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Outline of the talk  
1.  Introduction. Change of couplings in space and time. Simplest 

models: Bekenstein model + variants; Dark photon model. 
2.  Why a particle theorist cannot take this subject very seriously: 

problems with technical naturallness.  
3.  If we abandon technical naturalness, there is plenty of other 

interesting effects one can look for: 
§  Density dependence. Tests of spectra in the Lab and in our galaxy in 

search of chameleon-type dependence. Test of depth-dependence of 
coupling constants. 

§  Connection to Dark Matter: renormalization of the couplings in the 
central region of the galaxy. 

§  Cosmological/astrophysical defects. [Running through walls, 
telephone poles etc] search for domain walls, strings, monopoles, DM 
clumps as transient signals in clocks, magnetometers etc. 

4.  Conclusions 
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1.  Existence of dark energy is an established experimental fact, 
now with the seal of approval by Nobel committee.  

2.  It may not be a simple cosmological constant Λ, but an ultra-soft 
dynamical field φ that can evolve in time/space 

3.  Possible coupling of φ to normal matter may manifest itself in a 
number of “strange” phenomena: Lorentz violation; spin-0 fifth 
force; breakdown of equivalence principle; change of couplings 
in space and time, etc. Search for these strange phenomena can 
be viewed as a search for new IR degrees of freedom. 

4.  There are endless experimental possibilities for astrophysical 
and laboratory tests of e.g. Δα or Δ(me/mp). Recent progress in 
precision is enormous. This progress is, in my opinion, main 
driving force behind the continuation of this program.  

[Vague] motivations 
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3. Spin-gravity coupling will appear as “environmental effect”: massive 
over-density will create grad φ, that follows ggrav that will couple to the 
spin. Zeeman-like effect w.r.t. the vertical direction, direction to the Sun 
etc. (Lambert, Flambaum, MP).    Simple Lagrangians can encompass both 
changing couplings (Flambaum, Peik, Berengut, deNijs) and Lorentz 
violation (Lehnert, Mueller, Ruiz Cembranos, Heil). 

IR scalar-induced effects

L =
1

2
∂µφ∂µφ − V (φ) + ψ̄(∂µγ

µ − me)ψ

−φ
me

Ms
ψ̄ψ − φ

me

Mp
ψ̄iγ5ψ

If φ is light, i.e. quintessence-like field, then there is a preferred
frame where ∂µφ = (∂tφ, 0, 0, 0), that quite generically coincides
with the frame of CMB. ∂tφ is limited by (ρd.e.(1+w))1/2. There
are several consequences of the φ − ψ interaction Lagrangian:

1. Particle mass depends on time: meff(t) = me(1 + φ/Ms)

2. There is an additional Zeeman-like splitting from Hint =
M−1

p
&S ·∇φ. If the spin moves with velocity v over the CMB

frame, then ∇φ = &vφ̇.

3. Surrounding mass will create additional ∇φ which is roughly
parallel to local acceleration. It contributes to gravitational
acceleration on top of the graviton contribution, may violate
the universality of gravitational force and creates the Zeeman
splitting in the direction of local gravitational acceleration
&S · &g.

Maxim Pospelov, Lepton Moments 2006
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Models: extra U(1) with changing Higgs vev 
Consider Okun-Holdom model of an extra U(1) (Marciano’s talk), 
kinetically mixed with hypercharge [dark/hidden/secluded/A’ photon 
model].  
 
 
= theory of new massive photon, weakly mixed with normal EM field. 
 
If you probe physics at momentum scale q << mV=e*vev, vector is 
massive and   α = α0. However, if you measure it at q >> mV, you have 
to include mixing and αeff = α0/(1-κ2). If vev changes in time, the 
dividing line changes and one could perceive this as changing coupling. 
Need very small mass of Higgs’.  E.g. imagine a Nielsen-Olesen-
Abrikosov string/vortex in this theory. In the middle, the symmetry is 
restored mV=0, and α =αeff, while outside α = α0. Going through such a 
vertex will look like an effect of “changing couplings”.  



