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Questions
• Do we expect bubbles from string theory?
• How likely are we to observe them?

– exponentially small decay rates
– slow-roll inflation

• What can we learn from them about VHEP?
– Can we use them as a test of ST?

• What are their effects on cosmology?
– bubble nucleation as big bang
– collisions with other bubbles

• Are there any indications in current data?
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small, even if the decay rate is
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• Expected size distribution is flat in cos(θc) 
• The effect on temperature is smooth: T~A(cos(θ)-cos

(θc)): no discontinuity in temperature at the edge

• E-mode polarization can have sharp features

• Other large-scale measures could corroborate
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Bubbles from string theory?
• Strong evidence that there exist many string 

solutions with positive vacuum energy (CC)
• These correspond to very different phases, each 

with its own effective laws of physics 

• They can never be truly stable; they are typically 
long-lived but must eventually decay

• The decay will not take place over the entire 
universe at once --> bubbles

• CC>0 means exponential expansion, and if bubble 
production rate < false vacuum growth rate, there 
will be eternal inflation

5
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False Vacuum Eternal Inflation

• Hence, the expectation is that most of the 
universe is very rapidly inflating, with small 
regions occasionally bubbling off

• Since our observable universe is not rapidly 
inflating, we are in a bubble with small 
vacuum energy surrounded by false vacuum

• This picture has profound implications for 
the “big bang”, early universe, and largest 
scales visible now

6
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Instantons
• For instance: standard singularity theorems in 

general relativity imply that there should be a 
curvature singularity 13.7 Gyrs in our past 

• Yet this is not the case if we live in a bubble, 
because the bubble is regular at t=a(t)=0 (no 
curvature singularity, just coordinate)

• The early universe is “non-generic” and has scalar 
potential energy (evading the theorems), and so is 
non-singular, which allows predictivity

• We could observe what came before the “big 
bang”, and what exists outside the FRW region

7
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ds
2 = −dt

2 + a(t)2dH
2

3

φ = φ(t) ρ = ρ(t)
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Figure 1: Plot showing the two coordinates systems for dS space. The straight (red) lines are
t, x, and the curvy (blue) lines are τ, ξ. The values on the axes are in conformal coordinates
where the vertical axis, tan−1 t, runs from 0 to π/2 and the horizontal axis, x, from −π/2 to
π/2 (with $ = 1).

The transformation to H2 coordinates is

a(τ) sinh ξ cos θ = z,

a(τ) sinh ξ sin θ = t sinh ρ,
(2.7)

a(τ) cosh ξ = t cosh ρ,

ϕ = ϕ.

For radiation domination we have a(τ) =
√

Cτ , with C a constant. This gives a metric in
H2 coordinates

ds2 =
−4t4 + (C2 + 4t2)z2

C2(t2 − z2)
dt2 +

C2t2 − 4z2(t2 − z2)

C2(t2 − z2)
dz2

(2.8)
+

2tz

C2(t2 − z2)
[4(t2 − z2) − C2]dtdz + t2dH2

2 .

The radiation dominated part of the spacetime will be affected by the domain wall and the
collision. Because of the reduced symmetry (relative to de Sitter), we are currently unable
to write down the most general radiation dominated solution with SO(2, 1) invariance.2

However, we expect that at least in a broad class of scenarios the effects on the CMB due to
backreaction will be subleading to the other effects we will study, and so we will use this form
for now. It would be interesting to consider these metric effects in the future, for example
by solving the equations numerically. Such a study is currently in progress [28].

2.2 The Reheating Surface

With these building blocks we can construct our model. Our universe appears as a de Sitter
bubble that collides with another bubble, forming a domain wall along the interface. After

2The problem is equivalent to finding the smooth metric describing a Schwarzschild black hole embedded
in an asymptotically FRW spacetime.

