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Current theories of the origin of the Universe, including string theory, predict the existence of a
multiverse with many bubble universes. These bubble universes may collide, and collisions with ours
produce cosmic wakes that enter our Hubble volume, appear as unusually symmetric disks in the
cosmic microwave background (CMB) and disturb large scale structure (LSS). There is preliminary
evidence consistent with one or more of these disturbances on our sky. However, other sources
can produce similar features in the CMB and so additional signals are needed to verify their extra-
universal origin. Here we find, for the first time, the detailed 3D shape, temperature and polarization
signals of the cosmic wake of a bubble collision consistent with current observations. The polarization
pattern has distinct features that when correlated with the corresponding temperature pattern are
a unique and striking signal of a bubble collision. These features represent a verifiable prediction of
the multiverse paradigm and might be detected by current or future experiments. A detection of a
bubble collision would confirm the existence of the Multiverse, provide compelling evidence for the

string theory landscape, and sharpen our picture of the Universe and its origins.

INTRODUCTION: The possibility of observing cosmic
bubble collisions has received considerable attention (see,
e.g., [1, 2] for recent reviews). Such collisions are pre-
dicted by multiple-vacua models like the string theory
landscape, and observing one would fundamentally alter
our understanding of the cosmos. In these models the ob-
served Universe is contained within a bubble formed in a
first-order phase transition from a parent false vacuum.
Collisions with other bubbles produces a special wave, a
cosmic wake, that propagates into our bubble and affects
the spacetime region to the causal future of the collision.

To a remarkable extent these events can be analyzed
in a model-independent fashion. In this work we find the
pattern of temperature and polarization of CMB pho-
tons induced by a cosmic wake using the cosmological
Einstein-Boltzmann equations. The results are striking.
Collisions may produce a unique polarization signal, a
“double peak” in the polarization magnitude as a func-
tion of angle. This feature, and more generally a large-
scale circularly symmetric polarization and temperature
pattern, serve as a true smoking gun for their detection.
Moreover, this vital corroborating signal in polarization
may be as easy to detect as the temperature signal. Our
results also specify three-dimensional density and veloc-
ity perturbations after decoupling, which enables future
work on the effect of the cosmic wake on LSS.

BACKGROUND: The detailed effects of bubble collisions
depend on unknown high-energy microphysics. Never-
theless, the physics of the cosmic wake that affects ob-
servables like the CMB and LSS depends only on a few
parameters. This is because a collision between two bub-
bles is a highly symmetric event, and inflation in our
Universe after the collision efficiently erases all but a few
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leading effects. For a broad class of models, four pa-
rameters are relevant to the observable Universe after
inflation. One probes microphysics, while the others re-
flect initial conditions (the position and time the colliding
bubble nucleated). These parameters specify the direc-
tion, distance, and strength of the cosmic wake we see,
and thus the location, size, and intensity of the affected
disc in the CMB sky.

As the primordial plasma supports acoustic waves, cos-
mic wakes can propagate in our Hubble volume. The
most dramatic effect is two sharp peaks in E-mode po-
larization as a function of angle: two concentric rings of
polarized light that line the affected CMB disc. These
peaks are a position-space version of the acoustic peaks
observed in the angular power spectrum of the CMB.

Scalar Perturbations: We first determine the scalar
perturbations from a bubble collision that remain after a
period of inflation and later form the cosmic wake.

The field-configuration describing the collision of
two Coleman-de Luccia thin-wall bubbles preserves an
SO(2,1) group of isometries [3-6]. In suitable coor-
dinates the collision occurs at one instant everywhere
along a spacelike hyperbolic surface Hy, and influences
the spacetime to the future of that event. During infla-
tion, up to slow-roll corrections, the metric is de Sitter
space with Hubble constant H:

ds* = —(1+ H?t*)"dt? + (1 + H?t?)d2® + t*dH3,

with dH2 = dr? + sinh? rd@?. The effects of the collision
are uniform on the Hs.

After N e-folds of inflation H;t o eV is exponen-
tially large and curvature is small. Current constraints
show the curvature radius Ry 2> 10c¢/Hy, or /Q) =
(RoHp/c)™' < 0.1. We henceforth approximate curva-
ture as small and treat the surface Hy as planar. Cur-
vature and slow-roll effects induce small corrections. Fi-
nally, we use the thin-wall approximation. Finite wall
thickness can alter small scale features in the signal.



The extent to which this happens is a model-dependent
question and, interestingly, could provide further details
about the microphysics. Specifically, if a distinct double
peak is observed it demonstrates that the Hubble scale
of the parent false vacuum Hp satisfies HpW Hp(2r. +
W) <1072, where W < 1/Hy is the wall thickness, and
re < 1/Hy is the radius of the bubble when it formed [7].
If this bound is not satisfied, the polarization (and tem-
perature) signal will be altered in a way that reflects the
internal structure of the collision bubble’s domain wall,
an exciting prospect that deserves further study [7].

