV9I325NvPiaEpsLf/Gco=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZK0WrMrunFZwdpCE8pkOmmHTmbizKRQQr/DjQtF3Pox7vwbpw9BRQ9cOJxzL/feE6WMKu04H1ZhZXVtfaO4Wdra3tndK+8f3CmRSUxaWDAhOxFShFFOWppqRjqpJCiJGGlHo6uZ3x4Tqajgt3qSkjBBA05jipE2UhjIoejlAUcRQ9NeueLYbtWtOh50bN/3z/26IY5XPfNr0LWdOSpgiWav/B70Bc4SwjVmSKmu66Q6zJHUFDMyLQWZIinCIzQgXUM5SogK8/nRU3hilD6MhTTFNZyr3ydylCg1SSLTmSA9VL+9mfiX1810fBHmlKeZJhwvFsUZg1rAWQKwTyXBmk0MQVhScyvEQyQR1iankgnh61P4P7nzTFC2d1OrNC6XcRTBETgGp8AFddAA16AJWgCDe/AAnsCzNbYerRfrddFasJYzh+AHrLdPmaaSqA==</latexit>

⇢kin
<latexit sha1_base64="1drVxHX+hrjFtdNIK7ZgsvqQJoc=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqsy01Tq7ohuXFawtdIYhk6ZtaCYZkowwDPVX3LhQxK0f4s6/MX0IKnogcDjnXu7JiRJGlXacD6uwsrq2vlHcLG1t7+zu2fsHt0qkEpMOFkzIXoQUYZSTjqaakV4iCYojRrrR5HLmd++IVFTwG50lJIjRiNMhxUgbKbTLvhyLMPdjpMcyzieUT6ehXXGqbt2tOzXoVD3PO/Oahji1+qnXgG7VmaMClmiH9rs/EDiNCdeYIaX6rpPoIEdSU8zItOSniiQIT9CI9A3lKCYqyOfhp/DYKAM4FNI8ruFc/b6Ro1ipLI7M5Cyk+u3NxL+8fqqH50FOeZJqwvHi0DBlUAs4awIOqCRYs8wQhCU1WSEeI4mwNn2VTAlfP4X/k9uaKapau25UWhfLOorgEByBE+CCJmiBK9AGHYBBBh7AE3i27q1H68V6XYwWrOVOGfyA9fYJSgSV2g==</latexit>

V (�)
<latexit sha1_base64="JA7fp2GJORf93qlEDOBvqoAMLgk=">AAAB7nicdVDLSgMxFM34rPVVdekmWIS6GTJttc6u6MZlBfuAdiiZNNOGZjIhyQhl6Ee4caGIW7/HnX9j+hBU9MCFwzn3cu89oeRMG4Q+nJXVtfWNzdxWfntnd2+/cHDY0kmqCG2ShCeqE2JNORO0aZjhtCMVxXHIaTscX8/89j1VmiXizkwkDWI8FCxiBBsrtVulnhyxs36hiFyv4lVQGSLX9/0Lv2YJKlfO/Sr0XDRHESzR6Bfee4OEpDEVhnCsdddD0gQZVoYRTqf5XqqpxGSMh7RrqcAx1UE2P3cKT60ygFGibAkD5+r3iQzHWk/i0HbG2Iz0b28m/uV1UxNdBhkTMjVUkMWiKOXQJHD2OxwwRYnhE0swUczeCskIK0yMTShvQ/j6FP5PWmUblFu+rRbrV8s4cuAYnIAS8EAN1MENaIAmIGAMHsATeHak8+i8OK+L1hVnOXMEfsB5+wT7WI9a</latexit>

Gradient Energy Kinetic Energy Potential Energy

Start with ⇢r � V , ⇢kin � V
<latexit sha1_base64="AfsbXOvBVy6OTJOW4qCTR3K2R+w="></latexit>

and evolve…
If      dominates => inflation! V

<latexit sha1_base64="e1ZnuewodlFRCmLRvwHsiuH0Iwo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnpiZJJb0IvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSsz0olojtlF2XEEzsWq3mupdLQipV7NhkgRJaoTEovveHMUtDiDQTVKmeQxLtZVRqzgTMCv1UQULZhI6gZ2hEQ1Betjh0hs+MMsRBLE1FGi/U7xMZDZWahr7pDKkeq9/eXPzL66U6qHoZj5JUQ8SWi4JUYB3j+dd4yCUwLaaGUCa5uRWzMZWUaZNNwYTw9Sn+n7TLtnNhl5uVUv1qFUcenaBTdI4c5KI6ukEN1EIMAXpAT+jZurMerRfrddmas1Yzx+gHrLdPRwmNRA==</latexit>

If no inflation, then “worse” case is some 
kind of equipartition ⇢r ⇠ ⇢kin ⇠ V

<latexit sha1_base64="1+X79L7KtqJoiXmFD2YveW683ig="></latexit>



Initial Metric choices

Conformally flat initial spatial metric 

4 remaining components of         solved consistently 
via Hamiltonian and Momentum constraints.