6

Carter-Penrose diagram of 
spacetime:  particles 
moving at the speed of light 
are lines at 45 degrees, and 
one uses coordinates that 
cover the entire spacetime 
in a finite range
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Generic features

• Key features come from SO(4) invariance: 
isotropy and homogeneity (FRW), and negative 
spatial curvature (& ∴ infinite volume)

• Very likely that the dominant decay channel has 
this symmetry

• Other possibilities do exist, such as tunneling 
from 2+1-->3+1
– (That particular example is essentially ruled 

out by data, but other possibilities are worth 
investigating further)

9

Graham, Harnik, Rajendran 
Blanco-Pillado, Salem
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Empty universe?
• If the instanton action is >>1 the bubble is very homogeneous; 

this and negative spatial curvature prevent structure formation
• Need a period of N efolds of standard slow roll inflation AFTER 

tunneling to reduce curvature and generate density perturbations
• Anthropic considerations (structure not exponentially rare) tell us 

N>60, roughly
• But if N >> 60, the resulting universe will be almost 

indistinguishable from a flat universe.

Freivogel, MK, Rodriguez Martinez, Susskind
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Inflation
• This illustrates the most significant obstacle in all 

attempts to test VHEP with cosmology:  inflation 
does an exponentially good job of hiding remnants 
of the big bang

• Can either look for effects generated during or after 
inflation, or

• Hope that inflation didn’t last too much longer than 
was necessary to solve flatness problem 
– ∃ reasons to believe this may be likely
– models which generate very large pre-inflation 

effects will be easiest to test

11
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Single bubble cosmology
• Because of the symmetry of the instanton, the bubble 

universe has certain characteristic features:  
– it is open (has negative spatial curvature), but cannot 

have large curvature anthropically 
– it has a characteristic power spectrum of density 

perturbations at large scales
• An observation of                     would rule out this model
• An observation of the characteristic features in the power 

spectrum would provide strong support for it

• The string theory landscape is falsifiable and predictive*

• *(Caveat:  too much inflation wipes out these signatures, and the effective field theory description is crucial)

12

Ωtotal > 1

B. Freivogel, MK, M. Rodriguez Martinez, L. Susskind
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Bubble collisions 

• Consider an initial state in which the universe is 
homogeneous and in some positive vacuum 
energy inflating phase

• Randomly, bubbles will form via quantum 
tunneling

• If two are within a false-vacuum Hubble length, 
they will collide and form a domain wall

• This eventually produces infinite clusters, with 
statistics that are almost independent of the initial 
condition

13

Guth & Weinberg; Guth, Garriga, & Vilenkin
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Probability and statistics

• How many bubbles should we expect 
there to be in our past lightcone today?

• How many of those could be observable?

14
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Distribution

• One can determine this by studying the 4-volume in 
the past lightcone of an observer at finite time in a 
bubble containing a realistic cosmology.

• There are some very large dimensionless parameters 
involved, such as the ratio of the vacuum energy in 
the false vacuum to the one in the bubble.

• The infinite spatial volume inside a bubble leads to a 
significant subtlety

• Past analyses did not take all these effects into 
account

15

Guth Weinberg; Garriga 
Guth Vilenkin; Freivogel MK 
Nicolis Sigurdson; Aguirre 
Johnson...

Sunday, April 10, 2011



Davis4/1/2011

If a boundary condition is 
imposed at the dashed line 
(t=0 in a flat dS slice), only 
the light green 4-volume is 

relevant

The resulting distribution of collisions is clearly isotropic, 
but bubble observers boosted with respect to this frame 
do not agree - dS symmetry is broken by the BC surface

Garriga Guth Vilenkin

But this anisotropy is very small at late times for observers 
seeing a CMB sky rather than the full wall of their bubble

Freivogel MK Nicolis Sigurdson
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So what’s the answer?

Is N likely to be larger than 1?  
Maybe, for example if Vf is near the Planck scale (and 

recall fastest decay of parent is most important) 

But are all those collisions really observable?

This is the decay rate Γ times a certain 4-volume: the surface 
area of the bubble by the start of inflation times the thickness 

of the false vacuum shell around it

〈N〉 ≈
4π

3
γ
Vf

Vi
=

4π

3
ΓR2

iR
2

f

Freivogel MK Nicolis Sigurdson
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Collisions that occur too early 
will contain our entire CMB 

sky in their lightcone.