6 

Bekenstein model of α(t) 
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Important consequences: 
§  No evolution between ~ 5 eV < T < 0.5 MeV 
§  Linear evolution with ln (z) during matter domination: 
 Δ α/α ~ ln(1+z) ζF

2MPl
2/M2

*× Ωb  × ΔEM 
 ΔEM ~ few 10-4 is the EM fraction of proton mass 
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Bekenstein model is constrained by gravity tests 

Spin 2                            Spin 0 

             Universal force, GN                     Non-universal force;  

                                                                   Δ GN ~  ζF
2ΔEM

2/M*
2 

The absence of non-universal force is checked with accuracy better 
than 10-13. Therefore one can conclude that 

(α(then)-α(now))max/α ~ + few × 10-10 

and Bekenstein model cannot give O(10-5) shift. One has to “drive” 
phi evolution by its own potential, V(φ). The problem is of course 
that this potential does not follow from anywhere, and worse, is 
receiving huge quantum corrections that one has to “kill” by hand. 
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Modified Bekenstein-type model 
1.  Drive the scalar field by coupling to Dark Matter:  
 φ FµνFµν à φ (FµνFµν + χ ∂ χ) 
2.   Make it move by adding V(φ) and choosing ζFM*

-1 ~ 10-5Mpl 
Predictivity is partially or totally lost: 
(K. Olive, MP, 2001) 
 
 
                                                                    ζF = 10-5 a: ζm=1; ζΛ=0 
                                                                                   b: ζm=1; ζΛ=-2 
                                                                                   c: ζm=0; ζΛ=1  

       It is remarkable that 
      clock precision is now 
      at similar or better level 
      for dα /dt 
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Changing α models are unnatural SM 

Bekenstein’s model and spin-offs are technically unnatural:  
 
 
                                    SM          These loops are OK for any cutoff 
 
 
 
                                                    These loops are a disaster: 
                                                    mφ ~ ΛUV

2/M* ~ 10-20 GeV or more 
                                                    But to have cosmological evolution 
                                                    now one should have mφ~10-42 GeV 
Cosmological constant problem gets worse than before 
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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! Do not expect any change of 
couplings in time. [NB: Same pessimistic argument does not apply 
to interactions protected by shift symmetry: φ FFdual, for example] 
*** On the other hand, one could argue that theory track record with 
naturalness is very poor. No success with Λ. No success [so far] with 
new TeV scale physics. Why not accept limited predictivity and 
search for variations in alpha, me/mp etc anyways… *** 

Couplings changing on cosmic time = 
goodbye technical naturalness 
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1.  Change of couplings that has smooth time evolution + a component 
that follows gravitational potential (everyone does this) 

2.  Change of couplings that depends on density – chameleon type 
models. New tests in our galaxy; tests in the lab; and underground/
underwater. 

3.  Dark matter induced change of couplings – look at the very center of 
the galaxy. 

4.  Search for short-time fluctuations of couplings and of “LV” 
coefficients caused by crossing of domain walls, fuzzy strings, 
monopoles, dark matter clumps etc.  

If we abandon technical naturalness, the 
landscape of new physics effects expands  
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    Is it Δ α or dα/dt ? (Murphy et al. 2003) 

Could be a signature of separate domains in α	
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Density-dependent couplings (Olive, MP) 

§  Main Idea:  
1.  Make Nordtvedt-Polyakov-Damour model (also called chameleon 

from closely related model by Khoury-Weltman) much stronger 
coupled than gravity: 

      L = (∂φ)2 /2 - (φ-φ
0
)2 OSM / TeV 2 - φ2 m2

0 /2 

Average OSM (e.g. mqψψ or Gµν
2 or Fµν

2 ) scales like ρmatter 

In-medium effective mass of φ can be large (no constraints from eq. 
principle) 

2.  In vacuo position of φ can be different, if vacuum (bare) mass is 
much larger than mφ (ρcosm) 

3.  Coupling constants can take different values depending where 
measured, at low or high ρ

matter
. 
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Illustration 

§  Low density environments 

+ 

m0
2φ2 

(φ-φ0)2ρ/M*
2 

§  High density environments            Minimum shifts, range shrinks 

+ 
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Lagrangian of the model 
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In-medium range of the force 
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For large (terrestrial type) densities and TeV-scale 
couplings, the range of the force falls under a mm 

Moreover, coupling of φ to matter is quadratic, and 
gravitational constraints are relaxed. 
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Environmental Dependence: α(ρ) and m(ρ) 
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Variants: models with spontaneous breaking 
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Possibility for new tests inside our Galaxy 

§   α(ρ); me/mp(ρ) idea can be tested by measuring α(ρISM) 
§  There is no specific benefits for going after high z. 
§  Tests within our Galaxy can be done in emission molecular 

clouds and use very high quality lines 
§  Such tests were performed in 2008 (Kozlov, Levshakov,  

Molaro) à indication on nonzero Δ me/mp  ~ 10-7	



§  Latest tests may be not confirming it (Molaro, 2012, private 
communication). 
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Recreating α(ρcosmo) in the Lab 
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Can be searched for using precision methods of atomic physics 

Having clocks in vacuum chamber and outside may  
allow to measure the environmental shifts in frequency 
For a spherical evacuated chamber of radius R, we have 
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Concept of possible test 
 Sending atoms through high-quality vacuum gaps of different width 
one can test   α(path)  with means of atomic interferometry. 
	