Kij
<latexit sha1_base64="m4k1Nw5l3L/cBApQqGmaCof4ha4=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6ZWpt0V3QhuKtgHtEPJpJk2bSYZkoxQhv6DGxeKuPV/3Pk3pg9BRQ9cOJxzL/feEyacaYPQh7Oyura+sZnbym/v7O7tFw4Om1qmitAGkVyqdog15UzQhmGG03aiKI5DTlvh+Grmt+6p0kyKOzNJaBDjgWARI9hYqXnTy9ho2isUkeuVfB8hiNxqter7FwuCyhXouWiOIlii3iu8d/uSpDEVhnCsdcdDiQkyrAwjnE7z3VTTBJMxHtCOpQLHVAfZ/NopPLVKH0ZS2RIGztXvExmOtZ7Eoe2MsRnq395M/MvrpCaqBBkTSWqoIItFUcqhkXD2OuwzRYnhE0swUczeCskQK0yMDShvQ/j6FP5PmiXXO3dLt+Vi7XIZRw4cgxNwBjzggxq4BnXQAASMwAN4As+OdB6dF+d10briLGeOwA84b588aY+V</latexit>

Aurrekoetxea, Clough, Lim (2023)
Aurrekoetxea et al (+ Lim) (2025)

must obey Hamiltonian and Momentum constraints(�ij ,Kij)
<latexit sha1_base64="4cPFkpKbiczCMlADkKAiF4rPcBI=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCBRkytTLtruhGcFPBPqAtJZOmbWwyMyQZoQ7FX3HjQhG3/oc7/8b0Iajogcs9nHMvuTl+xJnSCH1YqYXFpeWV9GpmbX1jc8ve3qmpMJaEVknIQ9nwsaKcBbSqmea0EUmKhc9p3R+eT/z6LZWKhcG1HkW0LXA/YD1GsDZSx97LtfpYCNxJ2M34+HLajjp2Fjlu3vMQgsgplUqedzojqFCEroOmyII5Kh37vdUNSSxooAnHSjVdFOl2gqVmhNNxphUrGmEyxH3aNDTAgqp2Mr1+DA+N0oW9UJoKNJyq3zcSLJQaCd9MCqwH6rc3Ef/ymrHuFdsJC6JY04DMHurFHOoQTqKAXSYp0XxkCCaSmVshGWCJiTaBZUwIXz+F/5Na3nFPnPxVIVs+m8eRBvvgAOSACzxQBhegAqqAgDvwAJ7As3VvPVov1utsNGXNd3bBD1hvn5jglVg=</latexit>

�ij = �ij
<latexit sha1_base64="czTLgq16hE1X4TOBP5Jmdf4sSNo=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4GrI1Mq0C6HoxmUF+4DOUDJp2sYmM0OSEcrQjb/ixoUibv0Md/6N6UNQ0QMXDufcy733hAlnSiP0YeWWlldW1/LrhY3Nre0de3evqeJUEtogMY9lO8SKchbRhmaa03YiKRYhp61wdDn1W3dUKhZHN3qc0EDgQcT6jGBtpK594A+wELibsdvJud+jXM951y4ixy15HkIQOdVq1fPO5gSVK9B10AxFsEC9a7/7vZikgkaacKxUx0WJDjIsNSOcTgp+qmiCyQgPaMfQCAuqgmz2wAQeG6UH+7E0FWk4U79PZFgoNRah6RRYD9Vvbyr+5XVS3a8EGYuSVNOIzBf1Uw51DKdpwB6TlGg+NgQTycytkAyxxESbzAomhK9P4f+kWXLcU6d0XS7WLhZx5MEhOAInwAUeqIErUAcNQMAEPIAn8GzdW4/Wi/U6b81Zi5l98APW2yf2+pdR</latexit>

Still need to make 8 choices

Traceless-traverse components of        set to zero 
(Lesson 5)