If they are very large they will 
be difficult to detect, because 
the observable universe will 
be approximately isotropic

So we’d like to compute the 
expected number of collisions 

that are within our past 
lightcone AND intersect the 
observable part of the LSS

Sunday, April 10, 2011



θc
R ∼

√

Ωk

Inflation solves the curvature problem 
by expanding the universe so much that 
we can only see a small part of the full 
surface of last scattering -            of it

Therefore if we require collisions to affect the part of 
the last scattering surface we can see, we should 

expect a factor of 
√

Ωk

Because we are seeing only a small part of the LSS, 
the collision lightcone should be approximately 
planar, with random (flat distribution) location

The angular size distribution should be flat in xc~cos(θc)

√

Ωk

x=xc
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So now what’s the answer?

N ∼ γ
√

Ωk(t)(H2

f/H2

i )

It turns out that this has the simple effect of multiplying the 
distribution by the inverse radius of curvature today, in Hubble units:

Recall that 

Long inflation (large N) “inflates away” the signal, as expected. 

But the measure on N in string theory may favor minimal inflation, 
and the current constraints on curvature are relatively weak.

Freivogel MK Nicolis Sigurdson
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Conformal field theory?
• These distributions are potentially relevant to 

observation, but they are also interesting for more 
theoretical reasons.

• Consider the distribution of disks on the sky of an 
observation bubble at late times.  Roughly, it is 

21

dN = Γ(dψ/sin3ψ)d(cos θ)dφ

• (As an aside, this turns out to approximate the 
distribution of craters on the surface of the moon)
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• To understand this distribution, project it 
stereographically onto a plane

• It becomes even simpler:

• This distribution described a fractal which is 
scale, rotation, and translation invariant - in 
fact it is invariant at least under global 
conformal transformations

22

dN = Γ(dr/r3)dxdy
B. Freivogel, MK
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Two-bubble collisions
One can exploit the 
symmetry to find exact 
solutions under the 
assumption that the space is 
vacuum-energy dominated 
and the walls are thin, and 
solve for the trajectory of 
the domain walls.

Like the walls of the 
bubbles, these domain 
walls undergo constant 
acceleration.

23

S. Chang, MK, T. Levi

Hawking, Moss,& 
Stewart; Freivogel, 
Horowitz,& Shenker
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Some results

• The domain wall always accelerates away from the 
bubble with smaller Λ 

• It sometimes accelerates towards the bubble with larger 
Λ, sometimes away (both are possible depending on the 
tension of the wall and the difference in Λs)

• A small positive Λ, such as the one we observe, 
therefore “protects” the bubble from catastrophic 
collisions with bubble with larger positive Λ

• We may also be safe from collisions with bubbles with 
negative Λ, due to the tension of the wall (BPS)

S. Chang, MK, T. Levi

Freivogel, Horowitz,& 
Shenker; Cvetic Griffies 
Soleng
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Observables
• Observer C is oblivious 

to the collision, as it is 
in her causal future

• Observer B lives in an 
anisotropic universe 
and may detect that in 
the CMB or LSS

• Observer A observes 
very large anisotropies

• Because of inflation the 
majority of observers 
are B or C

• Focus on case B - what 
are the signals of the 
collision in cosmology?

Null ray

Timelike trajectory

Spacelike surface

Past light cone of B
t

x

S. Chang, MK, T. Levi
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Parametrizing the signal

• The signal is remarkably model-independent
• As we will see, this is because of 

– the large degree of symmetry of the bubbles
– inflation, which irons out all but a leading effect

• The effect is circularly symmetric & described 
at leading order by 4 parameters:
– location of the center (2)
– angular radius of the affected region(1)

– magnitude of temperature anomaly at the disk 
center (1)

26
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• To fully characterize the effect of the collision requires a model 
and (probably) a numerical simulation, but the leading order 
effect is almost model independent

• The collision is an O(1) perturbation to the inflaton at the time of 
curvature/potential energy equality

• At that time, expand the inflaton perturbation in a power series 
around the edge of the collision lightcone:

• In this expansion x=1 is the radius of curvature of the universe, 
and the radius of the earth’s past lightcone is 

• The next step is to evolve this initial perturbation to the end of 
inflation, and express it in terms of the comoving curvature ζ 

27

a constant is not self-consistent as it leads to a divergence in δφ (due to the
last term in (6)) and would not arise in a Taylor expansion for δφ. Hence,
our perturbation is

δφ(τ, x) = M

∞�

n=0

(an − τ(n+ 1)an+1) (τ + x)nΘ(τ + x), (7)

with a0 = 0. After N efolds of inflation the conformal time τe ∼ e
−N , so to

a very good approximation we can drop the terms proportional to τ in (7),
giving

δφ(τe, x) ≈ M

�
a1x+ a2x

2 + ...