Including linear perturbations in conformal Newtonian
gauge, the metric is

ds® = (Hi7)7? [-(1+2®) dr* + (1 — 2¥) d7?]

where 7 is the conformal time, coordinates are chosen
with the solar system’s comoving location at & = 0, and
® and U are the Newtonian potentials. The spacetime
region affected by the collision satisfies x > —7+z. for a
constant z. that depends on when the collision occurred.
We focus on collisions with causal influence intersecting
last scattering as these have the best prospect for detec-
tion [8-10]. As the Earth is at x = 0 and Hy|7| < 1 after
inflation Hy|z.| < 1.

If inflation occured, pre-inflation inhomogeneities be-
came perturbative early on, and thereafter obeyed linear
cosmological perturbation theory [11]. At leading order,
perturbations to the inflaton ¢ = ¢g + d¢ obey the equa-
tion of motion of a free scalar in de Sitter space,

0260 + 2M0-6¢ — V?6¢ + O(e,n) =0,

where H(7) = —1/7 + O(e,n) is the conformal Hub-
ble constant, and €, 7 are standard slow-roll parameters.
When a perturbation is constant on planar surfaces the
general solution can be written [8],

0p(t,x) = g(r+ux)—7¢ (t+x)+ f(1—2)—7f (T—2), (1)

where f and ¢ are arbitrary one-dimensional functions
(and f’ and g’ their derivatives). To proceed we need
the initial perturbation d¢ from a bubble collision event.
Consider the edge of the collision lightcone x = —7; + x,
at time 7; ~ —H; ! near the start of inflation. As J¢ is
non-zero only for x > —7; + x., we have

§(7+x_xc):g(T+$_xc)@(T+x_xc)

and

fo—z)=f(—T4+2—2.+21,)0(—7 + = — z. + 27;),

where © is a Heaviside step function. By the end of
inflation Hy|7.| < 1 and the terms proportional to f is
non-zero only for z —xz, > —27; ~ 2H1_1- As we are only
interested in |z — z.| < H;' they are not relevant for
cosmological observables.

At inflation-end, d¢ is generically [7]
5¢(Tea l‘) ~ g(x - :UC)@({E - xc)
- 2
=M {anH} (v —2:)"} 02 — x0). @)

n=0

We drop terms proportional to 7, < H;l, and expand g
in a series with coefficients a,,. Model-dependent initial
conditions d¢ (7, ) and d¢(7;, ) determine «,. Regular
d¢ have ag = 0. For O(1) perturbation at early times
T~ HI_1 and generically o, < 1 for n > 0. As we
are interested in Hjlx — x| < 1, higher order terms
are negligible without fine-tuning. At inflation-end, the
leading term is

0¢p = Man(xz — 2.)O(x — x) . (3)

This has two parameters (M«a; and z.), and two an-
gles specify the direction towards collision-center. These
four parameters fully characterize observable effects of a
generic collision.
Curvature Perturbations: The inflaton perturbation
d¢ sources a metric perturbation
v’ . . |4 i

o= 779(7 +2)0(T+%) = f?Malx@(x),
where & = x — z., V' = 0V (¢)/0¢, and V(¢) is the
inflaton potential. This yields the comoving curvature
perturbation

20D /0T + D
3 14w

Mo V' [ &
3 <1+w

¢ + o

+7+ i‘) O(1T + ) =~ \10(x),
(4)

where w ~ —1 during inflation and A = —a; MV'(2 +
w)/(3 4 3w) ~ a1 MV/V" sets the late-time amplitude.
The final, approximate equality, is valid late in the infla-
tionary epoch.

REsuLTS: Using superhorizon curvature perturbations (;
at inflation-end and a set of linear transfer functions Ax
the perturbed distribution of observable X at later times
is

Ax(x,7,7) = /d?’keik'XAX(k = k|, 7, 7)¢C(k), (5)

where Ax (x, 7, 7) is the local value of observable X (e.g.,
0T/T) at position x, time 7, in sky direction 7, and
k is a comoving wave-vector. Moments of Ax(x,n,7)
are, e.g., density or velocity as a function of x, while
Ax (0,7, 7) is the anisotropy at Earth. We compute the
transfer functions, which encode the evolution of the cou-
pled multi-component fluid/gravity system, using a cus-
tomized CAMB [12] code in a WMAP 7-year best-fit cos-
mology [13], and our own code to find 3D Fourier trans-
forms precise enough to determine accurate observables.
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FIG. 1. The difference between the actual angular profile
of §T/T as a function of 6, and the Sachs-Wolfe truncated-
dipole approximation. The dashed line shows the maximum
extent of the disc in the Sachs-Wolfe approximation. Acoustic
spreading extends the radius and alters the detailed shape of
small discs.