	



	



d1 d2 

α(L1) ≠ α(L2) 

Phase(L1) ≠ Phase (L2) 

 

 

L1 L2 



Even more speculative: “Modified” c, modified 
couplings at great depth (originally motivated by OPERA cν)	
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(Flambaum, MP) Consider the following background	



	



with e zero on the surface and > 10-5 deep underground. Consider QED 	



with identical modification to the limiting speed of Φ and γ	



	



 

 

Which is  
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matter fields in order to avoid larger-than-gravity
forces inside planets/stars.

Models where in-medium properties of Lorentz invari-
ant physical parameters such as masses and coupling con-
stants are different from the same values in vacuum were
introduced a few years ago [10]. They are related to pre-
vious ideas about the modification of the scalar-induced
gravitational force by the presence of matter overdensi-
ties [11–13]. (Density dependence rather than redshift
dependence could be an alternative interpretation of the
non-zero result of Ref. [14] that looked for the variation
of αEM in absorption systems at cosmological distances.)
Models of in-medium modifications of the propagation
speed are harder to construct, as they would reguire ”con-
densation” of fields with non-trivial Lorentz indices.

Assuming for a moment that some variants of density-
dependence could modify the limiting propagation speed
of neutrinos and all other species, we ask the question
whether additional measurements performed with ordi-
nary matter (not neutrinos) could shed light on this issue.
In the next section we discuss to what extent the (depth-
induced) variation of the limiting propagation speed can
lead to the variation of coupling constants and clock non-
universality, and in the concluding section we propose
new experiments that could detect such effects.

II. LIMITING PROPAGATION SPEED AND
CHANGING COUPLINGS

The propagation speed of any matter species can
be modified by the non-Lorentz invariant backgrounds.
Consider a scalar field, with the Lagrangian modified by
some tensor background hµν :

Lφ =
1

2
(∂µφ)

2 − 1

2
m

2
φ
2 + hµν∂µφ∂νφ. (2)

Here we do not distinguish between upper and lower
indices and perform the Lorentz summations with
ηµν = diag(1,−1,−1,−1). The limiting velocity for the
φ particle travelling along z direction (E � m) is given
by

c
2

φ =
1− 2hzz

1 + 2h00

� 1− 2h00 − 2hzz. (3)

One can see that negative h00 and/or hzz can ”speed-
up” the φ-field via effectively stretching time or short-
enting distances. Besides the simplest possibility
(2), one could introduce higher dimensional operators,
hµνλκφ∂µ∂ν∂λ∂κφ that will lead to the energy-dependent
modification of the propagation speed.

For the rest of this paper we use the following ansatz
for the hµν field

h00 = h0i = 0; hii = −�× diag(1, 1, 1), (4)

so that (2) can be written as
Lφ = 1

2
(∂tφ)2 − 1

2
(1 + 2�)(∂iφ)2, and we introduce

the same modification for all fields of the standard
model. The spatial anisotropy of � is not a crucial
ingredient and is assumed for convennience. To comply
with all requirements listed in the introduction, we take
� ≡ �(depth) to be some sharp function of the depth,
with � = 0 at the Earth’s surface. At some critical depth
z0 we speculate that � deviates from 0 and develops a
value that would help explaining the result of OPERA
measurement. The exact relation between � in (4) and
�OPERA would depend on z0 in a simple geometric way,
but regardless of that � ≥ 2.5× 10−5.

One could attempt replacing the tensor background
(introduced here by hand) with some dynamical scalar,
vector, or tensor fields: s, Vµ or Hµν . Going over
to the canonical normalization of the kinetic terms
for these fields, one can write down the interactions
modifying the propagation speed of a generic SM field
φ, M−4(∂µs∂µφ)2; M

