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Local Observables in a Landscape of Infrared Gauge Modes
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Cosmological local observables are at best statistically determined by the fundamental theory
describing inflation. When the scalar inflaton is coupled uniformly to a collection of subdominant
massless gauge vectors, rotational invariance is obeyed locally. However, the statistical isotropy of
fluctuations is spontaneously broken by gauge modes whose wavelength exceed our causal horizon.
This leads to a landscape picture where primordial correlators depend on the position of the observer.
We compute the stochastic corrections to the curvature power spectrum, show the existence of a
new local observable (the shape of the quadrupole), and constrain the theory using Planck limits.

In the standard model of cosmology, inflation provides
the initial conditions for the dynamics of the Cosmos:
the quantum fluctuations generated during that time are
believed to have seeded the primordial density perturba-
tions leading to the structures we observe in the Universe
today. However, as observers today we are limited in our
ability to test our hypotheses by causality, in that only
what happened during the last 60 e-folds or so of infla-
tion is directly accessible. Had inflation lasted just a bit
longer, the inflated size of the Universe would exponen-
tially exceed our causal horizon, and the link between
our observables and the parameters of the high energy
theory of inflation would at best be statistical. This is
so because local observations do depend on the location
(in space and time) of our observable bubble within the
macro-bubble which inflation has produced. The rea-
son is the background of superhorizon infrared modes —
modes that at a given time are larger than the observer’s
horizon, but within the full inflated patch — which es-
chew our sight and represent a space-time dependent,
but locally (quasi) homogeneous, background upon which
smaller wavelength modes develop.

Predictions for observables hence become a statistical
problem — having access to one and only one Universe
the particular realisation we observe does not coincide
with the average across the entire inflated patch — with a
mean and variance dictated by the parameters of the fun-
damental theory and those describing the observer (the
size of the patch). In simple models of adiabatic single
scalar field inflation this ambiguity amounts to simply
shifting the time coordinate, and the direct connection is
preserved ﬂ] This however is not the case if isocurva-
ture modes were present, or in generic multi-field scalar
inflation Eﬁ]

Here we focus instead on canonical scenarios of scalar
inflation, paired however with a collection of subdomi-
nant massless gauge vectors. When the gauge fields are
coupled directly to the inflaton, their dynamics are in-
tertwined, and their fluctuations can become important
creating detectable signatures in the Cosmic Microwave
Background (CMB) which can be constrained experimen-

tally [6-11d).

We focus on the ghost-free example where the interac-
tion Lagrangian
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describes n > 3 independent Abelian gauge vectors with

field strength F = 0, Ay @ BVA,(P coupled uniformly
to the inflaton via a modulation function I(¢). In par-
ticular, we will consider the case (I) oc a2, with a(7)
the scale factor of the Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric (7 is conformal time). This
choice is not arbitrary, as it corresponds to a back-
ground attractor solution for quite general classes of cou-
pling functions (¢) and inflaton potentials [L1-15]. Al-
though vectors possess anisotropic stress, it is known
that isotropy is attractive in this model (n > 3 and uni-
form couplings), namely the vectors rearrange to pro-
duce an isotropic total energy momentum tensor m]
Consequently, imprints in the primordial density fluctu-
ations created by the collection of background vectors
(in the attractor configuration) respect rotational sym-
metry [@] However, the coupling also produces a scale
invariant spectrum of gauge modes which come on top
of the background vector. Since these infrared fluctu-
ations originate from quantum mechanical fluctuations
in a FLRW background, they are drawn from isotropic
(and homogeneous) probability distributions. Hence, a
hypothetical super-observer with access to the entire in-
flated space would see a statistically isotropic universe.
As causal observers, however, our observations are bi-
ased and we cannot expect local observables to obey the
symmetries of the underlying theory.

The physical significance of the bath of super horizon
gauge modes is well appreciated in models with interac-
tions of the type I?F? for their backreaction effects on
the spacetime dynamics [@] as well as for the correc-
tions to primordial correlators -] The gauge kinetic
coupling produces a nearly scale-invariant spectrum of
frozen electric-type modes JE(k) = —1(¢)0,5A(k)/a?
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(the magnetic-type components decay rapidly). A given
quantum mode becomes classical (commuting) as its
wavelength is stretched to superhorizon size. The inte-
gral over modes which at a given time are superhorizon,
ie, k < H(r) with H = aH = d.a/a being the comov-
ing Hubble parameter, adds up to a collection of classical
infrared (IR) vectors E(I%(T) Such a vector appears ho-
mogeneous for a local observer limited by his causal hori-
zon, pointing in a certain direction and with a constant
magnitude over the accessible spatial patch. Following
m] we model each IR vector as a Gaussian random field
with variance