Temperature: In the Sachs-Wolfe (SW) limit [14], CMB
temperature anisotropies are just 67(6, ¢)/T « ((Z, T4c),
where |Z| = Dy, is the distance to last scattering and
coordinates can be chosen so that £ = Dy, cosf. In this
limit the wake gives rise to a simple perturbation 67 /T
O(65V —0) (cos§ — cos O5V), where 05V = cos™! 2./ Dy is
the angular radius of the disc in the SW limit [8, 10]. Yet,
¢ is constant only on super-horizon scales and non-SW
effects contribute to 67 /T. We evolve the cosmic wake
solution between reheating and decoupling to find the
actual 6T /T profile. These results are shown in Fig.
1 as the difference between the actual cosmic wake so-
lution and the SW approximation. A range of x. is
shown with one axis the angular edge of the profile
0. = cos™! [(xe — 7s1)/Dac], where g, is the sound hori-
zon at decoupling, and the other the angle 6 from cen-
ter. We find |07/T) is largest at profile center, decreases
nearly-linearly in cosf, and smoothly transitions to a
constant at # = 0, with no edge or discontinuity. The
width of the transition region is roughly the angular sep-
aration between the two polarization peaks discussed be-
low.

Polarization: CMB photons are linearly polarized by
Thomson scattering off free electrons [15, 16]. This oc-
curs both near decoupling (z4. ~ 1100) and after reion-
ization (z,. ~ 10). Net polarization proportional to the
quadrupole of the radiation incident on the electrons is
created. Scattering at decoupling depends on known
atomic physics [17], but the exact reionization history of
the Universe is unknown. As our key results are not very
sensitive to the reionization history we choose a simple
fiducial reionization model consistent with [13].

Linear polarization of an electromagnetic wave is char-
acterized by Stokes parameters () and U. In coordinates
with a wake profile centered at §# = 0 polarization is
purely F-mode and U = 0. The polarization pattern is

radial (azimuthal) for a cold (hot) disc with @ > (<) 0.
We parametrize polarization from a single wake by
Q(6), and find qualitative differences for small (6, < 12°)
and large discs. In Fig. 2 we show the cases 6. ~ 10° and
0. ~ 60°. Large discs have a distinct “double peak”; two
rings of sharply enhanced polarization concentric with
the affected temperature disc. This is a characteristic of
cosmic wakes and occurs provided 6. 2 12°. Fig. 3 shows
the polarization pattern for wakes with 5° < 6. < 90°.

Why a double peak?: The double peak is a striking fea-
ture, but the physics that gives rise to it is simple. At the
end of inflation, the perturbation in the Newtonian po-
tential is & ~ £ O(Z). Between inflation-end and decou-
pling, a linear-in-z perturbation (like ® = C'Z) remains so
as the ® equations are second order in spatial derivatives.
By contrast, the kink at x. spreads at the sound-speed
cs < ¢/v/3 of the plasma into a smooth profile confined
to the sound horizon of z. until matter-radiation (MR)
equality when ¢, — 0. Yet, at the sound horizon at
any time, the first derivative remains almost discontin-
uous. An electron near an edge of this region polarizes
a relatively large fraction of light as the quadrupole mo-
ment is sensitive to the second derivative of the pertur-
bation. The two edges of the region at decoupling are
separated by twice the sound horizon 2r4;, ~ 306 Mpc or
rsh/Dde = 1/90 [13]. The angle between edges is 05 ~
cos Y(xe — 7sp) /Dac) — cos™ (xe + rsp) /Dae), which is
borne out in our numerical solution. For 8. ~ 90° this
width is 05 = 260, = 1.3°. For smaller discs, 6, is larger,
and for 6. < 12° the inner peak disappears entirely.

Density: After MR equality, ¢, is small and the edge of
the cosmic wake is frozen. Due to perturbation growth
the amplitude of the density perturbation at the edge of
the wake today is larger by a factor zg. ~ 1100 relative
to decoupling. As a Newtonian potential ® = Cz0(%)
includes a d-function density perturbation at z., a pla-
nar sheet of over /under-density (for hot/cold discs in the
CMB, respectively) centered at x ~ Dg.cosf. is ex-
pected with a thickness set by 7s, at equality. This is
confirmed numerically in Fig. 4, where we show the dark
matter density contrast in conformal Newtonian gauge
(baryons look similar). Such a mass sheet could lead
to signatures in LSS or lensing surveys which, combined
with CMB data, could further corroborate a cosmic wake
detection. We leave this investigation to future work.

DETECTABILITY: We now estimate detectability of the
polarization signal for varying 6. and intensity by several
current and future experiments. CMB signals of a wake
are circularly symmetric and we orient coordinates with
disc-center at § = 0; a rotation would center it elsewhere.

