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Outline of the talk  
1.  Introduction. Search for new IR degrees of freedom with 

cosmology tools. Necessity to scrutinize the Bicep-2 result, 
including gravitational wave interpretation of B-modes.  

2.  Physics of the pseudoscalar boson coupled to spins of 
particles. Rotation of photon polarization propagating in 
pseudoscalar background. Polarization of the CMB generated 
at the surface of last scattering. E and B modes.  

3.  Pseudoscalar-perturbation-induced rotation of polarization of 
CMB photons generates <BB> correlation. Details of the 
calculation.  

4.  Polarization effects due to possible domain wall structure. 
5.  Conclusions: constraints on the parameters of the pseudoscalar 

model. Implications for the gravitational wave signal in B-
modes.  
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Main idea 
§  To use CMB physics as a way to search for light degrees of 

freedom. 
§  Inflation generates perturbation of any massless/light field, δ φ ~ 

Hinfl, and Hinfl can be as large as 1014 GeV. This is very large 
compared to other scales of particle physics we know but very 
small relative to MPlanck. 

§  Massless pseudoscalar fields of that magnitude can be seen 
through their couplings to photons, (φ/fa) Fµν dualFµν. 

§  This leads to the transfer of power from E-modes (gradient 
modes) to the B-modes (curl modes) of CMB polarization, and 
creates <BB> correlation across the sky.  

§  Precision probes of <BB> correlation in the CMB anisotropy can 
provide an access to H/fa ~ 0.1 and thus probe the scales of 
particle physics fa ~ 1015 GeV that are inaccessible in any other 
way.  
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1 month ago – Bicep 2 results!! 

 
 
 

DETECTION OF B-MODES BY BICEP2 17

FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ΛCDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

scales having noise level of 87 nK-degrees in Q and U over
an effective area of 380 square degrees.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-ΛCDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the � range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2σ excursion from the base lensed-
ΛCDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-ΛCDM.

our maps.
Taking cross spectra against 100 GHz maps from BICEP1

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3σ and 2.2σ respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

−0.05 with r = 0
ruled out at a significance of 7.0σ. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

−0.05 with r = 0 disfavored at 5.9σ. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and

If interpreted as the signature of primordial tensor perturbations 
generated by inflation it gives very high Hubble rate during inflation, 
with Hinfl= 1014 GeV. Well, it poses a lot of questions to anyone who tries 
to play with some physics that has fundamental scale below1014 GeV. 
Profound consequences for theoretical physics! Gravitational waves 
generated during inflation is the most economical explanation.  



Impact of Bicep-2 results is huge 

dimensional case, is that between the millimeter and the weak scales. This
hierarchy is stable in the sense that small changes of parameters have small
effects on the physics –so there is no fine tuning problem. There is also no
issue of radiatively destabilizing the mm scale by physics at the weak cutoff.
In this respect, our proposal shares the same “set it and forget it” philosophy
of the original proposal supersymmetric standard model [12]. An important
and favorable difference is that the mm scale is not a Lagrangean parameter
that needs to be stabilized by a symmetry, such as supersymmetry. It is a
parameter characterizing a solution, the size of the two extra dimensions. It
is not uncommon to have solutions much larger than Lagrangean parameters;
the world around us abounds with solutions that are much larger than the
electron ’s Compton-wavelength. A related secondary question is whether the
magnitude of the mm scale may be calculated in a theory whose fundamental
length is the weak scale. We have not addressed this question which is
imbedded in the higher dimensional theory. It is amusing to note that if
there are many new dimensions, their size –given by eq (4)– approaches the
weak scale and there is no large hierarchy.

Finally we come to the early universe. The most solid aspect of early
cosmology, namely primordial nucleosynthesis, remains intact in our frame-
work. The reason is simple: The energy per particle during nucleosynthesis
is at most a few MeV, too small to significantly excite gravitons. Further-
more, the horizon size is much larger than a mm so that the expansion of the
universe is given by the usual 4-dimensional Robertson-Walker equations.
Issues concerning very early cosmology, such as inflation and baryogenesis
may change. This, however, is not necessary since there may be just enough
space to accommodate weak-scale inflation and baryogenesis.

In summary, there are many new interesting issues that emerge in our
framework. Our old ideas about unification, inflation, naturallness, the hi-
erarchy problem and the need for supersymmetry are abandoned, together
with the successful supersymmetric prediction of coupling constant unifica-
tion [12]. Instead, we gain a fresh framework which allows us to look at old
problems in new ways. Lagrangean parameters become parameters of solu-
tions and the phenomena that await us at LHC, NLC and beyond are even
more exciting and unforseen.

Acknowledgments: We would like to thank I. Antoniadis, M.Dine,
L. Dixon, N. Kaloper, A. Kapitulnik, A. Linde, M. Peskin, S. Thomas and R.
Wagoner for tuseful discussions. G. Dvali would like to thank the Institute of
Theoretical Physics of Stanford University for their hospitality. NAH is sup-
ported by the Department of Energy under contract DE-AC03-76SF00515.
SD is supported by NSF grant PHY-9219345-004.
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This is from the 1998 classics…. 

No – unless we find solid alternatives to generation of B-modes than 
tensor modes, things will have to change for all models with low 
fundamental scales.  
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<BB> = T or “T-like” modes ? 

 

1.  Every big discovery follows by the period of trying to understand the 
result. E.g. excess of events around 125 GeV à Evidence of a new 
resonance à Higgs-like properties of the resonance à       dropping 
“-like” after lots of tests. In the process you rule out competitors such 
as KK-graviton, techni-pion, etc [no matter how creepy they are]. 
Same process will occur with the discovery of B-modes. 

2.  The minimal interpretation of B-modes are tensor perturbations, the 
remnants of inflation that occurred with Hinfl=1014 GeV. Well, it 
poses a lot of questions to anyone who tries to play with some 
physics that has fundamental scale below 1014 GeV.  

3.  One can provide new mechanisms of B-mode generation with a low 
inflationary scale, e.g. Hinfl ~ 1010 GeV  (MP, Ritz, Skordis, 2008). 
View it as a competitive explanation of Bicep observations, and try to 
rule it out from data! 
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Light interacting field 

 

Consider a light field interacting with matter 

 

 

If φ is really really light (e.g. mφ ~ 10-33 eV ~ H0) and evolves on the 
cosmological time scales now, then one has a possibility of probing its 
presence cosmologically 

•  wDE ≠ -1  

•  Couplings/masses of SM particles may change over cosm time 

•  New gravitational-type force will appear 

•  Birefringence-type phenomena in propagation of polarized particles 

•  … 

 

 

 

 

 

1 Introduction

The discovery of dark energy [1] instigated many developments in cosmology and particle

physics during the last decade. To date all observational data are consistent with the most

economic possibility: the dark energy is just a cosmological constant, and as such does

not evolve over the cosmological time scales. On the other hand, it is intriguing to think

about the alternative explanations related to a drastic change of the infrared physics. In
parallel to the attempts of modifying gravity on large scales [2], there is a renewed interest

in the cosmological scalar fields that are nearly massless, and manifest themselves as a

”dark energy” component over large cosmological distances [3].

An interesting twist to the well-known story of cosmological scalars comes from the pos-

sibility of their interaction with matter and gauge fields (For purely cosmological signatures

of ”interacting” quintessence, see e.g. [4]). In fact such theories exhibit a rich plethora of

phenomena that go beyond pure cosmological effects, which we would like to illustrate on
the following toy example. Let us consider a Lagrangian for the scalar field φ interacting

with a Standard Model fermion ψ (e.g. electron) and a gauge field Aµ (e.g. photon),

L =
1

2
∂µφ∂µφ − V (φ) + ψ̄(iDµγ

µ − m)ψ −
1

4
FµνF

µν (1.1)

−cSψφψ̄ψ − cPψφψ̄iγ5ψ − cSγφFµνF
µν − cPγφFµνF̃

µν .

Here cSi and cPi parametrize the strengths of the scalar and pseudoscalar couplings to

photons and fermions, while Fµν and F̃µν denote the usual and dual field strengths, and
Dµ is the covariant derivative. Written in flat space, Lagrangian (1.1) can be trivially

generalized to curved backgrounds, and to nonlinear couplings to matter. Starting from

(1.1), one can immediately infer a number of interesting consequences, a partial list of which

is given below.

1. The existence of a new long-range force distinguishable from spin-two gravity. The

scalar field contributes to the gravitational force, adding ∼ c2
s on top of the familiar

Newton constant mediated by gravitons. Such a force leaves distinguishable imprints

via relativistic corrections and/or composition dependence (effective violation of the
equivalence principle).

2. The existence of a preferred Lorentz frame associated with ∂tφ. If φ is a very light

quintessence-like field, then there is a preferred frame where cosmologically ∂µφ =

(φ̇, 0, 0, 0). For most of the models this frame coincides with the frame of the cosmic
microwave background (CMB), and |φ̇| is limited by (ρd.e.(1 + w))1/2, where w is the

dark energy equation of state parameter.