−2(Vµ∂µφ)2; M
−1

Hµν∂µφ∂νφ [5].
The immediate problem with the first two constructions
is that in order to have any connection with OPERA re-
sult, the scale M would have to be exceedingly low. In
the most recent model-building attempt with the scalar
field [9], M has to be below an MeV. Unfortunately, this
is in plain contradiction with direct particle physics ex-
periments. (E.g. electron-positron scattering remains
consistent with the prediction of the SM to energies of
∼100 GeV, while the double-s exchange 1-loop diagram
would lead to the significant modification of scattering
for any M below O(10 GeV).) The tensor background of-
fers perhaps the only reasonable hope for the dynamical
model [5]. Still, even if we leave aside theoretical issues
with UV completion, it appears difficult if not impossible
to construct a weakly coupled model where dynamical
Hµν(z) follows gravitational potential profile and does
not run into contradiction with some observations. The
model of Ref. [5] that uses much enhanced coupling of
Hµν to neutrinos faces a problem of Cerenkov radiation
of electron-positron pairs, and an attempt to cure it by
postulating the same interaction to electrons gives too
much ”anti-gravitational” force for electrons. For now,
we shall assume that there is some consistent framework
that leads to the in-medium condensation of Hij along
the lines of the proposals for the scalar field [10, 15], al-
though at this point it is an unproven assumption.

Now we shall consider interacting fields and answer the
question of whether the variation of �(z) could lead to the
non-universality of clocks, or their abnormal speed-up or
slow-down with depth, so that it could be picked up with
dedicated experiments. (The connection between vary-
ing c and coupling constants was previously discussed in
Refs. [16].) For simplicity, let us consider the Lagrangian
density of scalar quantum electrodynamics (QED) as a
simplest model with gauge interactions, which we shall
treat as a proxy to standard model. The nonperturbed

3

Lagrangian and its �-deformation are given by

LQED = −1

4
F

2
µν + |(∂µ + igAµ)Φ|2 −m

2|Φ|2(5)

L� = hµν (−FµαFνα + 2[(∂µ + igAµ)Φ]
∗(∂ν + igAν)Φ)(6)

−1

3
hµµ

�
δ1(|DµΦ|2 −m

2|Φ|2)− δ2
1

4
F

2
µν

�
.

In these experessions, g is the gauge coupling and
Dµ = ∂µ + igAµ is the covariant derivative, and trace
is defined as hµµ = hµνηµν . The two free parameters δ1
and δ2 are meant to be order one, and they parametrize
the model-dependence. That is, in the first order in �

their values do not affect the modification of the prop-
agation speed. We now go to the ansatz (4) and take
the adiabatic approximation where gradients of � are ne-
glected. Then the sum of LQED and L� gives

LQED+� = Lint + (|∂0Φ|2 −m
2|Φ|2)(1 + �δ1)

−|∂iΦ|2(1 + �(2 + δ1)) (7)

+
1

2
E2(1 + �(2− δ2))−

1

2
B2(1 + �(4− δ2)),

where we separated terms bilinear in the fields from inter-
actions. As evident from (7), the propagation speeds of
photons and charged scalars are the same, cγ = cΦ = 1+�

up to O(�2) corrections, and independent on δ1(2).
In order to determine whether one should expect ab-

normal effects with clocks at O(�) level, we make redefini-
tions of fields Φ and Aµ and distances dxi, while leaving
the time variable unchanged. Selecting A0 = 0 gauge, we
have:

Φ� = Φ
�
1 +

�

2
(3 + δ1)

�
; dx

� = dx(1− �);

A
�
i = Ai

�
1 +

�

2
(5− δ2)

�
. (8)

Making these changes in the action, S =
�
d4xL, and

dropping primes over x, Φ, Ai, we read off a redefined
equivalent Lagrangian to O(�) level:

LQED+� = −1

4
F

2
µν −m

2|Φ|2

+|(∂µ + ig(1− �

2
(3− δ2))Aµ)Φ|2. (9)

Thus, we have the same scalar QED theory, but the cou-
pling constant is now changed to

αeff = α(1− �× (3− δ2)). (10)

Different coupling means that the clocks build from ”Φ-
matter” working on the atomic transition of Φ−Φ∗ bound
state (∼ α2m) will see the abnormal O(�) difference when
placed below z0. Also, different types of clocks with
non-universal dependence on α will be sensitive to the
�-induced change of frequencies. Notice that we do not
have a change in mass of Φ as a consequences of us choos-
ing couplings of � to |∂0Φ|2 −m2|Φ|2 combination.