To estimate a detection threshold we fit to a one pa-
rameter model for the amplitude A of temperature at
disc-center. We consider temperature (T) alone, E-mode
polarization (E) alone, and E combined with informa-
tion from the T map and cross-correlation. We work in
l-space where the noise covariance is diagonal. Circular
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FIG. 2. Polarization for (a): 6, ~ 10°; (b): 6. ~ 60°, with |§T/T| = 10™* at center. The double peak in (b) is magnified in (c).
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FIG. 4. dcam evolution. This wake has 0. ~ 80° and 67/T =
—107* at CMB disc center.

symmetry allows the azimuthal angle ¢ to be integrated
out (so in l-space aljj;f do not contribute if m # 0).

We include CMB fluctuations in T and E consistent
with WMAP-7 concordance parameters [13] as well as
noise realizations for each detector up to l,,q. = 2000.
We add a wake to this and compute the relative likeli-
hood function (which amounts to a simple x? in this one
parameter model) to determine if it is detectable. We
normalize so that for a given disc a no detection is con-
sistent with A = 0 (only Gaussian fluctuations) and a
good detection has A = 1. We project sensitivities for
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FIG. 5. 30 detectability threshold for (a) T and (b) E-mode
polarization for Planck (Red), SPIDER (Blue), and CMBPol
(Green). In (b) line-thickness indicates the the extent to
which cross-correlation is used to enhance the measurement.

three experiments: the Planck satellite mission [18], a
balloon mission like SPIDER [19] and a satellite mission
like CMBPol (EPIC-2m) [20]. We use the same sensitiv-
ities, beam-widths, weight per solid angle, and observing
time as [21] (we assume sensitivity to Stokes I is v/2 that
of @ and U). We analyze these three, but any experi-
ment that measures the T or E over a significant fraction
of the sky has the potential to detect a cosmic wake.

As we fit for a;,, rather than power spectra Cj, a cut
sky induces straightforward but bothersome complica-
tions (spherical harmonics are no longer orthonormal).
To get simple estimates we use a full sky instead. For all-
sky missions this amounts to ignoring foreground effects,
while for partial sky-coverage missions we further assume
Gaussian fluctuations are statistically similar across the
sky. A full treatment of these effects would likely decrease
quoted sensitivities by a modest factor.

We do a combined analysis across all bands. For each
0. and experiment we find the minimum |07"/T| at profile
center such that a detection of A = 1 is 30 away from
zero. This represents a conservative estimate of the de-
tection threshold in T and E. We summarize our findings
in Fig. 5. For E we can also use information from TE
cross-correlation, which increases sensitivity by allowing
the expected E signal correlated with T to be subtracted
from Gaussian fluctuations. A sensativity band ranging
from full TE correlation to none is shown in Fig. 5(b).

For small discs (0. < 10°), [6T/T| > 4 x 1075 is likely
observable in T, but must be brighter than ~ 2 x 1074



to be observable in E. A search for cosmic wakes in the
T map was recently carried out [22, 23] using WMAP-7
data. While the analysis found several anomalous fea-
tures, it rules out wakes with |67/T| > 10~%. Thus, while
the potential exists to observe small discs in the T map,
correlating them with E signals is likely only possible at
below the 30 level, evidence not likely significant enough
to exclude other potential explanations. For 6. 2> 25°
the situation is much more promising. Fainter discs are
detectable in E, and very large discs are detectable al-
most as easily in E as T. This is clear from Fig. 3. Large
discs have a coherent E signal over a larger angular range
and can be found more easily over Gaussian fluctuations
and noise. Further, for ., > 12° they have a distinctive
double peak feature on small scales. This angular size de-
pendence is particularly important because the size dis-
tribution of collision discs, dN(6..) x sin 0.df., is a robust
prediction of the theory [9]. The analysis of [22, 23] was
for 6. < 11°, which with this distribution are much less
common than larger discs.

ConcLusioNs: We have found the real-space evolution
of the cosmic wakes produced by collisions between bub-

ble universes, and determined the distinctive tempera-
ture and polarization patterns they imprint on the CMB.
These patterns have circular symmetry reflecting the
near-planar symmetry of cosmic wakes, and the polar-
ization pattern can have a distinct double-peak structure
due to propagation of acoustic waves in the primordial
plasma. We estimated the detectability of cosmic wakes
by planned CMB experiments in both temperature and
polarization. Holding fixed 67'/T at disc center and vary-
ing the angular size 0., larger discs get easier to detect
with polarization, but harder to detect with temperature
(Fig. 5). Detection of a cosmic wake would show our
observable Universe is part of a larger multiverse, sup-
port the idea of a string theory landscape, and be an
astounding revelation of the nature of the big bang.
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