(0| B} - EJ) [0) = 9H'N/2x?, (2)

where N is the number of e-folds from the start of infla-
tion. Here we have assumed absence of classical vector
hairs at the start of inflation, namely that all gauge fluc-
tuations originate from the Bunch-Davis vacuum. We
can picture the dynamics as a Gaussian random walk
with a new piece (drawn from a distribution) with vari-

ance 9H*/27% added to Eg% for each e-fold. Each IR
vector thus performs a random walk in the space of all
possible directions and with a mean norm scaling as
<|E§%> x V/N. The IR vectors appear homogeneous
locally, but vary over distances much greater than the
horizon; this leads to a landscape of associated signa-
tures.

There is a rich literature on the primordial vector
imprints on the spectrum of density perturbations, see
Nﬁ] and references therein. At the two-point level
such corrections have been expressed in terms of an ax-
ially symmetric quadrupole parametrised by the ampli-
tude g, its orientation in a given realisation being ran-
dom, which can be constrained/probed experimentally
[la@] In our case the multitude of randomly aligned
vectors creates instead a general quadrupole which can be
described by 5 spherical harmonic coefficients {bzy, }. Out
of these 5 degrees of freedom, 3 correspond to the random
orientation on the sky, whereas the remaining 2 represent
the intrinsic degrees of freedom we can make predictions
for, namely the amplitude g(k) € R and a new shape pa-
rameter y € [0,7/2] which is exactly scale invariant. In

| we show how to identify the Euler angles mapping
arbitrary {bg,,} to {0,0,bg,ba1,0} < {g,x} and prove
its consistency: for each set {ba,,} there is one and only
one doublet {g, x}. The resulting anisotropic power spec-
trum depends not only on the scale k = |k|, but also on
the direction k = (sin 6 cos i, sin # sin p, cos 0):

P(k) = Po(k) [1 +g(k) (cos XA(K) + sin xB(l;))} , (3)
where the anisotropic functions are A(k) = cos?6 — 1/3

and B(k) = sin 26 cos ¢/+/3. The shape parameter mea-
sures the departure from axial symmetry; for x = 0 there

is one residual rotational symmetry and the power spec-
trum is invariant under ¢ — @ + Ap.

We are interested in the power spectrum of comoving
curvature perturbations in spatially flat gauge

(CCp) = 2(m*/K%)6° (k + p)P (k). (4)
To proceed we split the power spectrum
P(k) = Py(k) + 6P(k), ()

where the two terms represent the contribution from
the inflaton and the collection of vectors, respectively.
The latter term can be further divided in an isotropic
monopole part and an anisotropic quadrupole part. We
shall focus on the regime Py > dP which allows us to
use the Planck best-fit value for the unperturbed part,
Py =2.2:107° [22]. In this regime the quadrupole part of
0P, which is phenomenologically constrained by Planck
to be maximum at the 2% level relatively to P, [10], grows
proportionally to y/n. To ensure that the monopole part
of 6P is suppressed w.r.t. P, as well, we derive the limit
nNe, < 10* (verified by Monte Carlo realisations), where
N, is the number of e-folds after the start of inflation
when the mode k = Hy left the horizon (with Hy to-
day’s comoving Hubble parameter). In this regime it is
also guaranteed that the energy demnsity of the vectors
is subdominant since n<(E§%)2> <« MZH? is equivalent
to nNe, < 10°. This allows us to neglect the back-
reaction on the spacetime dynamics and safely perform
our calculations in a flat FLRW metric. We also empha-
size that all results derived below rely on the existence
of the isotropic background attractor solution mentioned
above. Since the stability of this classical attractor un-
der quantum corrections is questionable, we shall assume
that the energy stored in the sum of quantum fluctuations
is small compared to the energy in the zero-mode (back-
ground) vector, |E§ZI)%| < |E§|. This is possible because
|E8)| is related to the parameters of the underlying high-
energy theory and therefore adjustable [L3] (whereas the
stochastic build-up of Ey}% only depends on the attrac-
tive (I) oc a2 scaling and therefore not sensitive to the
choice of these parameters). Contrarily to the single vec-
tor case (n = 1), where the background component vio-
lates isotropy and there is a degeneracy between imprints
created by Ey}% and Ef) ], in our case this allows us
to study the unique signatures of E(IZI)% in the safe regime
B < [EQ).