Two things are worth noticing: firstly, the modification
of the ”speed of light” for two species, Aµ and Φ, does not
carry an unambiguous prediction for αeff , as it depends
on the free parameter δ2 not fixed by the requirement of
the universality of c. On account of that the naive logic
”c gets larger so that α = g2/(h̄c) gets smaller” does
not hold. Secondly, there is a choice of δ3 = 3 when the
LQED ≡ LQED+�. This choice corresponds to a situation
when hµν couples to the electromagnetic stress-energy
tensor, hµνTµν , exactly as the linearized gravity would.
In this case, to linear order in �, the clock universality
will be preserved.
Noting that � is very large relative to the precision

of modern metrology, it is also interesting to investigate
whether coupling of the background to the stress-energy
operator would induce clock non-universality in O(�2) or-
der. To that effect, we choose specific values of δ1(2),

LQED+� = LQED + hµνT
total
µν , (11)

and follow the similar procedure to find that to O(�2)
order this theory is equivalent to

LQED+� =
1

2
(E2 −B2(1− 4�2))−m

2|Φ|2

+|(∂µ + ig

�
1− 3�2

4

�
Aµ)Φ|2. (12)

Notice that the modification (11) creates O(�2) non-
universality in the propagation speed of Aµ and Φ, and
this is why the �2-dependence persists for the free fields.
Even in neglection of magnetic effects, the coupling con-
stant is modified at O(�2) level. Only the full general
relativity (GR) like extension ηµν → ηµν + hµν of the
original theory would preserve clock universality, which
would entail additional O(h2

µν) terms in (11) with spe-
cific coefficients. Thus, on the basis of (9) and (12), we
conclude that barring a very special GR-like case, the
modification of the limiting propagation speed for parti-
cles leads to the clock non-universality.

III. DISCUSSION: TESTING CLOCKS AT
LARGE DEPTHS

We have shown that one logical possibility - depth-
dependent modification of c for all species - is not im-
mediately ruled out by the variety of constraints on LV
and by gravity tests. The purpose of this paper was not
to built an explicit dynamical model with e.g. conden-
sation of spin-2 fields, but to investigate whether such
effects can be seen with more conventional means other
than timing of neutrino events. We have shown that with
a unique exception of pure GR-like coupling, one should
expect an O(�) (or O(�2) in case of hµνT

µν coupling)
deviations of couplings from their ”surface” values, spa-
tially linked to the deviation of propagation speed.
Over the years, there has been a concerted effort to

test the GR theory in space [17]. Here we argue that
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.
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Dµ = ∂µ + igAµ is the covariant derivative, and trace
is defined as hµµ = hµνηµν . The two free parameters δ1
and δ2 are meant to be order one, and they parametrize
the model-dependence. That is, in the first order in �

their values do not affect the modification of the prop-
agation speed. We now go to the ansatz (4) and take
the adiabatic approximation where gradients of � are ne-
glected. Then the sum of LQED and L� gives

LQED+� = Lint + (|∂0Φ|2 −m
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−|∂iΦ|2(1 + �(2 + δ1)) (7)

+
1

2
E2(1 + �(2− δ2))−

1

2
B2(1 + �(4− δ2)),

where we separated terms bilinear in the fields from inter-
actions. As evident from (7), the propagation speeds of
photons and charged scalars are the same, cγ = cΦ = 1+�

up to O(�2) corrections, and independent on δ1(2).
In order to determine whether one should expect ab-

normal effects with clocks at O(�) level, we make redefini-
tions of fields Φ and Aµ and distances dxi, while leaving
the time variable unchanged. Selecting A0 = 0 gauge, we
have:

Φ� = Φ
�
1 +
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(3 + δ1)
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; dx

� = dx(1− �);
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Making these changes in the action, S =
�
d4xL, and

dropping primes over x, Φ, Ai, we read off a redefined
equivalent Lagrangian to O(�) level:

LQED+� = −1
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F
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µν −m

2|Φ|2

+|(∂µ + ig(1− �

2
(3− δ2))Aµ)Φ|2. (9)

Thus, we have the same scalar QED theory, but the cou-
pling constant is now changed to

αeff = α(1− �× (3− δ2)). (10)

Different coupling means that the clocks build from ”Φ-
matter” working on the atomic transition of Φ−Φ∗ bound
state (∼ α2m) will see the abnormal O(�) difference when
placed below z0. Also, different types of clocks with
non-universal dependence on α will be sensitive to the
�-induced change of frequencies. Notice that we do not
have a change in mass of Φ as a consequences of us choos-
ing couplings of � to |∂0Φ|2 −m2|Φ|2 combination.