3. Variation of masses and couplings in time and space. Effective values of masses and

1



Possible Interactions 
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Let us call by φ, φ1, φ2, … - real scalar fields from “light” sector that 
interact with SM. Let us represent SM field by an electron, or a nucleon, 
or a photon. 	



Interactions can be organized as “portals”:  coeff × OdarkOSM. 	



 A.	



	



B.	



	



C.	



	



D	



An atom inside a φ-profile will have addt’l contributions to its energy 
levels	
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from false positives induced by occasional abrupt changes
of magnetometer-operation conditions, e.g., magnetic-
field spikes, laser-light-mode jumps, etc. A global net-
work of synchronized optical magnetometers is an attrac-
tive tool to search for galactic/cosmological domain walls,
as it would allow for efficient vetoes of false domain-wall
crossing events.

Ideally, one would require n ≥ 5 magnetometer sta-
tions in such a network. The difference in timing ti of a
putative signal is related to the transverse velocity and
the unit normal vector to the wall, n, ti− tj = Lij ·nv−1

⊥ ,

where Lij are the three-vectors of the relative positions
of magnetometers i and j. Four stations are required to
specify magnetometer-defined 3D system of coordinates,
and three time intervals between four ti will enable to
unambiguously determine the three-vector nv−1

⊥ . This
makes the predictions for the timing of the event at the
fifth station, t5, which can be used as a tool for reject-
ing accidental backgrounds. Consider a network of simi-
lar magnetometers with fast response time separated by
distances of O(300 km) operating during a long period
T ∼ yr. Suppose that τ is an average time between
accidental spikes in the background above certain value
B0

eff that cannot be distinguished from the signal. Then
the probability of having four events in four different sta-
tions within time intervals corresponding to the typical
wall travel time from station to station, ttrav ∼ L/v ∼ s,
is P1234 ∼ T t3travτ

−4, where we take T � τ � ttrav.
To have this probability below one, one should achieve
τ > 100 s. If indeed four accidental background spikes
lead to false signals in four stations within ttrav, the do-
main wall interpretation will predict the event in the
fifth station within a narrow window of the wall cross-
ing ∆t ∼ ms, and the probability of this to happen due
to accidental background is P12345 ∼ (∆t/τ)P1234, or less
than 10−5 for τ ∼ 100 s. Increasing the number of sta-
tions will enable to search for weaker signal B0

eff , and
tolerate shorter τ [13].

Recently we set up a prototype for the magnetome-
ter network consisting of two magnetometers operated in
magnetically shielded environments located in Kraków,
Poland and Berkeley, USA (a separation distance of
about 9000 km). One of the magnetometers (Kraków) is
based on nonlinear magneto-optical rotation [14], while

the other magnetometer (Berkeley) is a SERF device
[15]. The magnetometers achieved comparable sensitivi-
ties of 10 fT/Hz1/2, which can be further improved upon
optimization. The expected parameters of the signal,
∆t ∼ 1 ms and the minimum time-separation between
the events ∆ttrav ∼ 30 s, can be precisely determined us-
ing a GPS time source (for more details see Ref. [16]). We
have recently performed proof-of-principle experiments
[16] demonstrating the ability to correlate the signals of
two magnetometers. In particular, we demonstrated sig-
nificant reduction of noise and rejection of false-positive
events present in magnetometer signals. The measure-
ments proved the feasibility of correlated magnetic-field
measurements opening avenues for further investigations
involving more magnetometers.
Summary. We have shown that a network of mod-

ern magnetometers offers a realistic chance for detecting
the event of an axion-type domain-wall crossing and can
probe parts of the parameter space where such walls can
contribute significantly to dark matter/dark energy.

∂µφ

fa

�

SM particles

cψψ̄γµγ5ψ axionic portal

φ

M∗

�

SM particles

c
(s)
ψ mψψ̄ψ scalar portal

φ2
1 + φ2

2

M2
∗

�

SM particles

c
(2s)
ψ mψψ̄ψ quadratic scalar portal

φ1∂µφ2

M2
∗

�

SM particles

gψψ̄γµψ current− current portal
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Flambaum, M. Kamionkowski, and M. Hohensee for dis-
cussions. This work was supported in part by the NSF.
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Let us call by φ, φ1, φ2, … - real scalar fields from “light” sector that 
interact with SM. Let us represent SM field by an electron, or a nucleon, 
or a photon. 	
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An atom inside a φ-profile will have addt’l contributions to its energy 
levels	
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Any tree level potential  

Vtree(φ) = ctree
0 + ctree

1φ + ctree
2φ2+….	



Would have to have coefficients ct
i very small to keep evolution slow. 

Loops generate larger corrections  

Vloop(φ) = cloop
0 + cloop

1φ + cloop
2φ2+….	



so that  cloop
i>>ctree

i , One has to start with large and opposite tree-vs-loop 
coefficients cloop

i= - ctree
i  to ensure tight cancellation for several terms in 

the series… Very unnatural! Standard problem for scalar portals. (e.g. in 
the context of changing α) 

Importantly, same pessimistic argument does not apply to 
interactions protected by shift symmetry, the axionic portal for ex. 

(* But may be the approach idea of having rigid technical naturalness 
built in a model is not “quite” right, and we would miss out on 
interesting physics *) 	
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[Nearly] massless pseudoscalar 

§  The shift symmetry protects V(a) = 0 from being generated (e.g. 
model is not at all as ugly as “interacting quintessence”)	



§  Large number of possible UV completions via PQ mechanisms	


§  a has commonplace occurrence in models inspired by string theory	


§  Many phenomenological processes with a are well-understood being 

studied in the axion literature. 	



1

p2µ −
(p2µ)

2

Λ2

=
1

p2µ

− 1

p2µ − Λ2
(16)

1

ω2 − �p2 − �p6

Λ4
HL

(17)

Leverything = LSM+gravity + Linflation +
1

2
(∂µa)

2
+

a

2fa
FµνF̃µν (18)

Lorentz symmetry, and its universality with respect to propagation and interaction of dif-

ferent types of particles, is a very well-established symmetry of nature. Stringent constraints

are derived on the parameters of effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective Lagrangian description, and the idea that either a vector or the gradient of

a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry

at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even

more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and

for example quantum gravity is often being tauted as being capable of causing that (see

e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a

significant conceptual hierarchy problem. One would expect that LV should manifest itself

in the lowest dimensional operators. Since the set of such operators starts from dimensions 3

and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of

ΛLV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting

higher-dimensional LV operators from “leaking” into the lower dimensional ones have been

proposed and partially summarized in [7].

The localization of LV to higher-dimensional operators can occur in various ways. For

example, Ref. [8] assumed that operators responsible for Lorentz violation are tensors of a

higher rank and irreducible, and therefore their appearance in dimension 3 and 4 operators is

prohibited. Refs. [9, 10] argue that supersymmetrization of the Standard Model (SM) leads

to automatic elimination of lower dimensional LV operators. The soft-breaking terms allow

this leakage into lower dimensions to happen, but in a controllable way: e.g. the coefficients

of dimension 4 operators are induced by the dimension 6 operators:

c
(4)
LV ∼ m

2
softc

(6)
LV ∼ m2

soft

Λ2
LV

. (19)

If there is a wide enough scale separation between the SUSY breaking mass and the high-

energy scale where LV originates, msoft � ΛLV, the existence of Lorentz breaking can be

made consistent with the variety of experimental constraints. Dimension 4 coefficients c
(4)
LV

induce a difference between propagation speed for different particles, limited by the most

stringent constraints to be at the level of 10−23 (see e.g. [11]), which is perfectly safe, for

example, if msoft is at the weak scale and ΛLV is close to Planck scale.

3
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Two axion model (“minimal axiverse”) 

§  Two-axion model is like that. One axion becomes a QCD axion, 
and the other one remains massless, 

§  Coupling constant is given by  
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Photon propagation 
§  Dispersion for left- and right- handed photons is not the same	



§  The phase shift after propagating for time T, Δω T, is frequency 
independent. All CMB frequencies will be affected.	



§  Rotation of polarization plane after travelling from point 1 to point 2 
is simply (Harrari, Sikivie; Carroll; Lue, Wang, Kamionkowski…)  

§  Light deflection is suppressed. 
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Lorentz symmetry, and its universality with respect to propagation and interaction of dif-

ferent types of particles, is a very well-established symmetry of nature. Stringent constraints

are derived on the parameters of effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective Lagrangian description, and the idea that either a vector or the gradient of

a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry

at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even

more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and

for example quantum gravity is often being tauted as being capable of causing that (see

e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a

significant conceptual hierarchy problem. One would expect that LV should manifest itself

in the lowest dimensional operators. Since the set of such operators starts from dimensions 3

and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of

ΛLV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting

higher-dimensional LV operators from “leaking” into the lower dimensional ones have been

proposed and partially summarized in [7].
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Lorentz symmetry, and its universality with respect to propagation and interaction of dif-

ferent types of particles, is a very well-established symmetry of nature. Stringent constraints

are derived on the parameters of effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective Lagrangian description, and the idea that either a vector or the gradient of

a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry

at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even

more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and

for example quantum gravity is often being tauted as being capable of causing that (see

e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a

significant conceptual hierarchy problem. One would expect that LV should manifest itself

in the lowest dimensional operators. Since the set of such operators starts from dimensions 3

and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of

ΛLV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting

higher-dimensional LV operators from “leaking” into the lower dimensional ones have been

proposed and partially summarized in [7].
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Pseudoscalar massless field can interact 
with photons “stronger” than gravity   

§  Pseudoscalars coupled to photons can be coupled to photons 
much stronger than gravity without contradicting other existing 
constraints. 