In practice, the quadrupole correction to the power
spectrum P (k) for the curvature operator (i is calculated
via the in-in formalism. We ignore three-level correc-
tions from background vectors since they only contribute
to the monopole [@] E(Ilj)%7 on the other hand, create
anisotropies in (x via loop terms; the effective interac-
tion Hamiltonian was first derived in IE] for n =1, and
generalises in an obvious way for the multi-vector case.



Since different gauge vectors commute, we find that the
correction reads

IP(K) =24 [EV () o
P _;? sazie kS Ok (6)

where € = 1 — 9,H/H? is the slow-roll parameter, M,
is the reduced Planck mass, cosfy ) = k- Ey})%(m) and
Ni. € [0, Ny, is the remaining number of e-folds of in-
flation when the comoving mode k crossed the horizon.
Notice that it is the status of the multitude of IR vec-
tors at the time 790 = —1/H, which dictates their imprint.

This is so because infrared gauge modes added to Eg I)%(T)
after 7y are inhomogeneous from our point of view: their
contribution averages out to very good accuracy, see M]
Also note from Eq. (@) that each vector gives an axisym-
metric quadrupole correction with rotational symmetry
along Ey})%. But the vectors originate from quantum fluc-
tuations in a FLRW spacetime and their directions are
random and uncorrelated. Thus the total quadrupole is
not expected to be rotationally symmetric; in addition
to the amplitude g we need the new shape parameter
x to characterise the power spectrum. Both parameters
are stochastic and we computed their probability distri-
butions by Monte Carlo realisations of the collection of
Gaussian IR vectors.

In Fig. Dl'we show the probability distribution functions
(PDF) for the amplitude gy = g(Hp) and the shape Yy,
for 105 Monte Carlo realisations of Eg%(m), and for the
three examples n = 3, n = 10, and n = 100. The ampli-
tude has a logarithmic scale dependence, g(k) oc NZ. For
definiteness we set Ny, = 60 so that our reported values
for go roughly correspond to k = H( in canonical models
(this depends on the energy scale of inflation). With the
normalisation go = go/(Nez/3) the PDF of gg only de-
pends on the number of gauge fields; the corresponding
physical parameter gg is obtained by picking a value for
Nez. The free parameter N.,, which we constrain obser-
vationally below, can be thought of as the extra e-folds
of inflation in addition to the 60 or so needed to solve the
horizon problem.

A local observer, clever enough to reconstruct the pri-
mordial power spectrum from cosmic data, sees a single
random realisation of gy and x drawn from these distri-
butions. It is interesting to note that the statistics not
only depend on the underlying theory (n, Niot), but also
on the size of the patch the observer has access to. The
latter is encoded in the parameter N., via a degeneracy
with Ntot- Let us write Nez = Ntot — NHO where Ntot
is the total duration of inflation. While N;.¢ belongs to
the theory, Ny, reflects the size of the patch accessible
to the observer: the latter can be specified given a con-
crete theory, around 60 in canonical cases for observers
today. Thus the only free parameter in addition to n is
Nez, or equivalently Niot. Below we shall constrain the
parameter space {n, Ne,} using Planck limits [10].
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FIG. 1. Probability distributions for o = go/(Nez/3) (top
panel) and x (bottom panel) for n = {3, 10, 100} gauge fields.

It is well-known that for a single field (n = 1) in this
setup one obtains a negative value for the amplitude gg.
We see how breaking the axial symmetry explicitly by in-
troducing more vectors effectively results in a widening of
the distribution, which is expected, but the distribution
also become more symmetric in negative and positive val-
ues of gg. Thus, the statistical nature of the go parameter
prevents us, single-bubble limited observers, from draw-
ing a definite conclusion on its sign (and magnitude),
even given the full dynamics at high energy known. With
a very large number of fields the probabilities of positive
and negative amplitudes slowly approach: with n = 1000
their values are about 0.48 and 0.52, respectively. This
trend is shown in Fig.

Single field n = 1 models are characterised by an ax-
ial symmetric quadrupole which amounts to a vanishing
shape parameter, y = 0. The departure from axial sym-
metry is quantified by y, which is seen to grow with the
number of fields. The presence of the multitude of fields
thus breaks explicitly the axial symmetry, the more so
the more fields are thrown into the mix.

