
The seemingly preferred cosmic frame

Item Type Article

Authors Melia, Fulvio

Citation Melia, F. (2022). The seemingly preferred cosmic frame. Physica
Scripta.

DOI 10.1088/1402-4896/ac5666

Publisher IOP Publishing

Journal Physica Scripta

Rights © 2022 IOP Publishing Ltd.

Download date 24/05/2023 20:12:50

Item License http://rightsstatements.org/vocab/InC/1.0/

Version Final accepted manuscript

Link to Item http://hdl.handle.net/10150/663876

http://dx.doi.org/10.1088/1402-4896/ac5666
http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/663876


The Seemingly Preferred Cosmic Frame

Fulvio Melia

Department of Physics, The Applied Math Program, and Department of Astronomy,

The University of Arizona, Tucson AZ 85721, USA

E-mail: fmelia@email.arizona.edu

Submitted: 8 December 2021

Abstract

The Universe appears to have a ‘preferred’ frame of reference, within which the cosmic

microwave background is completely isotropic. Earth’s motion through this relic radiation field

is measurable, and some have viewed this type of observation as a possible contradiction of

Einstein’s principle of relativity. Several experiments have been proposed (and some have been

carried out) to test for violations of Lorentz invariance when transforming out of this

background frame, e.g., based on expected velocity differences in a Michelson-Morley type of

probe. But what exactly is this cosmic frame? Is it truly an absolute frame attached to the

Universe, or is it an observer-dependent construction? Such possibilities represent very different

Physics, of course. In this paper, we work through these issues carefully, without the

introduction of unsubstantiated assumptions. We show that the preferred frames originate

through general (not special) relativity, and are indeed observer-dependent. Their existence does

not at all conflict with Einstein’s fundamental hypothesis of special relativity.

Keywords: General Relativity, Observational Cosmology, Mathematical and Relativistic

Aspects of Cosmology

1. Introduction

It is widely believed that the Universe has a ‘preferred’ frame

of reference, selected by the Cosmic Microwave Background

(CMB) or, more specifically, the geometry of the last scatter-

ing surface (LSS), where the CMB photons emerge out of the

optically-thick medium [1]. Some observational support for

this view is provided by the fact that any peculiar motion of our

Galaxy relative to the CMB produces a measurable Doppler ef-

fect responsible for the prominent dipole moment seen in the

temperature anisotropies [2].

One of the earliest arguments in favor of a cosmic preferred

frame was made by Greber & Blatter [3], who considered a

front-back asymmetry in the intensity and pressure sensed by

an observer moving ‘through’ the CMB. The interaction of

matter with the CMB radiation, they concluded, would tend to

bring the matter to rest in the preferred frame where the radia-

tion is isotropic.

This perspective gives rise to some discomfort, however,

because the existence of such a preferred frame of reference

seems to contradict the fundamental hypothesis of special rel-

ativity, which Einstein referred to as the principle of relativ-

ity [4]. For example, a violation of this principle could affect

the universality of the speed of light, especially its constancy

and isotropy, and may even impact the viability of special rela-

tivity itself.

Yet violations of Lorentz invariance in a broader context, and

their implied existence of preferred reference frames (not nec-

essarily just that of the CMB) could explain differences in the

behavior of photon propagation from various high-energy γ-ray

sources (MAGIC Collaboration [5]; Fermi Collaboration [6]),

and various proposals have been advanced for finding these vi-

olations [7,8] to address this possibility. Effects associated with

transformations in and out of a preferred CMB frame may also

alter the particle dispersion relation, E2 = F(p,m), which pre-

sumably reduces to the standard form, F(p,m) → p2c2 + m2c4

in the latter, but deviates from it in others [7]. It is not always

evident, however, that the discussion of a preferred frame, and

possible tests of Lorentz-invariance violations associated with

it, are consistently clear on what exactly is meant by such a

frame. For example, in their proposal to observe an ‘ether-

drift,’ in which one tries to measure a small difference in the

velocity of light in different directions, Consoli & Pluchino [9]

consider the possibility that the CMB frame might actually be

an absolute Universal frame, with some physically sustainable

vacuum structure.