 
§  Other derivative terms, (∂µ a) ψ γµγ5ψ, are of course also 

possible but inconsequential for CMB photons 
§  (∂µ a) ψ γµγ5ψ δoes not feed into the photon coupling at the 

radiative level.  
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Experimental probes of the model 
1. Emission of pseudoscalars from the sun  

e + γ à e + a    process creates a flux of E~ 1 keV particles, that can be 
reconverted to gamma rays in magnetic field. 

CAST experiment sets the limit    fa > 1011 GeV 

  2. Stellar constraints.  Similar limits, fa >  1011 GeV, can be deduced 
from the stellar energy loss mechanism.  

3. Polarized radio emission from distant galaxies. Any polarized light 
propagating between points 1 and 2 has its polarization rotated by 

Δ12a/fa. Polarization is usually correlated with galactic axis, and 
pseudoscalar can destroy this correlation, or rotate it. 

CMB is the oldest polarized source à  pseudoscalar signature in CMB! 
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Main observational outcome of inflation is density perturbations. 
Density perturbations are seeded by the fluctuation of the 
inflaton field:   

δ φ ~ Hinfl/(2 π). Unfortunately, the measurement of Δ ρ/ρ  
does not fix the scale of inflation:     
(1.93 * 10-10)COBE,WMAP,PLANCK  ~ GN Hinfl

2/(4πε) 
 

       Slow-roll parameter 
       ε = M2

pl(V’/V)2   can be 
   V(inflaton)    small…    

  
 
 
 

    V(inflaton) 
         
   or very very small 

 
 

Pre-Bicep dilemma in inflation 
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Perturbations of light fields 

Hinfl and ε are chosen to satisfy “COBE normalization”, and tests 
of inflationary models come from the measurement of e.g. 
spectral index and other quantities. 

 
Any other massless field (including gravity waves, massless 

scalars, pseudoscalars) also acquire Gaussian, nearly scale-
invariant perturbations. The magnitude depends on H during 
inflation, and after the normalization on COBE, is linearly 
proportional to the slow-roll parameter ε.  
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§  The progress in 
measurements of CMB 
anisotropies has been 
enormous.  

§  The <TT>, <TE> and 
most recently <EE> 
correlations have been 
measured with great deal 
of precision by several 
groups/instruments 

§  B-modes are not detected: 
<BE>, <TB> are zero by 
parity conservation, and 
<BB> is often referred to 
as last frontier, as it can be 
induced by gravity waves 
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Propagation of CMB from the LSS 

 
  
  

      Surface of Last Scattering 
      with chaotic pseudoscalar 

       profile 
        t=tLSS, aLSS is given by 

      inflation.  
 
 
 

      t=ttoday, atoday=0 .  
       

Polarization of arriving to us CMB photons is randomly rotated by 
Δψ(n) = ALSS(n)=aLSS(n) /fa. 

For convenience, we introduce ca 
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Thomson scattering at the surface of last scattering (LSS) combined 

with guadrupole anisotropy leads to the linearly polarized CMB 
radiation.  

 
 
The degree of polarization, and its angular correlations can be 

directly predicted from the power spectrum of scalar 
perturbations that can be extracted from <TT>. Current 
observations are in complete agreement with this prediction.  

 
 

CMB polarization 
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Some background on CMB polarization 
(Kamionkowski, Stebbins, Kosowsky; Seljak, Zaldarriaga, 1997…)  

 

 

    E-mode        B-mode 

Polarization is generated by quadrupole temperature anisotropy, and 
scalar perturbations are capable of generating only the E-modes.   

 

 

 

 

Scalar perturbations [of Newtonian potential] can only generate E-mode 
but perturbations of the full metric tensor [grav waves] can also give B. 
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Lorentz symmetry, and its universality with respect to propagation and interaction of dif-

ferent types of particles, is a very well-established symmetry of nature. Stringent constraints

are derived on the parameters of effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective Lagrangian description, and the idea that either a vector or the gradient of

a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry

at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even

more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and

for example quantum gravity is often being tauted as being capable of causing that (see

e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a

significant conceptual hierarchy problem. One would expect that LV should manifest itself

in the lowest dimensional operators. Since the set of such operators starts from dimensions 3

and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of

ΛLV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting

higher-dimensional LV operators from “leaking” into the lower dimensional ones have been

proposed and partially summarized in [7].

The localization of LV to higher-dimensional operators can occur in various ways. For

example, Ref. [8] assumed that operators responsible for Lorentz violation are tensors of a

higher rank and irreducible, and therefore their appearance in dimension 3 and 4 operators is

prohibited. Refs. [9, 10] argue that supersymmetrization of the Standard Model (SM) leads

to automatic elimination of lower dimensional LV operators. The soft-breaking terms allow

3

hot 
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E and B modes 

§  Main physics principle: suppose you have a single mode of 
scalar (density) perturbation with momentum k || z axis. 
Suppose you have photons arriving to you from direction n. 
They will be polarized either in the plane formed by n and z, or 
in the perpendicular directions. These are E-modes.  Or 
gradient modes. For this fixed geometry (k || z ), the following 
In a fixed frame, Stokes Q parameter is generated, while U=0:  

 
 
  

§  If the perturbation has some additional features (internal 
polarization, like gravity waves) U-parameter can be generated. 
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Mechanisms for generating B-modes  

An excellent review of CMB polarization can be found in 
e.g. Seljak, Zaldarriaga, 1996, 1997, Kamionkowski et al 
1997 where all the technicalities of standard CMB 
polarization calculations are dealt with.  

§   U-parameter can be generated by tensor perturbations 
§  Under the rotation around n by angle Δψ, Q parameter 

transforms to U-parameter. Thus, U-parameter can be 
generated by pseudoscalar perturbation with momentum 
q, superimposed on the scalar one (k||z, x=(kn), y=(qn)):  
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Technicalities of the calculation 
Strategy: 
1.  Express Stokes parameters Q(n) and U(n) in terms of sources of 

perturbations, and the so-called transfer functions. 
2.  For a fixed geometry of perturbation modes, form the rotation-

invariant combinations of polarization in momentum space by 
projecting Q(n), U(n) onto the spin 2-weighted spherical 
functions, Y2,lm. 

3.  Calculate the correlation coefficients by squaring aBlm  and 
employing the scalar [main] and pseudoscalar [auxilary] 
perturbation spectra. 
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Technicalities of the calculation 
Expression for aBlm: 
 
 
 
 
Source function is related to primordial fluctuations ξΦ,A 
 
 
 
 

ξΦ,A have correlation functions given by inflation: 
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Master formula for <BB> calculation 
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Numerical Results and comparison with experiment, 2008  

Green: EE; Red: BB with ca =0.004; Dark blue: BB from 
gravity waves with r=0.14; light blue: BB lensing background  

Points: upper 
limits from 
WMAP5 and 
QUaD 

One parameter 

model 
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The moment of truth 
	



 

 

 

Inflationary pseudoscalar fluctuations do not give a good fit to Bicep 
data( too low l<100) !!!   So, it more “T-like” and not at all “a-like”.  

DETECTION OF B-MODES BY BICEP2 17

FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ΛCDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

scales having noise level of 87 nK-degrees in Q and U over
an effective area of 380 square degrees.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-ΛCDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the � range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2σ excursion from the base lensed-
ΛCDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-ΛCDM.

our maps.
Taking cross spectra against 100 GHz maps from BICEP1

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3σ and 2.2σ respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

−0.05 with r = 0
ruled out at a significance of 7.0σ. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

−0.05 with r = 0 disfavored at 5.9σ. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
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FIG. 1: We display the Cl’s for the E-mode (green – dot-dash)
and induced B-mode polarization (red – solid). The fiducial
value ca = 4.2× 10−3 was chosen to match the current upper
bound on the B-mode using data from QUaD. 95% upper
limits from QUaD (stars) and 2σ upper limits from WMAP5
(polygons) are shown for comparison. We also exhibit the
CBl’s induced by lensing of the E-mode (cyan – long-dash),
and the contribution from primordial gravitational waves with
r = 0.14 (blue – dash), corresponding to the choice H14 = 1.

to |l1 − l2| ≤ l ≤ l1 + l2, which is enforced by the
Wigner 3j-symbol. It is important to note that the cross-
correlations TB and EB vanish on account of the overall
conservation of parity.