Kij
<latexit sha1_base64="m4k1Nw5l3L/cBApQqGmaCof4ha4=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6ZWpt0V3QhuKtgHtEPJpJk2bSYZkoxQhv6DGxeKuPV/3Pk3pg9BRQ9cOJxzL/feEyacaYPQh7Oyura+sZnbym/v7O7tFw4Om1qmitAGkVyqdog15UzQhmGG03aiKI5DTlvh+Grmt+6p0kyKOzNJaBDjgWARI9hYqXnTy9ho2isUkeuVfB8hiNxqter7FwuCyhXouWiOIlii3iu8d/uSpDEVhnCsdcdDiQkyrAwjnE7z3VTTBJMxHtCOpQLHVAfZ/NopPLVKH0ZS2RIGztXvExmOtZ7Eoe2MsRnq395M/MvrpCaqBBkTSWqoIItFUcqhkXD2OuwzRYnhE0swUczeCskQK0yMDShvQ/j6FP5PmiXXO3dLt+Vi7XIZRw4cgxNwBjzggxq4BnXQAASMwAN4As+OdB6dF+d10briLGeOwA84b588aY+V</latexit>



Results

For in-phase ✓ = 0
<latexit sha1_base64="Mk29/3SjIBYvHQU58Gg+yJJsgjI=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiB4GnpiZJKDEPTiMYJZIBlCT6cnadKz2F0jhCE/4cWDIl79HW/+jZ1FUNEHBY/3qqiq5ydSaCDkw8qtrK6tb+Q3C1vbO7t7xf2Dlo5TxXiTxTJWHZ9qLkXEmyBA8k6iOA19ydv++Grmt++50iKObmGScC+kw0gEglEwUqcHIw70gvSLJWI7ZdclBBO7Vqu57vmCkEoVOzaZo4SWaPSL771BzNKQR8Ak1brrkAS8jCoQTPJpoZdqnlA2pkPeNTSiIddeNr93ik+MMsBBrExFgOfq94mMhlpPQt90hhRG+rc3E//yuikEVS8TUZICj9hiUZBKDDGePY8HQnEGcmIIZUqYWzEbUUUZmIgKJoSvT/H/pFW2nTO7fFMp1S+XceTRETpGp8hBLqqja9RATcSQRA/oCT1bd9aj9WK9Llpz1nLmEP2A9fYJLJGQEw==</latexit>

µcrit = 0.024Mp ) r = 5.6⇥ 10�6
<latexit sha1_base64="1jRH6+YjagLP0pLTZvexu5+D52E="></latexit>

There is a                   where inflation always fails. µ < µcrit
<latexit sha1_base64="DHhQ6vcNg5hsXG9iFJc5Ca0kC58=">AAACAnicdVBPS8MwHE3nvzn/VT2Jl+AQPJV0TurAw9CLxwluE9Yy0izbwpK2JKkwyvDiV/HiQRGvfgpvfhvTbYKKPkh4vPf7kbwXJpwpjdCHVVhYXFpeKa6W1tY3Nrfs7Z2WilNJaJPEPJY3IVaUs4g2NdOc3iSSYhFy2g5HF7nfvqVSsTi61uOEBgIPItZnBGsjde09X6TwDJq7m/kC66EUGZFMTyZdu4wct+J5CEHk1Go1zzuZEVT1oOugKcpgjkbXfvd7MUkFjTThWKmOixIdZFhqRjidlPxU0QSTER7QjqERFlQF2TTCBB4apQf7sTQn0nCqft/IsFBqLEIzmf9S/fZy8S+vk+r+aZCxKEk1jcjsoX7KoY5h3gfsMUmJ5mNDcB6cEUiGWGKiTWslU8JXUvg/aVUc99ipXFXL9fN5HUWwDw7AEXCBB+rgEjRAExBwBx7AE3i27q1H68V6nY0WrPnOLvgB6+0TFrKX7A==</latexit>



A lower bound on r
Increasing ⇢r ⇠ ⇢kin > V

<latexit sha1_base64="ZdLTW3tXNnsbTgJl4u+zzGa1XNM="></latexit>

makes inflation less robust.

This means           has to be bigger for successful inflation 

(Lessons 1+2) =>          must increase.

µcrit
<latexit sha1_base64="pPm6oPISPixQEIZh0svsuvxvrS0=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKkxqJe2u6MZlBfuANoTJdNoOnZmEmYlQQv0VNy4UceuHuPNvTNoKKnrgwuGce7n3njDmTBuEPqzC2vrG5lZxu7Szu7d/YB8edXSUKELbJOKR6oVYU84kbRtmOO3FimIRctoNp1e5372jSrNI3ppZTH2Bx5KNGMEmkwK7PBBJkA4ENhMlUqKYmc8Du4Ict+p5CEHkNBoNz7tYElSrQ9dBC1TACq3Afh8MI5IIKg3hWOu+i2Ljp1gZRjidlwaJpjEmUzym/YxKLKj208Xxc3iaKUM4ilRW0sCF+n0ixULrmQizzvxK/dvLxb+8fmJGdT9lMk4MlWS5aJRwaCKYJwGHTFFi+CwjOH+cEUgmWGFisrxKWQhfn8L/SafquOdO9aZWaV6u4iiCY3ACzoALPNAE16AF2oCAGXgAT+DZurcerRfrddlasFYzZfAD1tsndMSV9w==</latexit>