But whether conceived within a legitimate physical frame-

work or not, all experiments to detect a violation of Lorentz in-

variance associated with a preferred CMB frame appear to have

produced null results thus far. In one of the more interesting and

tangible attempts, De Angelis et al. [10] studied over 62 million

well-reconstructed K0
S
→ π+π− decays recorded by the KLOE

detector (KLOE Collaboration [11]) at the DAΦNE accelera-

tor in Frascati, in order to measure differences in the K0
S

meson

lifetimes parallel (τ+) and antiparallel (τ−) to Earth’s motion

with respect to the CMB reference frame. No differences were
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found, with a 95% confidence (upper) limit of 0.98 × 10−3 on

any possible asymmetry |τ+ − τ−|/(τ+ + τ−).

The existence of a preferred frame for relativity is thus an

open question. Clearly, Earth’s motion ‘through’ the CMB is

detectable. But what exactly is this cosmic frame? Is it truly an

absolute frame for the Universe, or is it perhaps attached to us?

And if the latter, does that mean that different observers would

thus see different ‘absolute’ frames?

The outcome of this type of discussion inevitably impacts

whether Lorentz invariance is violated, which in turn affects

several modern physical theories. It is possible that the Lorentz

symmetry is broken even if the cosmic frame is observer depen-

dent, given that the CMB has a special, unique distribution in

this frame, though it is unquestionably more obvious that such

effects could be manifested if the cosmic frame is unique and

attached to the Universe rather than the observer.

The motivation for even asking this question is that the rea-

son such a frame exists is typically not addressed by this dis-

cussion. We tend to take it for granted that some preferred

frame must be present because the CMB somehow indicates

this must be true. But in spite of the fact that its existence

is broadly acknowledged, there appear to be conflicting views

concerning whether it defines a special Lorentz frame as back-

ground, through which all of the various observers are moving,

or whether it may be defined as the ‘free-falling’ frame at every

given spacetime point within the cosmos. The latter possibility

is not as easy to understand, and therefore receives less atten-

tion by the Physics community.

A clear appreciation of this universal frame, how it origi-

nates, and how it impacts our physical theories, is critical to

its proper implementation within relativity theory [12]. One

might be tempted, e.g., to abolish such foundational tenets as

the ‘principle of relativity’ and the constancy of the speed of

light [13]. Or one might instead prefer to modify those prin-

ciples and assume from the outset that such a preferred iner-

tial frame is the only one in which the two-way speed of light

(i.e., the average lightspeed from source to observer and back)

is isotropic, while it must by default then be anisotropic in any

other relatively moving frame. The latter approach has been

taken, e.g., by ref. [14], in which the existence of a preferred

frame is incorporated into the framework of the special relativ-

ity at the expense of losing the freedom to assign the one-way

speed of light in Einstein’s theory. This can then lead to the

development of an anisotropic relativistic kinematics, with an

embedded anisotropic propagation of light [15]. And further

still, this may impact how we view local inertial frames and

the equivalence principle in general relativity. Without ventur-

ing too far down this path, such developments can clearly af-

fect whether the interval remains invariant (probably not), and

whether one must then determine how to conformally mod-

ify it under a transformation of coordinates between different

frames [16].

It is interesting to note, in this regard, that the present inter-

pretation of an accelerating Universe as due to the influence of

dark energy [2,17] may be misdirected. Instead, a relativity the-

ory with a preferred frame may ‘correct’ the redshift-distance

relation in such a way that it modifies the deceleration param-

eter, possibly explaining why we infer an acceleration when in

fact there is none [14].

In this paper, our principal focus will be to identify the ori-

gin of this preferred frame, which can then help us demon-

strate whether it is truly attached to the Universe, or whether

it is merely dependent on the observer. These two possibilities

represent very different Physics. We shall work through these

issues carefully and pedagogically, avoiding any unnecessary

(i.e., unsubstantiated) assumptions. We shall find that what we

know today in cosmology already offers us the insights we need

to answer these questions in a straightforward manner.