At this point we assume a spectrum of scalar fluctua-
tions with scalar spectral index n = 0.963 chosen accord-
ing to the best fit model for the WMAP5 CMB data, and
take the pseudoscalar spectral index na to have the same
value. We used our own code based on CMBfast [11] to
numerically calculate the functions Π(k, τ) and ∆A(τ, q)
for the WMAP5 best fit model, and then to compute CBl

using Eqs. (9)–(11). Fig. 1 displays the results for CBl

for a fiducial choice of ca = 4.2 × 10−3. For comparison,
the plot also shows CEl as well as the B-modes gener-
ated by primordial tensor perturbations with r = 0.14
and by lensing of the E-mode. The qualitative form of
CBl induced by pseudoscalar perturbations can be un-
derstood by looking at the dominant regions in the l1
and l2 sums. For large l, we find that l1 ∼ l, while the
sum over l2 is effectively truncated at a lower value of
order lmax

2 ∼ (τ0 − τLSS)/τLSS ∼ 50 (higher values of l2
contribute no more than about 2% to the CBl’s on small
scales). Thus for large l ∼ 1000 the induced B-mode
closely tracks the underlying E-mode. For lower values

of l ∼ O(1), both l1 and l2 saturate at higher scales so
the B-mode is somewhat larger. Finally, the overall scale
of the oscillations in CBl is slightly suppressed as is to be
expected from convoluting the underlying E-mode source
with a gaussian random variable.

It is important to keep in mind that our approximation,
which assumes a small rotation angle, may break down
once CBl becomes comparable to CEl. Consequently, for
setting constraints on CBl we choose l in the interval
100–1000, where the most recent experimental results of
QUaD [12] probe the B-modes well below the detected
E-mode level, CBl ∼ O(0.1) × CEl. The QUaD limits,
shown in Fig. 1, impose a stringent constraint on ca:

ca < 4.2 × 10−3 =⇒ fa > 2.4 × 1014 GeV × H14,
(12)

where we have introduced H14 ≡ H/1014 GeV, a normal-
ization inspired by the fact that H14 ∼ O(1) is close to
the maximal inflationary value of H allowed by observa-
tions. The inflationary Hubble scale can be traded for the
tensor-to-scalar ratio r, commonly used to parametrize
the strength of all massless perturbations including grav-
itational waves, r = 0.14 × H2

14. Note that from Eq. (3),
the conclusion that ca ' 1 justifies a posteriori our per-
turbative treatment of the rotation of polarization. The
constraint (12) is the main result of this Letter, and in
what follows we discuss its implications.

Implications for particle physics: Given the conven-
tional picture of inflationary cosmology, the constraint
obtained above applies to massless pseudoscalars (or al-
most massless with a mass below the Hubble scale at
decoupling) and it is important to consider how such
new low-energy degrees of freedom may naturally arise.
Recall that massless pseudoscalar fields coupled to the
operator GµνG̃µν in QCD, namely axions, resolve the
strong CP problem in a natural way [13] while gaining
an anomaly-induced mass ma ∼ mπfπ/fa. While this
mass is large compared to the scales relevant here, this
mechanism for inducing a mass is unique, and thus should
two or more pseudoscalars couple to the QCD anomaly,
only one linear combination would become massive [14].
Schematically, below the QCD scale, such models lead to
an effective Lagrangian of the form,

(

a1

2g1
+

a2

2g2

)

GµνG̃µν +

(

a1

2f1
+

a2

2f2

)

Fµν F̃µν

→ LQCDa +
a

2fa
Fµν F̃µν , (13)

where besides the Lagrangian LQCDa for the QCD-axion,
one has a massless pseudoscalar a as part of Lγa in (1)

with f−1
a = (g2/f2 − g1/f1)/

√

g2
1 + g2

2 . In the absence of
any special reasons for cancellation, the generic case is
f−1

a )= 0. Although we refrain from assessing the likeli-
hood of new high-energy physics leading to two or more
light pseudoscalar fields, we can refer to various scenar-
ios in string theory where multiple pseudoscalar moduli
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Constraints on pseudoscalar model 

Results of QUaD collaboration (May 2008) improve the constraints 
on  <BB> correlation (CBl) and restrict it to be less than 0.1 
from <EE> for a wide range of angular momenta.  

 
This sets a constraint on coefficient ca, and a conditional constraint 

on pseudoscalar coupling fa in terms of H14 = Hinfl/1014 GeV.  
If H14 is not small, this constraint is superior to any other available 

constraint.  

After Bicep-2 we have (assuming tensor-like origin of BB), 

     fa >  1015 GeV    

This is much stronger constraint than direct probes. 
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Is it possible to separate “rotated” from 
“genuine, Tensor-like” B-modes?? 

There is an idea that such separation may be possible observationally 
(Kamionkowski, October 2008, Yadav, Biswas, Su, Zaldarriaga 
2009, Gluscevic, Kamionkowski, Cooray, 2009….) 

 
§  Most likely yes, via “statistical de-rotation” akin to the removal of 

lensed contribution.  
§  It is true that some strong correlations between CEl and C

Bl
 remain. 

For example, regular polarization (E-mode) is zero in certain 
direction, so is B-mode. 

§  Could one use some local correlations of <EB> type? They are zero 
integrated over the whole sky, but may not be so over small patches 
of sky.  
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On-going work 
In collaboration with many people (D. Marsh, … ) I pursue several 
tasks: 
§  Publish an erratum, as the kernel in the 2008 paper is not 100% 

correctly derived.  
§  Optimize the numerical part of the calculation (our current version 

takes too much time to run.) 
§  Investigate (purely phenomenologically) if it is possible to increase 

Cl(BB) at l < 100, without affecting Cl(BB) at l ~ 500 by playing 
with initial power spectrum of pseudoscalar. (Simple, one parameter 
predictivity will be lost.) The simplest model does not fit Bicep 
result, but what about more complicated initial spectra? 

§  Confront the model with other constraints (from reduction of EE,, 
from higher-order correlators.)  

§  See also recent post-Bicep papers by Lee et al.; Li and Zhang;… 
 
 



Another possibility: domain wall network 
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A pseudoscalar field does not have to be strictly massless to generate 
interesting effects. Massive field locked into domain walls can generate 
rotation of polarization of light	



Imagine a system of domain walls separating energetically equivalent 
vacua that have different values of a field. Domains are separated by 
domain walls, inside which the a field changes.	



a1 a2 

a3 a4 

If domain wall thickness is larger 
than the wavelength of light, the 
polarization will rotate in discrete 
steps ~ Δa = an+1 – an. 	



After many steps the process will 
look like the 1D diffusion in the 
polarization space.	
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If domain walls are presently abundant are 
they directly detectable?? 

§  If the frustrated network of domain walls forms, there is a non-zero 
chance for the Solar System – domain wall encounter.  

§  If the field changing across the domain wall has interaction with 
spins (electrons, photons, nuclei etc), there might be a chance of 
directly detecting wall-crossing events. 

§  There is a group interested atomic experimentalists (D. Budker et 
al.) that develop techniques for doing this, by creating a global 
network of correlated magnetometers. 

 
 



Signal of axion-like domain wall 
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Consider a very light complex scalar field with ZN symmetry: 	



	



Theory admits several distinct vacua, 	



	



Reducing to the one variable, we have the Lagrangian	



	



that admits domain wall solutions	



	



	



If on top of that a-field has the axion-type couplings, there will be a 
magnetic-type force on the spin inside the wall, 	
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Stable domain walls of light (pseudo)scalar fields permeating the entire Universe and persisting

to the present epoch is a generic consequence in many extensions of the Standard Model. Currently

the combination of gravitational and cosmological constraints provides the best limits on such a

possibility. We show that if domain walls are generated by an axion-like field with a coupling to

the spins of the standard model particles, and the galactic environment contains a network of such

walls, terrestrial experiments aimed at detection of wall-crossing events are realistic. In particular, a

geographically separated but time-synchronized network of sensitive, O(pT/
√
Hz), magnetometers

can detect a wall crossing and probe a range of model parameters currently unconstrained by

astrophysics/gravitational experiments.

PACS numbers: 14.80.Va, 98.80.Cq

Introduction. Very weak interactions of axion particles
with ordinary matter have long been a focus of theo-
retical attention and experimental searches [1]. While
QCD-type axions are well-motivated, in recent years the
scope of this research has been broadened to axion-like
particles [2]: light pseudoscalar particles derivatively cou-
pled to matter but without a tight mass-coupling rela-
tion imposed on the QCD axions. The shift symmetry
of pseudoscalar intereaction protects the mass, whatever
its value is, from large radiative corrections coming from
matter loops ensuring technical naturalness of axion-like
models.

Cosmological effects of such pseudoscalar particles can
vary considerably, depending on their mass. It is well-
known that O(µeV) mass-range axions may comprise a
significant fraction of cold dark matter in the Universe by
storing energy in coherent oscillations of the field [3]. In
the keV-range axion-like particles can form super-WIMP
dark matter (see, for example, Ref. [4]). Scalar fields
that are extremely light, are often invoked as candidates
for qunitessence (see, for example, Ref. [5]), in which
case the combination of pseudoscalar couplings and the
scalar-field potential creates parity-odd effects on the cos-
mological scales [6], and/or leads to local coupling of the
scalar-field gradient to spins [7]. Finally, there is a mul-
titude of axion-like fields predicted by string theory [8],
with nontrivial effects for inflation and strong gravity [9].