Two things are worth noticing: firstly, the modification
of the ”speed of light” for two species, Aµ and Φ, does not
carry an unambiguous prediction for αeff , as it depends
on the free parameter δ2 not fixed by the requirement of
the universality of c. On account of that the naive logic
”c gets larger so that α = g2/(h̄c) gets smaller” does
not hold. Secondly, there is a choice of δ3 = 3 when the
LQED ≡ LQED+�. This choice corresponds to a situation
when hµν couples to the electromagnetic stress-energy
tensor, hµνTµν , exactly as the linearized gravity would.
In this case, to linear order in �, the clock universality
will be preserved.
Noting that � is very large relative to the precision

of modern metrology, it is also interesting to investigate
whether coupling of the background to the stress-energy
operator would induce clock non-universality in O(�2) or-
der. To that effect, we choose specific values of δ1(2),

LQED+� = LQED + hµνT
total
µν , (11)

and follow the similar procedure to find that to O(�2)
order this theory is equivalent to
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Notice that the modification (11) creates O(�2) non-
universality in the propagation speed of Aµ and Φ, and
this is why the �2-dependence persists for the free fields.
Even in neglection of magnetic effects, the coupling con-
stant is modified at O(�2) level. Only the full general
relativity (GR) like extension ηµν → ηµν + hµν of the
original theory would preserve clock universality, which
would entail additional O(h2

µν) terms in (11) with spe-
cific coefficients. Thus, on the basis of (9) and (12), we
conclude that barring a very special GR-like case, the
modification of the limiting propagation speed for parti-
cles leads to the clock non-universality.

III. DISCUSSION: TESTING CLOCKS AT
LARGE DEPTHS

We have shown that one logical possibility - depth-
dependent modification of c for all species - is not im-
mediately ruled out by the variety of constraints on LV
and by gravity tests. The purpose of this paper was not
to built an explicit dynamical model with e.g. conden-
sation of spin-2 fields, but to investigate whether such
effects can be seen with more conventional means other
than timing of neutrino events. We have shown that with
a unique exception of pure GR-like coupling, one should
expect an O(�) (or O(�2) in case of hµνT

µν coupling)
deviations of couplings from their ”surface” values, spa-
tially linked to the deviation of propagation speed.
Over the years, there has been a concerted effort to

test the GR theory in space [17]. Here we argue that



Modification of c leads to modification of α	



23 

Simple filed redefinitions lead to 	



	



 	



	



Same QED but 	



Unless δ2=3 (coupling to Tµν like GR), the couplings are different and 
clock frequencies are different underground/underwater, clocks are 
“nonuniversal” etc. Even if ε couples to the Tµν, effect appears in ε2 
order, unless e-modification replicates nonlinear terms in GR. 	



Conclusion: you cannot “modify” cν, and not ce and cγ – Then you should 
expect abnormal O(ε) and/or O(ε2) deviations of clock frequencies. You 
can try testing this model without using neutrinos. 	
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modification of the limiting propagation speed for parti-
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We have shown that one logical possibility - depth-
dependent modification of c for all species - is not im-
mediately ruled out by the variety of constraints on LV
and by gravity tests. The purpose of this paper was not
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sation of spin-2 fields, but to investigate whether such
effects can be seen with more conventional means other
than timing of neutrino events. We have shown that with
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It makes sense testing clocks deep 
underground/underwater	
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There has been a concerted effort of testing GR in space. Here we 
propose to have O(10-10) (~ 3 order of magnitude larger than GR effects) 
tests done deep underground/underwater. 	



1.  Take two types of stable emitters with different dependence on alpha, 
(e.g. based on Cs and Rb) lower them *as deep as you can*. 
Compare signals. 	



2.  Synchronize two clocks of the same type, lower one, keep for awhile, 
bring back, compare. 	



Possible locations: e.g. Snolab, LNGS, IceCube, - up to 2.5 km depth.	



Deepest commercial mines:  South Africa – up to 4 km. 	



Deep oceanic trenches: up to 11 km. (Incidentally the same depth as the 
maximum of the OPERA beam trajectory). Deep boreholes. 	
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Couplings following dark matter distribution 

Make Polyakov-Damour model (also called chameleon from closely 
related model by Khoury-Weltman) much stronger coupled than gravity: 
      L = (∂φ)2 /2 - φ2 OSM/ M*

2 - φ2 m2
0 /2   (canonically normalized) 

Average OSM (e.g. mqψψ or Gµν
2 or Fµν

2 ) scales like ρbaryonic matter 

In-medium and in-vacuum minima for φ coincide.  
However, if initially φ is displaced from the minimum, there will be 
oscillations of scalar field around the minimum that can serve as dark 
matter (not unlike axion DM picture)  
On average, <φ2>  ~  DM density / m2

0 , which leads to  
1.  Couplings follow DM profile, rather than grav. potential.  
2.  Significant difference O(10-6) of the coupling constants between our 

patch of the galaxy and the central region if e.g. m0 ~10-10 eV; M*~ 
TeV.  