2. Background

2.1. Specific Intensity

Consider a group of particles occupying a tiny spread in posi-

tion and momentum at some given time. In a frame comoving

with the particles, these occupy a spatial volume element

d3x′ ≡ dx′
1
dx′

2
dx′

3
(1)

and a momentum volume element

d3p′ ≡ dp′
1
dp′

2
dp′

3
. (2)

In the infinitesimal limit, these particles have no spread in en-

ergy because the contribution to p′0 from p′ in the rest frame is

quadratic and thus vanishes to first order.

This group of particles occupies an element of phase space

dV′ ≡ d3p′ d3x′ . (3)

Given the above conditions, including the fact that there is no

spread in energy, an observer outside of the rest frame will see

a spatial volume element that transforms inversely to the corre-

sponding volume in momentum space, and so

dV ≡ d3p d3x = dV ′ , (4)

i.e., the volume in phase space is invariant. Although this result

is well known, its formal proof is actually non-trivial, given that

one must carefully compare the change in momentum-space

volume under a Lorentz transformation to the corresponding

change in spatial volume. A detailed discussion of this proce-

dure may be found in ref. [18].

This simple argument is based on the behavior of particles

with mass, but note that there is actually no reference to mass

in Equation (4). One may therefore consider this equation in the

limit when mass→ 0, and see that it applies to photons as well.

It thus follows that the phase-space density of radiation must

also be invariant, because the number of photons is a countable

quantity and is a prime example of a Lorentz scalar:

f ≡
dN

dV
= invariant . (5)

Now, if uν(Ω) represents the energy density of the radiation

per unit frequency ν and solid angle dΩ, we have

uν(Ω) dν dΩ = (hν f ) p2 dp dΩ , (6)

where we have written d3p = p2 dp dΩ in the given frame. By

definition, the specific radiative intensity is

Iν(Ω) ≡ uν(Ω)c , (7)
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and therefore

Iν

c
dν dΩ = (hν f ) p2 dp dΩ . (8)

Further, since p = hν/c, we evidently must have

Iν

ν3
=

h4

c2
f , (9)

which brings us to our final result,

Iν

ν3
= invariant . (10)

This is a textbook result, and quite familiar to high-energy as-

trophysicists. But we have reconsidered it here because of its

key importance to everything else that follows in this paper.

2.2. Blackbody Spectrum

Next, suppose we have a blackbody spectrum in some frame K,

written as

Iν = Bν(T ) ≡
2hν3/c2

exp (hν/kT ) − 1
, (11)

where ν and T are the frequency and temperature in K. Accord-

ing to Equation (10), an observer in some other frame K0, will

then see an intensity Iν0 , such that

Iν0

ν03
=

Iν

ν3
=

2h/c2

exp (hν/kT ) − 1
. (12)

The functional form on the righthand side is that of a blackbody

again, though still in terms of the frequency ν and temperature

T in K. In the K0 frame, however, the intensity invariant is

Iν0/ν
3
0
, written in terms of the new coordinates. For consistency,

one should then also use the new frequency in the denomina-

tor of Equation (12), so that exp(hν/kT )→ exp(hν0/k[ν0/ν]T ).

And the most ‘natural’ interpretation of this expression is there-

fore that the observer in K0 again sees a blackbody shape,

though with a transformed temperature

T0 ≡

(

ν0

ν

)

T , (13)

which allows one to recast Equation (12) into the form

Iν0 = Bν0 ≡
2hν0

3/c2

exp (hν0/kT0) − 1
. (14)

In other words, a blackbody spectrum in one frame looks like

a blackbody spectrum in every other frame, except that its in-

ferred temperature is observer dependent. This too is critical to

the central theme of this paper.

2.3. The Cosmological Context

Thus, if the surface of last scattering (LSS) and recombination

are at redshift zLSS, here on Earth we observe a cosmic mi-

crowave background intensity given by Equation (14) with a

temperature

T0 =
T (zLSS)

(1 + zLSS)
(15)

RLSS

T(z    )LSS

0.