In this letter we explore the observational consequences
of stable domain-wall solutions for axion-like particles. It
is well-known that scalar field potentials with some de-
gree of discrete symmetries admit domain wall-type solu-
tions interpolating between domains of different energy-
degenerate vacua. In these models, initial random dis-
tribution of the scalar field in the early Universe leads
to the formation of domain-wall networks as the Uni-
verse expands and cools. For QCD-type axions, if stable,

such domain walls could lead to disastrous consequences
in cosmology by storing too much energy [10]. For an
arbitrary scalar field where parameters of the potential
are chosen by hand, the “disaster” can be turned into
an advantage. Indeed, over the years there were several
suggestions how a network of domain walls could be can-
didate for dark matter or dark energy [11, 12].
Herein, we revisit a subset of these ideas from a prag-

matic point of view. We would like to address the follow-
ing questions: (1) if a network of domain walls formed
from axion-like fields exists in our galaxy, what are the
chances for the Solar System - domain-wall encounter,
and (2) how to experimentally determine the event of
a domain wall crossing the Earth. Given gravitational
constraints on the average energy density of such walls
and the especially strong constraint on the coupling of
axion-like fields to matter, it is far from obvious that the
allowed-parameter range would enable a realistic chance
for detection. Yet we show in this letter that there is a re-
alistic chance for the detection of the domain walls, even
when the gravitational and astrophysical constraints are
taken into account. This goal can be achieved with cor-
related measurements from a network of optical magne-
tometers with sensitivities exceeding 1 (pT/

√
Hz), placed

in geographically distinct locations and synchronized via
the global positioning system (GPS).
2. Spin signal during wall crossing. We start by con-

sidering the Lagrangian of a complex scalar field φ, in-
variant under ZN -symmetry, φ → exp(i2πk/N)φ, where
k is an integer. We choose the potential in such a way
that it has N distinct minima

Lφ = |∂µφ|2 − V (φ); V (φ) =
λ

S2N−4
0

���2N/2φN − SN
0

���
2
,(1)

where S0 has dimension of energy and λ is dimensionless.
Choosing φ = 2−1/2S exp(ia/S0) to parameterize the
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scalar field, it is easy to find that the potential V (φ) is
minimized for the the following values of S and a,

S = S0; a = S0×
�
0; 2π × 1

N
; 2π × 2

N
; ... 2π × N − 1

N

�
,

(2)
Freezing the Higgs mode to its minimum, S = S0, pro-
duces the effective Lagrangian for the a field,

La =
1

2
(∂µa)

2 − V0 sin
2

�
Na

2S0

�
, (3)

with V0 = 4λS4
0 . This reduction will happen dynam-

ically if the potential V (φ) is augmented by the addi-
tion of U(1)-symmetric piece, Vh = λh(2φ∗φ−S2

0)
2, with

λh � λ. The spatial field configuration a(r) interpolat-
ing between two adjacent minima represents a domain-
wall solution. A network of intersecting domain walls is
possible for N ≥ 3. The solution for a domain wall along
xy plane that interpolates between a = 0 and 2πS0/N
neighboring vacua with the center of the wall at z = 0
takes the following form,

a(z) =
4S0

N
× arctan [exp(maz)] ;

da

dz
=

2S0ma

N cosh(maz)
.

(4)
The characteristic thickness of the wall d is determined
by the mass ma of a (small) excitation of a around
any minimum, d ∼ 2/ma. The mass ma can be ex-
pressed in terms of the original parameters of the po-
tential, ma = NS−1

0 (V0/2)1/2 = (2λ)1/2NS0. Owing to
the fact that V (φ) can have many different realizations
other than (1), we shall use solution (4) as an example,
rather than a generic domain-wall profile for N ≥ 3. For-
tunately, the exact functional form of this profile is not
crucial for the subsequent discussion. The important pa-
rameters are S0/N and ma.

Gravitational and astrophysical constraints. From the
macroscopic view at distance scales much larger than d,
the wall can be characterized by its mass per area, refered
to as tension,

σ =
Mass

Area
=

�
dz

����
da

dz

����
2

=
8S2

0ma

N2
. (5)

The network of domain walls will have an additional
distance-scale parameter L, an average distance between
walls, or a characteristic size of a domain. This param-
eter is impossible to calculate without making further
assumptions about the mechanisms of wall formation
and evolution. We treat it as a free variable, and con-
strain the maximum energy density of the domain walls,
ρDW ∼ σ/L in the neighborhood of the Solar System by
the dark-matter energy density, ρDM � 0.4 GeV/cm3,

ρDW ≤ ρDM =⇒ S0

N
≤ 0.4 TeV ×

�
L

10−2 ly
× neV

ma

�1/2
.

(6)

This constraint implies some flexible evolution of the do-
main wall network and the possibility for them to ef-
ficiently build up their mass inside galaxies. We con-
sider such constraint as the most conservative, i.e. giv-
ing the most relaxed bound on ρDW. If the network
of domain walls is “stiff” and its density inside galax-
ies is not enhanced relative to an average cosmological
value, then a stronger constraint can be derived by re-
quiring that domain walls provide a (sub)dominant con-
tribution to the dark-energy density, ρDW ≤ ρDE, where
ρDE � 0.4×10−5GeV/cm3. In that case the constraint on
S0/N is strengthened by ∼ 300. A more realistic scenario
is when the network of domain walls is initially isotropic
over the cosmological scales and then dynamically ac-
creted inside the halo. Assuming that in the process of
accretion the distance between domain walls scales the
same way as distance between dark matter particles, one
arrives at the following constraint ρDW ≤ (ρDMρ2DE)

1/3,
and the constraint on the amplitude of a is strength-
ened by ∼ 50 relative to (6). If the constraint (6)
is saturated, and L = 10−2 ly, then the wall tension
σ ∼ 10−12 GeV3, which is comparable to constraints
derived elsewhere in the literature [12]. A domain-wall-
crossing event leads to a change in the local gravitational
acceleration, ∆g = 4πGNσ, where GN is the gravita-
tional constant. For the fiducial choice of parameters,
this change does not exceed 10−15 m/s2, which is ex-
ceedingly difficult to detect.
Our choice of the normalization for L and ma in (6)

is suggested by the requirement of having a frequency
of wall-crossing within 10 yr with relative velocity of
v = 10−3c typical for galactic objects, and having the
signal duration in excess of a millisecond. This choice can
be examined for self-consistency in the context of the cos-
mological scenario for the formation of the domain wall
network from randomly distributed ain. Formation will
occur in the early Universe when the Hubble expansion
rate drops below Hin ∼ ma, at which time the initial
values for L are typically on the order of or just below
the horizon size Lin ∝ (10−2 − 1)/Hin. Subsequent ex-
pansion leads to the stretching of L with redshift z as
L(z) = Linzin/(1 + z). It is easy to see that ma ∼ neV
leads to the formation of domain walls during the elec-
troweak epoch, Hin ∼ H(T ∼ 100GeV), and subsequent
cosmological stretching can easily account for the growth
of L from O(100 m) to a fraction of ly. We conclude that
our fiducial choice, ma ∼ neV and L ∼ 10−2 ly, fits well
with the cosmological scenario of wall formation.

The pseudoscalar coupling of the field a with standard
model fermions, fi

−1∂µaψ̄iγµγ5ψi, leads to the interac-
tion of spins of atomic constituents to the gradient of the
scalar field,

Hint =
�

i=e,n,p

2f−1
i ∇a · si, (7)

where fi are free parameters of the model with dimension
of energy. For light scalars of interest, the astrophysical
bounds apply and limit fn,p,e > 109 GeV [13].
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this change does not exceed 10−15 m/s2, which is ex-
ceedingly difficult to detect.
Our choice of the normalization for L and ma in (6)

is suggested by the requirement of having a frequency
of wall-crossing within 10 yr with relative velocity of
v = 10−3c typical for galactic objects, and having the
signal duration in excess of a millisecond. This choice can
be examined for self-consistency in the context of the cos-
mological scenario for the formation of the domain wall
network from randomly distributed ain. Formation will
occur in the early Universe when the Hubble expansion
rate drops below Hin ∼ ma, at which time the initial
values for L are typically on the order of or just below
the horizon size Lin ∝ (10−2 − 1)/Hin. Subsequent ex-
pansion leads to the stretching of L with redshift z as
L(z) = Linzin/(1 + z). It is easy to see that ma ∼ neV
leads to the formation of domain walls during the elec-
troweak epoch, Hin ∼ H(T ∼ 100GeV), and subsequent
cosmological stretching can easily account for the growth
of L from O(100 m) to a fraction of ly. We conclude that
our fiducial choice, ma ∼ neV and L ∼ 10−2 ly, fits well
with the cosmological scenario of wall formation.