�
Θ(x). (8)

If we take the an <∼ 1, (8) indicates that δφ varies by ∼ M over a comoving
region of order the curvature radius x ∼ 1. Since the earth’s past lightcone at
decoupling has comoving radius |x| ∼

√
Ωk � 1, the dominant contribution

to δφ comes from the linear term:

δφ = MxΘ(x)
�
a1 +O

�
a2

�
Ωk

��
. (9)

Observational constraints require
√
Ωk <∼ .1, and in any case corrections due

to spatial curvature are of order the correction term in ]eqrefexp3 REF GOB.
Having already made the approximation that the universe is spatially flat we
cannot consistently keep them, which leaves only the linear term.3

In fact we can say a little more about the size of these correction terms
and the scale M . A standard inflationary perturbation δφ ∼ H produces a
10−5 fluctuation in the CMB today, where H is the Hubble constant during
inflation. To be consistent observationally, a bubble collision cannot make an
effect much larger than this: Ma1xm <∼ H, where xm ∼

√
Ωk is the furthest

distance into the region behind the lightcone we can see. Therefore given
a1 ∼ 1, we obtain H/M ∼

√
Ωk. NOT SURE WE NEED THIS

2.3 Gravitational potential and curvature perturba-
tion

Having solved for the perturbation in the inflaton, we need the perturbation
in the gravitational potential Φ to use as initial data for the post-inflationary

3In [?] the bubble perturbation was solved in a model where one imposes a Dirichlet
boundary condition on the inflaton at the domain wall, treats the potential as linear, and
ignores backreaction on the inflating spacetime. In that approximation the effects of the
corrections due to an for n > 1 were indeed negligible.

5

δφ(x, ηi) = M(a0 + a1x+ a2x
2 + ...)Θ(−x)
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Evolution of planar perturbations

• One can solve analytically and in full generality for the 
position-space evolution of inflaton perturbations with 
planar (or hyperbolic) symmetry

• The general solution (in slow roll or for a free field) is

• Since the perturbation is zero outside the lightcone of 
the collision, only g can be non-zero

• But g is determined by the perturbation at any initial 
time (i.e. by the power series coefficients an)

28

δφ(x, η) = f(η − x)− ηf ′(η − x) + g(η + x)− ηg′(η + x)

Chang MK Levi
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Let us study some examples. The simplest one is p = 0, which is the solution
for the equation with φ(x+ηi) = a0. The solution inside the light cone is simply

f0(ξ) = a0(1− eξ/ηi) (60)

leading to the inflaton solution

φ(0)(ξ) = a0(1− eξ/ηi +
η

ηi
eξ/ηi), (61)

which, for late time reads

φ(0)(ξ) → a0(1− eξ/ηi). (62)

It is important to stress here that the lowest order in the expansion of of the
solution at late time is the linear one. This means that there is not a jump in
connecting the solution outside the light cone and inside the light cone, if not
in the first derivative.

Similar solution are found for higher order terms, leading to the observation
that the evolution somehow “integrates out” the lowest order of the initial so-
lution, as it should be clear from equation (59), once we remind that at late
time the inflaton field solution basically coincide with f . In that equation,
in fact, the solution has lowest order p + 1, whereas the initial condition was
φ(p)(ηi + x) = (ηi + x)p.

More generally, if we start from a general series expansion for the inflaton
at ηi

φ(ηi + x) =
+∞�

n=0

an(x+ ηi)
n (63)

each term can be solved independently since the equation is linear, therefore

φ(η + x) =
+∞�

n=0

an(−)n+1n!