Figure 1. The Cosmological Principle postulates that the Universe

is homogeneous and isotropic about us (located at the origin). The

proper distance RLSS to the last scattering surface (LSS), and the black-

body temperature T (zLSS) at that redshift, should thus be independent

of direction. The CMB originates from a spherical shell at RLSS (we

ignore the actually thickness of the emission region, which is much

smaller than RLSS), and propagates towards us through an optically

thin medium. For simplicity, we assume the Universe is completely

opaque beyond the LSS.

(see fig. 1), where we have used the definition of redshift,

1 + z ≡
ν

ν0
, (16)

in terms of the frequency (ν) of the blackbody radiation at the

emitter (in this case, the LSS) and its corresponding value (ν0)

locally.

2.4. The Cosmological Principle

Modern cosmology is founded on the Cosmological Principle

(CP), which postulates that the Universe is homogeneous and

isotropic about every point, at least on scales [19] larger than

∼ 300 Mpc. This principle is the basis for the highly sym-

metric Friedmann-Lemaı̂tre-Robertson-Walker (FLRW) metric

used to describe the cosmic spacetime [20], written as

ds2 = c2dt2 − a2(t)

[

dr2

(1 − kr2)
+ r2(dθ2 + sin2 θdφ2)

]

. (17)

In this expression, t is the proper time measured by a comoving

observer, and the corresponding radial (r) and angular (θ and φ)

coordinates in this frame remain “fixed” for all particles in the

cosmos. The spatial curvature constant k is +1 for a closed uni-

verse, 0 for a flat, open universe, and −1 for an open universe.

The universal expansion is accounted for by the expansion fac-

tor a(t), which is solely a function of time, not position.

The CP suggests that our proper distance RLSS ≡ a(t)rLSS

to recombination is the same in every direction and that the

CMB temperature T (zLSS) should be independent of our chosen

line-of-sight (see fig. 1). Of course, we have now confirmed

[2] that T0 exhibits tiny fluctuations—at the level of one part
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in 105—but these are presumably associated with primordial

quantum effects unrelated to any possible violation of the CP.

In other words, the LSS must be a sphere centered on us, with a

blackbody temperature T (zLSS) given solely by the LSS redshift

zLSS and nothing else.

2.5. Cosmological Redshift

In order to fully comprehend the role played by the LSS shown

in figure 1 in establishing our preferred frame of reference, we

need to discuss the origin of redshift z in Equation (16), when

this relation is applied to the cosmological setting. The issue of

whether or not cosmological redshift is a new, third type of red-

shift, distinct from the better known kinematic and gravitational

effects typically found in other applications of general relativ-

ity, has been debated for many decades. On the one hand, its

interpretation as an effect due to the “stretching” of space has

been based on the expression

1 + z =
a(t0)

a(te)
, (18)

where t0 and te are, respectively, the cosmic time at which the

radiation is observed and that at which it was emitted [21]. This

formulation doesn’t look like any of the other forms of redshift

we have encountered before, and seems to suggest that cos-

mological redshift grows as the Universe expands, i.e., as a(t)

increases with time.

The counterargument has been that Equation (18) appears

to be valid in only one coordinate system, so the ‘stretching

of space’ interpretation is probably not real. Various authors

have attempted to demonstrate this more formally (see, e.g.,

refs. [22, 23]) but, given the complexity of the problem, had

been forced to rely on various forms of approximation. A more

complete demonstration that cosmological redshift is in fact

just the traditional lapse function in general relativity was pre-

sented about a decade ago [24]. In this formulation, z is just

the product of the well-understood Doppler and gravitational

shifts in frequency. In one particular coordinate system, z de-

pends just on the expansion factor (Eq. 18), but this is merely

a manifestation of the high degree of symmetry in FLRW, and

should not be viewed as evidence supporting the notion that

space itself is expanding.

As we shall see shortly, the Doppler shift is easy to calcu-

late for any cosmological model. The gravitational redshift

is more difficult because it relies on our ability to track the

change in energy of a photon as it propagates to us along its

null geodesic. This procedure is most easily carried out when

the FLRW metric has a time-independent spacetime curvature,

because the photon’s energy then remains constant along its

trajectory. Regardless of how the gravitational redshift is calcu-

lated, however, the kinematic contribution to the lapse function

(Eqn. 20 below) is identical in every case. For illustration, we

consider the method of finding the cosmological redshift at the

LSS using the lapse function for those FLRW spacetimes that

may be written in terms of coordinates (cT,R, θ, φ) for which

the metric coefficients are static.