The pseudoscalar coupling of the field a with standard
model fermions, fi

−1∂µaψ̄iγµγ5ψi, leads to the interac-
tion of spins of atomic constituents to the gradient of the
scalar field,

Hint =
�

i=e,n,p

2f−1
i ∇a · si, (7)

where fi are free parameters of the model with dimension
of energy. For light scalars of interest, the astrophysical
bounds apply and limit fn,p,e > 109 GeV [13].
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Stable domain walls of light (pseudo)scalar fields permeating the entire Universe and persisting
to the present epoch is a generic consequence of many extensions to the Standard Model. Currently
the combination of gravitational and cosmological constraints provides the best limits on such a
possibility. We show that if domain walls are generated by an axion-like field with a coupling to the
spins of standard-model particles, and the galactic environment contains a network of such walls,
terrestrial experiments aimed at detection of wall-crossing events are realistic. In particular, a geo-
graphically separated but time-synchronized network of sensitive atomic magnetometers can detect
a wall crossing and probe a range of model parameters currently unconstrained by astrophysical
observations and gravitational experiments.

PACS numbers: 14.80.Va, 98.80.Cq

Introduction. Very weak interactions of axion particles

with ordinary matter have long been a focus of theoreti-

cal attention and experimental searches [1]. While QCD-

type axions are well-motivated, in recent years the scope

of this research has been broadened to axion-like par-

ticles [2, 3], i.e., light pseudoscalar particles derivatively

coupled to matter but without a tight mass-coupling rela-

tion imposed on the QCD axions. The shift symmetry of

the pseudoscalar interaction protects the mass, whatever

its value is, from large radiative corrections coming from

matter loop, ensuring technical naturalness of axion-like

models.

Cosmological effects of such pseudoscalar particles can

vary considerably, depending on their mass. Axions with

masses on the order of µeV may comprise a significant

fraction of cold dark matter in the Universe by storing

energy in coherent oscillations of the field [4]. Axion-like

particles in the keV-range can form super-WIMP dark

matter (see, for example, Ref. [5]). Extremely light scalar

fields are often invoked as candidates for quintessence
(see, for example, Ref. [6]), in which case the combina-

tion of pseudoscalar couplings and the scalar-field poten-

tial creates parity-odd effects on cosmological scales [7]

and/or leads to local coupling of the scalar-field gradient

to spins [8]. Finally, there is a multitude of axion-like

fields predicted by string theory [9] with nontrivial ef-

fects for inflation and strong gravity [10].

In this Letter we explore the phenomenological con-

sequences of stable domain-wall solutions for axion-like

particles. Scalar-field potentials with some degree of dis-

crete symmetries admit domain-wall-type solutions inter-

polating between domains of different energy-degenerate

vacua [11]. In these models, initial random distribution

of the scalar field in the early Universe leads to the for-

mation of domain-wall networks as the Universe expands

and cools. For QCD-type axions, if stable, such domain

walls could lead to disastrous consequences in cosmol-

ogy by storing too much energy [11]. For an arbitrary

scalar field, where parameters of the potential are chosen

by hand, the “disaster” can be turned into an advantage.

Indeed, over the years there were several suggestions how

a network of domain walls could be a viable candidate for

dark matter or dark energy [12, 13].

Herein, we revisit a subset of these ideas from a prag-

matic point of view. We would like to address the follow-

ing questions: (1) if a network of domain walls formed

from axion-like fields exists in our galaxy, what are the

chances for an encounter between the Solar system and a

pseudoscalar domain wall? and (2) how could the event

of a domain-wall crossing the Earth be experimentally

determined? Given gravitational constraints on the av-

erage energy density of such walls and constraints on the

coupling of axion-like fields to matter [14–17], it is not

obvious that the allowed parameter range would enable

a chance for detection. Yet we show in this Letter that

there is a realistic chance for the detection of the domain

walls, even when the gravitational and astrophysical con-

straints are taken into account. This goal can be achieved

with correlated measurements from a network of optical

magnetometers with sensitivities exceeding 1 pT/
√
Hz,

placed in geographically distinct locations and synchro-

nized using the global positioning system (GPS).

Physics of light pseudoscalar domain walls. We start

by considering the Lagrangian of a complex scalar field

φ, invariant under ZN -symmetry, φ → exp(i2πk/N)φ,
where k is an integer. We choose the potential in such a

way that it has N distinct minima

Lφ = |∂µφ|2 − V (φ); V (φ) =
λ

S2N−4
0

���2N/2φN − SN
0

���
2
,(1)

where S0 has dimension of energy and λ is dimensionless.

Choosing φ = 2
−1/2S exp(ia/S0) to parameterize the

2

Choosing φ = 2−1/2
S exp(ia/S0) to parameterize the

scalar field, we find that the potential V (φ) is minimized
for the following values of S and a,

S = S0; a = S0 ×
�
0;

2π

N
;
4π

N
; ...

2π(N − 1)

N

�
. (2)

Freezing the Higgs mode to its minimum, S = S0, pro-
duces the effective Lagrangian for the a field,

La =
1

2
(∂µa)

2 − V0 sin
2

�
Na

2S0

�
, (3)

with V0 = 4λS4
0 . The spatial field configuration a(r)

interpolating between two adjacent minima represents a
domain-wall solution. A network of intersecting domain
walls is possible for N ≥ 3. The solution for a domain
wall along the xy-plane that interpolates between a = 0
and 2πS0/N neighboring vacua with the center of the
wall at z = 0 takes the following form,

a(z) =
4S0

N
× arctan [exp(maz)] ;

da

dz
=

2S0ma

N cosh(maz)
.

(4)
The characteristic thickness of the wall d is determined
by the mass ma of a small excitation of a around any
minimum, d ∼ 2/ma. The mass ma can be expressed
in terms of the original parameters of the potential,
ma = NS

−1
0 (V0/2)1/2 = (2λ)1/2NS0. Owing to the fact

that V (φ) can have many different realizations other than
(1), we shall use solution (4) as an example, rather than
a generic domain-wall profile for N ≥ 3. The important
parameters are the gradient of the field inside the wall,
maS0/N , and ma, which determines the wall thickness.

Gravitational and astrophysical constraints. From the
macroscopic point of view at distance scales much larger
than d, the wall can be characterized by its mass per
area, referred to as tension,

σ =
Mass

Area
=

�
dz

����
da

dz

����
2

=
8S2

0ma

N2
. (5)

The network of domain walls will have an additional
distance-scale parameter L, an average distance between
walls, or a characteristic size of a domain. This param-
eter is impossible to calculate without making further
assumptions about the mechanisms of wall formation
and evolution. We treat it as a free variable and con-
strain the maximum energy density of the domain walls,
ρDW ∼ σ/L in the neighborhood of the Solar System by
the dark-matter energy density, ρDM � 0.4 GeV/cm3,

ρDW ≤ ρDM =⇒ S0

N
≤ 0.4 TeV ×

�
L

10−2 ly
× neV

ma

�1/2
.

(6)
This constraint implies some flexible evolution of the
domain-wall network and the possibility for them to build
up their mass inside galaxies. We consider such the con-
straint as the most conservative, i.e. giving the most

relaxed bound on ρDW. If the network of domain walls
is “stiff” and its density inside galaxies is not enhanced
relative to an average cosmological value, then a stronger
constraint can be derived by requiring that domain walls
provide a (sub)dominant contribution to the dark-energy
density, ρDW ≤ ρDE, where ρDE � 0.4 × 10−5 GeV/cm3

[9]. In that case the constraint on S0/N is strength-
ened by ∼ 300. Our choice of the normalization for L

and ma in (6) is suggested by the requirement of hav-
ing wall crossings within ∼10 yr with relative velocity of
v = 10−3

c typical for galactic objects, and having the
signal duration in excess of 1 ms. This choice can be
self-consistent within the cosmological scenario for the
formation of the domain-wall network from randomly dis-
tributed initial ain, assuming that the network is “frus-
trated”, and exhibits ρDW ∼ R

−1 scaling, where R is the
cosmological scale factor. As a word of caution, we add
that the numerical simulations of domain walls in some
scalar field theories have shown much faster redshifting of
ρDW, and never achieved the frustrated state [7]. In light
of this, some unorthodox cosmological/astrophysical sce-
narios for the formation of domain walls may be required.
We consider two types of pseudoscalar coupling of the

field a with the axial-vector current of a standard-model
fermion, Jµ = ψ̄γµγ5ψ,

Llin = J
µ × iφ

←→
∂ µφ

∗ × 1

S0fa
−→ J

µ × ∂µa

fa
(7)

Lquad = J
µ × ∂µV (φ)× 4S2

0

(f �
aN)2V0

−→ J
µ × ∂µa

2

(f �
a)

2
(8)

where the arrows show the reduction of these Lagrangians
at the minima of V (a), and fi, f

�
i are free parameters of

the model with dimension of energy. The normalization
is chosen in a way to make connection with axion litera-
ture. The derivative nature of these interactions softens
problems with “radiative destabilization” of ma. It is
also important that the effective energy parameters nor-
malizing all higher dimensional interactions in (7) and
(8) are assumed to be above the weak scale. Both Llin

and Lquad lead to the interaction of spins si of atomic
constituents and the gradient of the scalar field,

Hint =
�

i=e,n,p

2si · [f−1
i ∇a+ (f �

i)
−2∇a

2], (9)

For light scalars of interest, the astrophysical bounds
limit |fn,p,e| > 109 GeV [6], while bounds on quadratic
∂µa

2 interactions are significantly weaker, f �
i > 10 TeV

[8]. In what follows we will derive the signal from fi in
(9), and then generalize it to the f

�
i case.