We end the presentation of our results by showing the
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FIG. 2. Probability of obtaining a positive go against the
number of gauge fields n.
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FIG. 3. Regions of parameter space for which go is below 2%
and 10% at 68% CL and 95% CL. The region below the bold
continuous line is compatible with the Planck limit [22].

observationally allowed regions of the parameter space
{n, N¢, } for which the generated quadrupole amplitude
is at the 2% and 10% levels, relative to the monopole
(Fig. B). The lowest (green) area, below the |go| <
0.02 (95%CL) dashed line, is the region for which there
is 95% chance probability of generating |go| < 0.02 (and
a 5% chance of having a higher value). The following
lgo] < 0.02 (68%CL) solid line delimits the looser con-
straint (light green) for which there is a 68% chance
probability of generating a weaker than |go] = 0.02
quadrupole (and a 32% chance of having a stronger one
— this limit refers loosely to the recent analysis of |10]
which placed the limit —0.014 < go < 0.018 (68% CL)
from Planck data. If we allow a 10% quadrupole instead
the parameter space widens encompassing the two mid-
dle (purple and light purple) regions. In the uppermost
(white) region the chance of finding a quadrupole below
0.10 decays to less than 68%.

To summarise, in this Letter we studied observational
implications of a collection of massless gauge vectors cou-
pled uniformly to the inflaton. Since the isotropic vector
configuration is an attractor solution of the background
equations, it was natural to focus on the case where both
the background and perturbations respect rotational in-
variance. In this setup we have shown how observations
limited by a causal horizon are biased: local correlators
are statistically expected to be anisotropic thereby vio-
lating the symmetry of the underlying model. If inflation
lasted only a few e-folds longer than the 60 or so needed
to solve the horizon problem, the size of the entire inflated
space exponentially exceeds that of our observable uni-
verse. This leads to a landscape picture where primordial
correlators depend on the position of the observer. Pre-
dictions for observables thence become a statistical prob-
lem, with a mean and variance dictated by the parame-
ters of the theory (n, Niot), and those describing the ob-
server (N4, ). This is a drastic theoretic leap from ignor-
ing IR vector fluctuations where primordial correlators
are deterministically dictated by the fundamental high
energy theory. Such fluctuations were first taken into
account quite recently, for n =1 m] In that case, how-
ever, the underlying model is fundamentally anisotropic
and there is a degeneracy between imprints created by
the background vector and those created by the IR gauge
modes; there are no distinct signatures associated with
the latter.

Conceptually there are striking parallels between our
work and recent papers focusing on non-Gaussian land-
scapes in the multi-scalar or isocurvature contexts E—E]
In our vector setup, however, not only the statistics of
already known observables are biased; remarkably, the
very structure of the two-point correlator is modified in
a novel way leading to new types of locally detectable
signatures. Firstly, unlike single vector models (n = 1)
where the quadrupole correction can be described by a
single amplitude gg, there is in addition a new local ob-
servable described by the shape y, which is exactly scale
invariant and measures the quadrupole’s departure from
axial symmetry. Secondly, and also unlike single vector
models which predict negative values, it is possible with
positive amplitudes as well; the probability for gy > 0 in-
creases with the number of vectors and is close to 0.5 for
large n (Fig. 2). Both effects disappear if we disregard
IR vector fluctuations |16].

To conclude, even modes whose wavelengths are much
beyond what our causal observations can probe do have
a distinct impact on the sky as we see it. Despite our
expectation the observable Universe being only a limited
sample, we are still able to infer definite statistical pre-
dictions from within our Hubble Bubble.

Acknowledgements We would like to thank Nicola
Bartolo, Sabino Matarrese and Angelo Ricciardone for
very helpful discussions, comments and suggestions, Kei
Yamamoto for reading through an early manuscript and



giving valuable feedback, and Hans Kristian Eriksen and
Dag Sverre Seljebotn for guidance on the experimental
literature.

[1] W. Unruh(1998), arXiv:astro-ph/9802323 |astro-ph]|

[2] E. Nelson and S. Shandera, [Phys.Rev.Lett. 110, 131301
(2013), larXiv:1212.4550 |astro-ph.CO|

[3] S. Nurmi, C. T. Byrnes, and G. Tasinato, [JCAP| 1306,
004 (2013), [arXiv:1301.3128 [astro-ph.CO]

[4] M. LoVerde, E. Nelson, and S. Shandera, JCAP! 1306,
024 (2013), [arXiv:1303.3549 [astro-ph.CO]

[6] M. LoVerde, [Phys.Rev| D89, 023505
arXiv:1310.5739 [astro-ph.CO|

[6] N. E. Groeneboom and H. K. Eriksen, [Astrophys.J. 690,
1807 (2009), arXiv:0807.2242 |astro-ph)|

[7] D. Hanson and A. Lewis, Phys.Rev. D80, 063004 (2009),
arXiv:0908.0963 |astro-ph.CO|

[8] N. E. Groeneboom, L. Ackerman, I. K. Wehus,
and H. K. Eriksen, Astrophys.J.| 722, 452 (2010),
arXiv:0911.0150 |astro-ph.CO|