There are exactly six, and only six, such cases [25, 26],

including the Milne Universe and de Sitter space. This ap-

proach includes three essential steps: (i) first, one must find

(cT,R, θ, φ) via an appropriate transformation of the coordi-

nates (ct, r, θ, φ) in the comoving frame, where the FLRW met-

ric takes the form given in Equation (17); (ii) The FLRW met-

ric written in terms of the transformed coordinates (cT,R, θ, φ)

is used to calculate the time dilation, dt/dT , at the LSS rel-

ative to the proper time in a local free-falling frame; (iii) Fi-

nally, one calculates the apparent time dilation, different from

the time dilation at the emitter’s location due to the motion

of the source (i.e., due to the recession velocity of the LSS

shell), which alters the relative arrival times of the photon’s

wave crests. The two latter steps are well known in general rel-

ativity [21]; the most complicated step is often the first, though

by now we know how to complete the transformation for all six

static FLRW metrics [24].

Using the lapse function, the ratio of the frequency of the

light observed (at the origin) to that emitted at the LSS (at time

te), may be written

ν0

νe
=

(

1 +
vR

c

)−1 dt

dT

∣

∣

∣

∣

te
, (19)

where the subscript te on the right-hand side emphasizes the

fact that this expression must be evaluated at the emitter. The

kinematic correction introduced by the motion of the source

relative to the observer, which accounts for the difference be-

tween the apparent time dilation and its counterpart at the

source—and is independent of how the gravitational redshift

is calculated—is the factor

D ≡
1

1 + vR/c
, (20)

written in terms of the proper velocity (proper distance per unit

proper time) seen in this frame along the line-of-sight:

vR ≡

√

gRR

gTT

dR

dT
, (21)

where gαβ are the FLRW metric coefficients written in terms of

the coordinates (cT,R, θ, φ).

3. The Preferred Cosmic Frame

With the pieces we have assembled in § II, we may now pro-

ceed to understand why the CMB defines a unique frame of ref-

erence at the origin. If the Universe were a vacuum, any pair of

frames moving at constant velocity relative to each other would

be inertial and completely Lorentz invariant under a transfor-

mation of physical quantities from one to the other. But the

Universe is not a vacuum, and we do not live in a flat cosmic

spacetime which means that, at our position, there is a unique

free-falling frame—one that satisfies the CP and within which

there is net zero gravitational acceleration. It is general (not

special) relativity that leads us to this conclusion, formally via

the so-called Local Flatness Theorem. So before we discuss

the preferred frame itself, let us first consider how this theo-

rem, together with the CP, selects a unique inertial frame at

each observer’s location.

3.1. The Local Flatness Theorem

In general relativity, the Local Flatness Theorem [21, 27] is a

formal representation of the equivalence principle. It says that
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in the neighborhood of any spacetime point Xµ in the (usually

curved) frame of reference xµ there must exist a local inertial

frame, against which one may measure the acceleration in xµ.

This local inertial frame, which we shall label ξ µ, is in free fall

at Xµ.

Since the CP holds that the Universe looks identical no mat-

ter where we place the observer, let us for convenience there-

fore place ourselves at the origin of our coordinates (xµ) and

(without loss of generality) let us orient the ξ µ frame so that

its origin coincides with ours. Of course, the point Xµ lies at

this common origin. The key to understanding the implications

of this theorem on the frame ξ µ is the requirement that these

coordinates must satisfy the equations [21]

∂2ξ α

∂xµ∂xν
= Γλµν

∂ξ α

∂xλ
. (22)

These relations express the transformation from our frame, with

a known spacetime curvature represented by the Christoffel

symbols Γλµν, to one (i.e., ξ µ) in which the spacetime curvature

is zero. They are exact, with no approximation or assumption,

other than the validity of the equivalence principle.