3.  Try to test couplings in the vicinity of Sgr A* 



How do you know if you ran through a wall?	
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MP, Pustelny, Ledbetter, Jackson Kimball, Gawlik, Budker. 	



•  Many models of “New Physics” predict stable topological defects 
(domain walls, strings, monopoles). Physicists tend to discuss small 
size of these objects, e.g. 1/MGUT across. But the spatial extent could 
be much larger, if a theory admits light excitations. 	



•  If such objects are “scattered” in our galaxy, their velocity in the 
Solar system rest frame ~ 10-3 c, and the overall energy density must 
satisfy, ρDomain walls  <  ρDark Matter	



•  Crucially, if such a defect passes through the Earth, how would you 
know? 

You need a time-synchronized network of sensitive probes that can 
detect the event in different locations. Domain walls will be an especially 
suitable “target”.  



Signal of axion-like domain wall	



27 

Consider a very light complex scalar field with Z_N 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,  

  

  

How to know if you ran through a wall?

M. Pospelov,1, 2 S. Pustelny,3, 4 M. P. Ledbetter,4 D. F. Jackson Kimball,5 W. Gawlik,3 and D. Budker4, 6

1Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 1A1, Canada
2Perimeter Institute for Theoretical Physics, Waterloo, ON N2J 2W9, Canada

3Institute of Physics, Jagiellonian University, Reymonta 4, 30-059 Kraków, Poland
4Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300

5Department of Physics, California State University - East Bay, Hayward, California 94542-3084, USA
6Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

(Dated: May 7, 2012)

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

2

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,
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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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0 . This reduction will happen dynam-

ically if the potential V (φ) is augmented by the addi-
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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
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takes the following form,
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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,
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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,
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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-
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over the cosmological scales and then dynamically ac-
creted inside the halo. Assuming that in the process of
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same way as distance between dark matter particles, one
arrives at the following constraint ρDW ≤ (ρDMρ2DE)
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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.
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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-
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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,
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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,
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of energy. For light scalars of interest, the astrophysical
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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.
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the wall can be characterized by its mass per area, refered
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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,
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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)
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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.
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value, then a stronger constraint can be derived by re-
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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.
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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
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L –typical size of the domain [distance between walls ]. We treat it as a 
free parameter. Energy density constraint gives	



	



	



Transient effect can be seen as the influence on the spin, 	



	



	



	



Axion-type coupling is normalized on astrophysical bounds. If we 
introduce an effective magnetic field, we discover that  

2

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].

3

Spin signal during the wall crossing. The principles

of sensitive atomic magnetometry were described in [14].

A typical device would use paramegnetic atomic species

such as K, Cs, or Rb by themselves or in combination

with atoms whose magnetic moment is carried by a nu-

clear spin (e.g.
3
He-K magnetometer as described in

Ref. [15]). Specializing (7) for the case of two atomic

species,
133

Cs in F = 4 state, and
3
He in F = 1/2, we

calculate the energy 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 fo 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 magnetic moment. The magnitude of Beff

(direction is impossible to predict) is given by

Bmax
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

Bmax
eff and ∆t into a signal factor S = Bmax

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 second inequality we used the gravitational

constraint from Eq. (6). The maximally allowed value for

the signal, after taking into account the gravitational and

astrophysical constraints, exceeds capabilities of modern

magnetometers that can deliver fT/
√
Hz sensitivity [14].

For the
3
He-K magnetometer, the more appropriate fig-

ure of merit would be the tipping angle of the helium spin

after the wall crossing, assuming 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 is far in excess of O(10 nrad) tipping angles that

can be experimentally detected. We conclude that both

types of magnetometers offer ample opportunities for a

relastic 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 cosmo-

logical, i.e. ρDW ≤ ρDE, the expected signal can reach

∆θ ∼ 10
−5

, which is still a realistic angle for detection

with
3
He-K magnetometer. It is remarkable that a pos-

sible domain wall component to dark energy can in prin-

ciple 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 impossible to distinguish a signal from false positives

induced by occasional abrupt changes of magnetometer-

operation conditions, e.g., magnetic-field spike, laser-

light-mode jump, etc. Therefore, the construction of

a global network of synchronized optical magnetome-

ters is imperative for the meaningful search of galac-

tic/cosmological domain walls. As schematicallty shown

V!n⊥!ti!