[9] A. R. Pullen and C. M. Hirata, [JCAP 1005, 027 (2010),
arXiv:1003.0673 |astro-ph.CO|

[10] J. Kim and E. Komatsu, Phys.Rev. D88, 101301 (2013),
arXiv:1310.1605 |astro-ph.CO|

(2014),

[11] M.-a. Watanabe, S. Kanno, and J. Soda, [Phys.Rev.Lett.
102, 191302 (2009), [arXiv:0902.2833 [hep-th]

[12] S. Kanno, J. Soda, and M.-a. Watanabe, .JCAP! 1012,
024 (2010), farXiv:1010.5307 [hep-th]

[13] S. Hervik, D. F. Mota, and M. Thorsrud, [JHEP| 1111,
146 (2011), arXiv:1109.3456 |gr-qc|

[14] J. M. Wagstaff and K. Dimopoulos, [Phys.Rev.| D83,
023523 (2011), arXiv:1011.2517 |hep-ph]

[15] K. Yamamoto, M.-a. Watanabe, and J. Soda,
Class.Quant.Grav. 29, 145008 (2012),
arXiv:1201.5309 [hep-th]|

[16] K. Yamamoto, Phys.Rev. D85, 123504 (2012),

arXiv:1203.1071 |astro-ph.CO|

[17] V. Demozzi, V. Mukhanov, and H. Rubinstein, [JCAP
0908, 025 (2009), [arXiv:0907.1030 |astro-ph.CO|

[18] N. Bartolo, S. Matarrese, M. Peloso, and
A. Ricciardone, [Phys.Rev.] D87, 023504 (2013),
arXiv:1210.3257 |astro-ph.CO|

[19] A. Maleknejad, M. Sheikh-Jabbari, and J. Soda,
Phys.Rept. 528, 161 (2013), arXiv:1212.2921 |hep-th|

[20] J. Soda, [Class.Quant.Grav. 29, 083001 (2012),
arXiv:1201.6434 [hep-th]

[21] M. Thorsrud, F. R. Urban, and D. F. Mota, .JCAP/1404,
010 (2014), |arXiv:1312.7491 [astro-ph.CO]

[22] P. Ade et al. (Planck Collaboration)(2013),
arXiv:1303.5076 [astro-ph.CO|


http://arxiv.org/abs/astro-ph/9802323
http://dx.doi.org/10.1103/PhysRevLett.110.131301
http://arxiv.org/abs/1212.4550
http://dx.doi.org/10.1088/1475-7516/2013/06/004
http://arxiv.org/abs/1301.3128
http://dx.doi.org/10.1088/1475-7516/2013/06/024
http://arxiv.org/abs/1303.3549
http://dx.doi.org/10.1103/PhysRevD.89.023505
http://arxiv.org/abs/1310.5739
http://dx.doi.org/10.1088/0004-637X/690/2/1807
http://arxiv.org/abs/0807.2242
http://dx.doi.org/10.1103/PhysRevD.80.063004
http://arxiv.org/abs/0908.0963
http://dx.doi.org/10.1088/0004-637X/722/1/452
http://arxiv.org/abs/0911.0150
http://dx.doi.org/10.1088/1475-7516/2010/05/027
http://arxiv.org/abs/1003.0673
http://dx.doi.org/10.1103/PhysRevD.88.101301
http://arxiv.org/abs/1310.1605
http://dx.doi.org/10.1103/PhysRevLett.102.191302
http://arxiv.org/abs/0902.2833
http://dx.doi.org/10.1088/1475-7516/2010/12/024
http://arxiv.org/abs/1010.5307
http://dx.doi.org/10.1007/JHEP11(2011)146
http://arxiv.org/abs/1109.3456
http://dx.doi.org/10.1103/PhysRevD.83.023523
http://arxiv.org/abs/1011.2517
http://dx.doi.org/10.1088/0264-9381/29/14/145008
http://arxiv.org/abs/1201.5309
http://dx.doi.org/10.1103/PhysRevD.85.123504
http://arxiv.org/abs/1203.1071
http://dx.doi.org/10.1088/1475-7516/2009/08/025
http://arxiv.org/abs/0907.1030
http://dx.doi.org/10.1103/PhysRevD.87.023504
http://arxiv.org/abs/1210.3257
http://dx.doi.org/10.1016/j.physrep.2013.03.003
http://arxiv.org/abs/1212.2921
http://dx.doi.org/10.1088/0264-9381/29/8/083001
http://arxiv.org/abs/1201.6434
http://dx.doi.org/10.1088/1475-7516/2014/04/010
http://arxiv.org/abs/1312.7491
http://arxiv.org/abs/1303.5076