rcrit
<latexit sha1_base64="MLeho1I/n96AiWNcwAVOKG1/iVY=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchUmtpN0V3bisYB/QhjCZTtqhkwczE6XEfIobF4q49Uvc+TdO2goqeuDC4Zx7ufceP+FMKoQ+jJXVtfWNzdJWeXtnd2/frBx0ZZwKQjsk5rHo+1hSziLaUUxx2k8ExaHPac+fXhZ+75YKyeLoRs0S6oZ4HLGAEay05JkV4WXDEKuJCDMimMpzz6wiy645DkIQWc1m03HOFwTVG9C20BxVsETbM9+Ho5ikIY0U4VjKgY0S5WZYKEY4zcvDVNIEkyke04GmEQ6pdLP56Tk80coIBrHQFSk4V79PZDiUchb6urO4Uv72CvEvb5CqoOFmLEpSRSOyWBSkHKoYFjnAEROUKD7TBBePMwLJBAtMlE6rrEP4+hT+T7o1yz6zatf1autiGUcJHIFjcAps4IAWuAJt0AEE3IEH8ASejXvj0XgxXhetK8Zy5hD8gPH2CedJlRc=</latexit>

r & 10�6
<latexit sha1_base64="6urIeT6hLEgYkgzYBkhL3MZb+hY=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw45Cp1Wl3RTcuK9gHtGPJpJk2NJMZkkyhDP0TNy4UceufuPNvTB+Cih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zu2fsHTRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fo+uZ3xpTqVgs7vQkoX6EB4KFjGBtpJ5ty+5AGzuCLrrPzi6nPbuIHLfkeQhB5FSrVc+7WBBUrkDXQXMUwRL1nv3e7cckjajQhGOlOi5KtJ9hqRnhdFropoommIzwgHYMFTiiys/ml0/hiVH6MIylKaHhXP0+keFIqUkUmM4I66H67c3Ev7xOqsOKnzGRpJoKslgUphzqGM5igH0mKdF8YggmkplbIRliiYk2YRVMCF+fwv9Js+S4507ptlysXS3jyIMjcAxOgQs8UAM3oA4agIAxeABP4NnKrEfrxXpdtOas5cwh+AHr7RMYHZNT</latexit>

Inhomogeneous inflation predicts a lower bound

(At least for this model of inflation.)



Summary

• NR can now precisely test models of inflation starting 
from inhomogeneous initial conditions.


• Successful inflation depends on IC and inflationary 
models, and there are general rules which are model 
independent.


• Requiring successful inhomogeneous inflation can put 
lower bound on the scalar-tensor ratio r.



Thank you!



Beyond the Big Bang 
into Extra Dimensions?

Giannadakis, Righi, Flauger and Lim (soon to be submitted!)

Post-credits Part 4



large dimension

compact 
dimension

“decompactify”

collapse to

nothing

Flux stabilized compactified 
Extra Dimensions

Need fluxes (gauge fields) to stabilize them.

Key use : stabilization for Calabi-Yau in string theories!



Flux stabilized compactified 
Extra Dimensions

Question : what is the Non-Linear stability of these models? 

Investigate with Numerical Relativity!



Linear stability assumes homogenous large dimensions (FRW) and 
small perturbations of compact dimensions. 

Toy : Freund-Rubin



Toy : Freund-Rubin

Non-linear stability = no FRW and large compact dim 
perturbations.



Toy : Freund-Rubin

Non-Linear stability assuming FRW and large compact 
perturbations with full GR.

Corman, East, Johnson (2022)



Toy : Freund-Rubin

Non-linear stability assumes no FRW  and only volume 
“breathing” compact mode.

Giannadakis, Righi, Flauger, Lim (soon!)



4d Effective Potential
S =

M2
6

2

Z
d6x

p
�g6(R6 � 2⇤6 �

1

2
FABF

AB) ! M2
6

2

Z
d4x

p
�g4M

2
4 (x) (R4 +Kinetic terms + Veff )

<latexit sha1_base64="VdZcPhkRoZBXlJnJwRd5teryXs4="></latexit>
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System is a 3+1D non-minimally coupled GR equations : 

we can use NR!

stable

“Decompactify”



Set-up and Results

�init(x) = �0 +
��

3

3X

i=1

cos

✓
2⇡xi

L

◆

<latexit sha1_base64="ywuMhqDA9nDte1uq6W+7SOgEBi8="></latexit>



Set-up and Results
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<latexit sha1_base64="ywuMhqDA9nDte1uq6W+7SOgEBi8="></latexit>

More to come!