FIG. 1: Schematic figure of the domain wall crossing. Four geo-
graphically separate events at ti allow for the determination of the
normal velocity v⊥, predicting the timing of the 5th event.

in Fig. 1, one would require n ≥ 5 magnetometers in

such a network. The difference in timing ti of a puta-

tive signal in magetometers is related to the transverse

velocity and the unit normal vector to the wall, n⊥,

ti − tj = Lij · n⊥v
−1
⊥ , (13)

where Lij are the three-vectors of the relative positions

of magnetometers i and j. Four stations are required to

specify magnetomer-defined 3D system of coordinates,

and three time intervals between four ti will enable to

unabiguously determine the three-vector v−1
⊥ n⊥. This

makes the predictions for the timing of the event at the

fifth station, t5, which can be used as a tool for rejecting

accidental backgrounds.

3

Spin signal during the wall crossing. The principles

of sensitive atomic magnetometry were described in [14].

A typical device would use paramegnetic atomic species

such as K, Cs, or Rb by themselves or in combination

with atoms whose magnetic moment is carried by a nu-

clear spin (e.g.
3
He-K magnetometer as described in

Ref. [15]). Specializing (7) for the case of two atomic

species,
133

Cs in F = 4 state, and
3
He in F = 1/2, we

calculate the energy 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 fo 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 magnetic moment. The magnitude of Beff

(direction is impossible to predict) is given by

Bmax
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

Bmax
eff and ∆t into a signal factor S = Bmax

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 second inequality we used the gravitational

constraint from Eq. (6). The maximally allowed value for

the signal, after taking into account the gravitational and

astrophysical constraints, exceeds capabilities of modern

magnetometers that can deliver fT/
√
Hz sensitivity [14].

For the
3
He-K magnetometer, the more appropriate fig-

ure of merit would be the tipping angle of the helium spin

after the wall crossing, assuming 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 is far in excess of O(10 nrad) tipping angles that

can be experimentally detected. We conclude that both

types of magnetometers offer ample opportunities for a

relastic 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 cosmo-

logical, i.e. ρDW ≤ ρDE, the expected signal can reach

∆θ ∼ 10
−5

, which is still a realistic angle for detection

with
3
He-K magnetometer. It is remarkable that a pos-

sible domain wall component to dark energy can in prin-

ciple 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 impossible to distinguish a signal from false positives

induced by occasional abrupt changes of magnetometer-

operation conditions, e.g., magnetic-field spike, laser-

light-mode jump, etc. Therefore, the construction of

a global network of synchronized optical magnetome-

ters is imperative for the meaningful search of galac-

tic/cosmological domain walls. As schematicallty shown
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FIG. 1: Schematic figure of the domain wall crossing. Four geo-
graphically separate events at ti allow for the determination of the
normal velocity v⊥, predicting the timing of the 5th event.

in Fig. 1, one would require n ≥ 5 magnetometers in

such a network. The difference in timing ti of a puta-

tive signal in magetometers is related to the transverse

velocity and the unit normal vector to the wall, n⊥,

ti − tj = Lij · n⊥v
−1
⊥ , (13)

where Lij are the three-vectors of the relative positions

of magnetometers i and j. Four stations are required to

specify magnetomer-defined 3D system of coordinates,

and three time intervals between four ti will enable to

unabiguously determine the three-vector v−1
⊥ n⊥. This

makes the predictions for the timing of the event at the

fifth station, t5, which can be used as a tool for rejecting

accidental backgrounds.
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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.
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•  For alkali magnetometers, the signal is 	



•  For nuclear spin magnetometers, the tipping angle is 

•  It is easy to see that one would need 

>5 stations. 4 events would determine the  

geometry, and make predictions for the 5th, 

6th etc… 
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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
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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
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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-

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.
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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.
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•  This was one example of transient effects – among many others.	



•  One can search for other transient effects, e.g. such as short time 
variations of α and other constants. While e.g. clocks have their best 
sensitivity when averaged over relatively long time intervals, the 
sensitivity to shorter times can also be achieved with larger Δf/f. 	



•  So far, all efforts were directed towards detecting bursts of 
gravitational waves [e.g. LIGO], but one can definitely look for more 
exotic transient effects with new [cheaper] techniques.  



31 

Conclusions 
1.  Models of “changing couplings”[and LV] are easy to write 

down. Models with “changing couplings” suffer from 
severe tuning problem = loss of predictivity. From a 
conservative point of view, their change in time on cosmic 
scales would be a miracle.  

2.  From more liberal perspective not just α(t) but other 
models are worth looking for: 

§  High-precision tests of α(ρ) in a laboratory, and within our 
Galaxy are possible and quite warranted. How about testing 
couplings at great depths?  

§  Models of α ~ ρDark Matter can be tested by studying SgrA*. 
§  Search of transient effects [short-time fluctuation of 

couplings/LV parameters] can be looked for with network of 
sensitive magnetometers and clocks.  