Spin signal during the wall crossing. The principles
of sensitive atomic magnetometry are, for example, de-
scribed in Ref. [10]. A typical device would use param-
agnetic atomic species such as K, Cs, or Rb by them-
selves or in combination with diamagnetic atoms whose
magnetic moments are generated by nuclear spin (e.g.,
the spin-exchange-relaxation-free [SERF] 3He-K magne-
tometer described in Ref. [11]). Specializing (9) for the
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of energy. For light scalars of interest, the astrophysical

bounds apply and limit |fn,p,e| > 10
9
GeV [17].

The principles of sensitive atomic magnetometry are,

for example, described in Ref. [19]. A typical device

would use paramagnetic atomic species such as K, Cs,

or Rb by themselves or in combination with diamagnetic

atoms whose magnetic moments are generated by nuclear

spin (e.g., the spin-exchange-relaxation-free [SERF]
3
He-

K magnetometer described in Ref. [20]). Specializing (7)

for the case of two atomic species,
133

Cs in the F = 4

state and
3
He in the F = 1/2 state, we calculate the en-

ergy difference ∆E between the Fz = F and Fz = −F

states in the middle of the wall,

Hint =
F ·∇a

Ffeff
; f

−1
eff (Cs) =

1

fe
− 7

9fp
; f

−1
eff (He) =

1

fn
;

∆E =
4S0ma

Nfeff
� 10

−15
eV× ma

neV
× 10

9
GeV

feff
× S0/N

0.4TeV
,(8)

In these formulae we assumed that the nuclear spin is

mostly due to unpaired neutron (
3
He) or g7/2 valence

proton (
133

Cs), and one can readily observe complemen-

tary sensitivity to fi in two cases. We can express these

results in terms of the equivalent “magnetic field” inside

the wall using µBeffF/F = ∇aF/(Ffeff) identification,

where µ is the nuclear magnetic moment. The magnitude

of Beff (direction is impossible to predict) is given by

B
max
eff � ma

neV
× 10

9
GeV

feff
× S0/N

0.4TeV
×

�
10

−11
T (Cs)

−10
−8

T (He)
,(9)

and the larger equivalent field strength for
3
He originates

from its smaller magnetic moment. The couplings and

wall parameters in Eq. (9) are normalized to the maxi-

mum allowed values from Eq. (6). The duration of the

signal is given by the ratio of wall thickness to the trans-

verse component of the relative Earth-wall velocity,

∆t � d

v⊥
=

2

mav⊥
= 1.3ms× neV

ma
× 10

−3

v⊥/c
. (10)

Such crossing time can easily be in excess of the Cs mag-

netometer response time tr, and we can combine the

B
max
eff and ∆t into a signal factor S = B

max
eff (∆t)

1/2
to

be directly compared to experimental sensitivity,

S � 0.4 pT√
Hz

× 10
9
GeV

feff
× S0/N

0.4TeV
×

�
ma

neV

10
−3

v⊥/c

�1/2

≤ 0.4 pT√
Hz

× 10
9
GeV

feff
×

�
L

10−2 ly

10
−3

v⊥/c

�1/2
, (11)

where in the inequality we used the gravitational con-

straint from Eq. (6). The maximally allowed value for the

signal (∼ pT/
√
Hz), after taking into account the gravi-

tational and astrophysical constraints, exceeds capabili-

ties of modern magnetometers that can deliver fT/
√
Hz

sensitivity [19]. For the
3
He-K SERF magnetometer, the

more appropriate figure of merit would be the tipping

angle of the helium spin after the wall crossing, assum-

ing that the typical crossing time is below the dynamical

response time. Taking the spins to be oriented parallel

to the wall, we calculate this angle to be

∆θ =
4πS0

v⊥Nfeff
� 5×10

−3
rad×10

9
GeV

feff
×10

−3

v⊥/c
× S0/N

0.4TeV
.

(12)

This could be far in excess of 10-nrad tipping angles that

can be experimentally detected [21]. Thus, both types of

magnetometers offer ample opportunities for a realistic

detection of the wall-crossing events.

So far we have used the galactic constraints (6),

ρDW ≤ ρDM. It is noteworthy that even if the energy

density of walls in the galaxy does not exceed cosmolog-

ical dark-energy density, i.e. ρDW ≤ ρDE, the expected

signal can reach ∆θ ∼ 10
−5

rad and S ∼ fT
√
Hz, which

is still a realistic signal for detection with the best mag-

netometers. It is remarkable that a possible domain-wall

component of dark energy can, in principle, be detected

in the laboratory.

Network of synchronized magnetometers. While a sin-

gle magnetometer is sensitive enough to detect a domain-

wall crossing, due to the rarity of such events it would

be exceedingly difficult to confidently distinguish a signal

from false positives induced by occasional abrupt changes

of magnetometer-operation conditions, e.g., magnetic-

field spikes, laser-light-mode jumps, etc. A global net-

work of synchronized optical magnetometers is an attrac-

tive tool to search for galactic/cosmological domain walls,

as it would allow for efficient vetoes of false domain-

wall crossing events. We also note that comagnetome-

ter schemes involving either a second spin species or

SQUID magnetometers could yield additional suppres-

sion of false-positive events arising from local field fluc-

tuations or changes in operating conditions. As schemat-

FIG. 1: Schematic figure of the domain-wall crossing. The cross-
ings recorded in four distinct locations (mark with stars) at ti allow
to determine the normal velocity v⊥ and predicting the timing of
the 5th event.

3

of energy. For light scalars of interest, the astrophysical

bounds apply and limit |fn,p,e| > 10
9
GeV [17].

The principles of sensitive atomic magnetometry are,

for example, described in Ref. [19]. A typical device

would use paramagnetic atomic species such as K, Cs,

or Rb by themselves or in combination with diamagnetic

atoms whose magnetic moments are generated by nuclear

spin (e.g., the spin-exchange-relaxation-free [SERF]
3
He-

K magnetometer described in Ref. [20]). Specializing (7)

for the case of two atomic species,
133

Cs in the F = 4

state and
3
He in the F = 1/2 state, we calculate the en-

ergy difference ∆E between the Fz = F and Fz = −F

states in the middle of the wall,

Hint =
F ·∇a

Ffeff
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−1
eff (Cs) =
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fe
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9fp
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−1
eff (He) =

1

fn
;

∆E =
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Nfeff
� 10

−15
eV× ma

neV
× 10

9
GeV

feff
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In these formulae we assumed that the nuclear spin is

mostly due to unpaired neutron (
3
He) or g7/2 valence

proton (
133

Cs), and one can readily observe complemen-

tary sensitivity to fi in two cases. We can express these

results in terms of the equivalent “magnetic field” inside

the wall using µBeffF/F = ∇aF/(Ffeff) identification,

where µ is the nuclear magnetic moment. The magnitude

of Beff (direction is impossible to predict) is given by
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max
eff � ma

neV
× 10

9
GeV

feff
× S0/N

0.4TeV
×

�
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−11
T (Cs)
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and the larger equivalent field strength for
3
He originates

from its smaller magnetic moment. The couplings and

wall parameters in Eq. (9) are normalized to the maxi-

mum allowed values from Eq. (6). The duration of the

signal is given by the ratio of wall thickness to the trans-

verse component of the relative Earth-wall velocity,

∆t � d

v⊥
=

2

mav⊥
= 1.3ms× neV

ma
× 10

−3

v⊥/c
. (10)

Such crossing time can easily be in excess of the Cs mag-

netometer response time tr, and we can combine the

B
max
eff and ∆t into a signal factor S = B

max
eff (∆t)

1/2
to

be directly compared to experimental sensitivity,

S � 0.4 pT√
Hz

× 10
9
GeV

feff
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0.4TeV
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�
ma

neV
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−3

v⊥/c

�1/2
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feff
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�
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where in the inequality we used the gravitational con-

straint from Eq. (6). The maximally allowed value for the

signal (∼ pT/
√
Hz), after taking into account the gravi-

tational and astrophysical constraints, exceeds capabili-

ties of modern magnetometers that can deliver fT/
√
Hz

sensitivity [19]. For the
3
He-K SERF magnetometer, the

more appropriate figure of merit would be the tipping

angle of the helium spin after the wall crossing, assum-

ing that the typical crossing time is below the dynamical

response time. Taking the spins to be oriented parallel

to the wall, we calculate this angle to be

∆θ =
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This could be far in excess of 10-nrad tipping angles that

can be experimentally detected [21]. Thus, both types of

magnetometers offer ample opportunities for a realistic

detection of the wall-crossing events.