�
eη+x)/ηi −

n�

m=0

1

m!

�
η + x

ηi

�m

− η

ηi

�
e(η+x)/ηi −

n�

m=0

1

(m− 1)!

�
η + x

ηi

�(m−1)
��

→
+∞�

n=0

an(−)n+1n!

�
e(η+x)/ηi −

n�

m=0

1

m!

�
η + x

ηi

�m
�
. (64)

Summarizing, this result is general and only rely on the assumption that
the field can be Taylor expanded. We showed that the solution at late time is
linear at lowest order, i.e. it does not have any jump on the light cone. The
only jump is the one due to the first derivative of f that vanishes at late time.
Interestingly, this is the same feature we found in the toy problem studied in
section 2.

This solution is clear not valid everywhere in the space, but is valid close
to the light cone since we are expanding around the light cone. Nevertheless
that is the region in which we were interested in finding the behavior of φ. This
justifies the assumptions done in the derivation of the CMB polarization due to
bubble collision.

14
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14

The result is

Specializing to small x, it’s very simple:

δφ(x, η) =
−a0
ηi

MxΘ(−x)

MK and Gobbetti

Chang MK Levi
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Curvature perturbations
• To determine the effect on the CMB temperature, 

should convert inflaton perturbation into perturbation 
in Newtonian potential Φ or comoving curvature ζ

• Easily done - in slow-roll can solve analytically for Φ

• Result is that Φ is proportional to δφ at end of inflation
• Through the Sachs-Wolfe effect, the CMB temperature 

today is proportional to Φ
• Note that a discontinuity Φ in corresponds to a very 

singular density distribution

• Instead, a discontinuity in Φ’ is a delta function sheet

30
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Effect on the reheating surface

31

• The Newtonian potential to 
lowest order at reheating is 
Φ~λ xθ(-x), where the x=0 
plane is the edge of the 
collision lightcone at that time

• So for x>0, the reheating 
surface is unperturbed

• For x<0, there is a linear 
gradient

• A linear gradient corresponds to 
a dipole (x~cosθ), but here 
affects only a disk of angular 
radius θ on the CMB sky

θc

Φ ~ λ x Φ ~ 0

x=0
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Last scattering• Φ ~ λ x for x<-R
• Φ ~ 0 for x >R

• For -R<x<R, Φ is some 
smooth function

• But its first derivative is 
discontinuous at x=-R and 
at x=R

• Therefore there will be 
TWO rings of large 
polarization, separated by 
an angular distance that 
follows trivially from this 
geometry

32

RR

Φ ~ λ x Φ ~ 0

MK Levi Sigurdson 
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Other Signatures
• CMB temperature and polarization - Planck will test this

• Galaxies form differently inside the collision lightcone than 
outside, and therefore there is an angular dependence in 
large scale structure

• In particular, there is no longer a unique cosmic rest frame, 
and structure within the lightcone may not be at rest with 
respect to the CMB outside

• The wall itself may emit radiation, either gravitational or 
otherwise

• These could be tested with great precision in the future using 
21cm data

• Taken together, we might be able to learn something 
significant about the other vacuum
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DavisMatthew Kleban

“First Observational Tests of 
Eternal Inflation”?

• Using the CMB temperature prediction from 2008 
(MK, Chang and Levi), Feeney, Johnson, Mortlock, 
and Peiris recently reported the detection of 
several (four) spots in the WMAP temperature data 
that are consistent with a bubble collision and 
above a significance threshold

• Polarization could provide a very strong test of 
their regions,  and allow a much more sensitive 
search for more (sharp edges make such searches 
easier)
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slow-roll inflation - but too much hides everything

• Most collisions occur before the start of inflation

• Expected number of observable bubbles may not be 
small, even if the decay rate is

• Effect on the universe is hyperbolic~planar sheet, so 
effects on the CMB are ~circular, makes disk of size θc

• Expected size distribution is flat in cos(θc) 

• The effect on temperature is smooth and 
approximately T~A(cos(θ)-cos(θc)): no discontinuity in 
temperature at the edge

• E-mode polarization can have sharp features

• Other large-scale measures could corroborate
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