So far we have used the galactic constraints (6),

ρDW ≤ ρDM. It is noteworthy that even if the energy

density of walls in the galaxy does not exceed cosmolog-

ical dark-energy density, i.e. ρDW ≤ ρDE, the expected

signal can reach ∆θ ∼ 10
−5

rad and S ∼ fT
√
Hz, which

is still a realistic signal for detection with the best mag-

netometers. It is remarkable that a possible domain-wall

component of dark energy can, in principle, be detected

in the laboratory.

Network of synchronized magnetometers. While a sin-

gle magnetometer is sensitive enough to detect a domain-

wall crossing, due to the rarity of such events it would

be exceedingly difficult to confidently distinguish a signal

from false positives induced by occasional abrupt changes

of magnetometer-operation conditions, e.g., magnetic-

field spikes, laser-light-mode jumps, etc. A global net-

work of synchronized optical magnetometers is an attrac-

tive tool to search for galactic/cosmological domain walls,

as it would allow for efficient vetoes of false domain-

wall crossing events. We also note that comagnetome-

ter schemes involving either a second spin species or

SQUID magnetometers could yield additional suppres-

sion of false-positive events arising from local field fluc-

tuations or changes in operating conditions. As schemat-
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to determine the normal velocity v⊥ and predicting the timing of
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of energy. For light scalars of interest, the astrophysical

bounds apply and limit |fn,p,e| > 10
9
GeV [17].

The principles of sensitive atomic magnetometry are,

for example, described in Ref. [19]. A typical device

would use paramagnetic atomic species such as K, Cs,

or Rb by themselves or in combination with diamagnetic

atoms whose magnetic moments are generated by nuclear

spin (e.g., the spin-exchange-relaxation-free [SERF]
3
He-

K magnetometer described in Ref. [20]). Specializing (7)

for the case of two atomic species,
133

Cs in the F = 4

state and
3
He in the F = 1/2 state, we calculate the en-

ergy difference ∆E between the Fz = F and Fz = −F

states in the middle of the wall,

Hint =
F ·∇a

Ffeff
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−1
eff (Cs) =

1

fe
− 7
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1
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;

∆E =
4S0ma

Nfeff
� 10

−15
eV× ma

neV
× 10

9
GeV

feff
× S0/N

0.4TeV
,(8)

In these formulae we assumed that the nuclear spin is

mostly due to unpaired neutron (
3
He) or g7/2 valence

proton (
133

Cs), and one can readily observe complemen-

tary sensitivity to fi in two cases. We can express these

results in terms of the equivalent “magnetic field” inside

the wall using µBeffF/F = ∇aF/(Ffeff) identification,

where µ is the nuclear magnetic moment. The magnitude

of Beff (direction is impossible to predict) is given by

B
max
eff � ma

neV
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× S0/N

0.4TeV
×
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and the larger equivalent field strength for
3
He originates

from its smaller magnetic moment. The couplings and

wall parameters in Eq. (9) are normalized to the maxi-

mum allowed values from Eq. (6). The duration of the

signal is given by the ratio of wall thickness to the trans-

verse component of the relative Earth-wall velocity,

∆t � d

v⊥
=

2

mav⊥
= 1.3ms× neV

ma
× 10
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. (10)

Such crossing time can easily be in excess of the Cs mag-

netometer response time tr, and we can combine the
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max
eff and ∆t into a signal factor S = B
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to

be directly compared to experimental sensitivity,
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where in the inequality we used the gravitational con-

straint from Eq. (6). The maximally allowed value for the

signal (∼ pT/
√
Hz), after taking into account the gravi-

tational and astrophysical constraints, exceeds capabili-

ties of modern magnetometers that can deliver fT/
√
Hz

sensitivity [19]. For the
3
He-K SERF magnetometer, the

more appropriate figure of merit would be the tipping

angle of the helium spin after the wall crossing, assum-

ing that the typical crossing time is below the dynamical

response time. Taking the spins to be oriented parallel

to the wall, we calculate this angle to be

∆θ =
4πS0

v⊥Nfeff
� 5×10

−3
rad×10

9
GeV

feff
×10

−3

v⊥/c
× S0/N

0.4TeV
.

(12)

This could be far in excess of 10-nrad tipping angles that

can be experimentally detected [21]. Thus, both types of

magnetometers offer ample opportunities for a realistic

detection of the wall-crossing events.

So far we have used the galactic constraints (6),

ρDW ≤ ρDM. It is noteworthy that even if the energy

density of walls in the galaxy does not exceed cosmolog-

ical dark-energy density, i.e. ρDW ≤ ρDE, the expected

signal can reach ∆θ ∼ 10
−5

rad and S ∼ fT
√
Hz, which

is still a realistic signal for detection with the best mag-

netometers. It is remarkable that a possible domain-wall

component of dark energy can, in principle, be detected

in the laboratory.

Network of synchronized magnetometers. While a sin-

gle magnetometer is sensitive enough to detect a domain-

wall crossing, due to the rarity of such events it would

be exceedingly difficult to confidently distinguish a signal

from false positives induced by occasional abrupt changes

of magnetometer-operation conditions, e.g., magnetic-

field spikes, laser-light-mode jumps, etc. A global net-

work of synchronized optical magnetometers is an attrac-

tive tool to search for galactic/cosmological domain walls,

as it would allow for efficient vetoes of false domain-

wall crossing events. We also note that comagnetome-

ter schemes involving either a second spin species or

SQUID magnetometers could yield additional suppres-

sion of false-positive events arising from local field fluc-

tuations or changes in operating conditions. As schemat-

!

"

""

FIG. 1: Schematic figure of the domain-wall crossing. The cross-
ings recorded in four distinct locations (mark with stars) at ti allow
to determine the normal velocity v⊥ and predicting the timing of
the 5th event.

Exper. Sensitiv.	



S ~ below fT/√Hz	
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Experimental developments 
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•  First steps towards creating the network of correlated atomic 
magnetometers have been made with potential nods at Berkeley, 
Mainz, Cal State East Bay, Krakow… (Budker, Jackson Kimball, 
Gawlik, Pustelny and others). Some initial NSF funding was secured 
for this GNOME collaboration. 	



•  Atomic clock networks already exist (e.g. GPS, GLONASS etc). 
However, their sensitivity to a possible transient signal is not 
quantified properly. Blewitt, Derevianko (UNR) will address that and 
investigate the best possible clocks for a specialized network. 	



•  A workshop is planned at Perimeter, June 16-19 to further discuss the 
science topics. 	
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Conclusions 
1.  Massless pseudoscalars are natural in many extensions of the 

SM. Their properties are protected by derivative couplings. 
2.  Perturbations of any massless field are generated during 

inflation, with an amplitude controlled by Hinfl.  
3.  Spatially varying pseudoscalar perturbations coupled to 

photons induce the chaotic rotation of polarization of CMB 
photons, |Δ ψ | = aLSS/fa~ Hinfl/fa. 

4.  Very preliminary comparison of the shape of predicted  Cl(BB) 
with Bicep-2 does not seem to give a good fit. Some further 
work is required if more complicated models would work. 
Alternatively, if Bicep comes from T-modes, then energy scales 
of 1015 GeV for fa are being probed.  

5.  Domain wall network may also lead to chaotic rotation of 
polarization, and curiously enough there is a possibility for a 
direct search of the event of wall crossing.  
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Implications for the B-mode searches  
§  The standard (somewhat pessimistic) approach is that B-modes can 

be generated at a detectable level only if the scale of inflation is 
large H> 1012 GeV. This is assuming that only gravity waves are 
responsible for it. In pseudoscalar models with fa close to current 
bounds, even e.g. Hinfl » 1010 GeV can lead to B modes. We have a 
hope/window to see new physics, independently on Hinfl. 

§  Future increase in accuracy will likely lead to <BB> detection 
(BICEP, QUaD, etc). Assuming that the backgrounds can be sorted 
out, the question arises: Is it possible to tell what caused B-modes, 
the gravity waves or pseudoscalar waves?  

§  Also, it is worth noting that <BB> correlation can be induced if 
there are primordial magnetic fields at the LSS time with » nGs 
strength. 

§  Coherent parity violating rotation is limited via <TB> correlation to 
be less than 5 degrees by WMAP5, QUaD. 
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Tensor perturbations 
In some units the effect of primordial tensor perturbations 

(gravitational waves) from inflation is always proportional to 
~  (Hinfl/MPlanck)2 ~ ε	


 
The smaller parameter r = 16 ε is, the more difficult is to see 

gravitational waves in the CMB. Currently, r < 0.3. 
 
This corresponds to a maximal inflationary scale,  
Hmax ~ few * 1014 GeV.  
 
Hinfl is a free parameter. This is why detection of gravitational wave 

signatures in CMB is by no means guaranteed. 
  
 
 
 
 

 