We will not reproduce all the steps required to solve for the

four components ξ µ here. The details have been published else-

where [28] and are easy to follow. The α = 0 component in

Equation (22), with µ = ν = 0, simply gives

ξ 0 = ct , (23)

while the α = 1 component shows that

ξ i = B(xi) ct , (24)

where both the spatial coordinates xi and ξ i are written in the

Cartesian system, and B(xi) is a function solely of xi. Then, the

same α = 0 component in Equation (22) with µ = ν = 1 shows

that

B(xi) = B0exi/ct0 , (25)

where B0 is a constant and t0 is the current age of the Universe.

We thus see that the inertial frame identified by Equation (22)

has Cartesian velocity components

dξ i

dξ 0
=

(

1

ct0

dxi

d(ct)
+

1

ct

)

ξ i . (26)

And this velocity therefore goes to zero at ξ i = Xi = 0 where

the observer is located. Notice that both the Local Flatness The-

orem and the inclusion of the CP were necessary to arrive at this

conclusion, i.e., that the FLRW metric defines a unique free-

falling frame at the observer’s location. There are, of course,

numerous other inertial frames at this location too, but they all

have a non-zero velocity relative to this one, and the Universe

does not look isotropic from the perspective of another observer

within them.

3.2. The Observer’s Preferred Frame

Now, in the context of FLRW, every point in the Universe re-

cedes from this local frame at a proper velocity proportional to

its proper distance away from the origin,

dR

dt
r̂ = H

−→
R , (27)

RLSS

T  (q)
0.

q
v0

0

T(z    )LSS

vR

Figure 2. Same as figure 1, except now the geometry of the LSS is

being viewed from the perspective of a frame moving at constant ve-

locity v0 relative to the origin. While the proper distance RLSS to the

last scattering surface (LSS), and the blackbody temperature T (zLSS)

at that redshift, are still independent of direction, the transformed tem-

perature T0 measured by the observer (Eq. 15) becomes a function of

the angle, θ, between v0 and the proper velocity vR along the line-of-

sight at the LSS.

where the Hubble parameter is given in terms of the expansion

factor a(t):

H ≡
1

a

da

dt
. (28)

Such an intuitive picture of regularity in the FLRW space-

time stems from Weyl’s postulate [29], which says that the

worldlines of all galaxies form a 3-bundle of non-intersecting

geodesics orthogonal to a foliated sequence of spacelike hyper-

surfaces. An important consequence of this picture is that any

two points in the FLRW spacetime must therefore be receding

from each other at a speed proportional to their separation [20].

Thus, the local free-falling frame at our location, positioned

at
−→
0 , is distinguished from all other frames by the fact that

the average velocity (not speed) of recession of all the space-

time points around us is exactly zero. This is the sole cosmic

‘landmark’ one can use to identify a position and velocity. And

according to the CP, the CMB must therefore look identical to

us in all directions from our perspective in this frame. The flex-

ibility of choosing among different inertial frames in special

relativity therefore does not even enter this discussion. On the

other hand, a frame moving at v0 , 0 at the origin does not

satisfy this requirement, as we shall now see.

Assuming that v0 ≪ vR, we may approximate the proper ve-

locity of an emitting element on the LSS relative to the observer

moving with respect to
−→
0 (see fig. 2) to be

vLSS ≈ vR − v0 cos θ , (29)

instead of vLSS = vR in the case of zero velocity. (Note that by

assuming v0/vR ≪ 1, we can ignore the tiny corrections one

ought to include from a change in angle under a Lorentz trans-

formation.) Thus, we need to slightly modify Equation (19) to
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read

ν0

νe
=

(

1 +
vR − v0 cos θ

c

)−1 dt

dT

∣

∣

∣

∣

te
(30)

and, using a Binomial expansion and keeping only the leading

order terms, we find that

ν0

νe
=

(

ν0

νe

)

v0=0

(

1 +
v0

vR

cos θ

)

. (31)

Finally, using Equation (15), we get

T0(θ) = 〈T0〉

(

1 +
v0

vR

cos θ

)

, (32)

where

〈T0〉 ≡
T (zLSS)

(1 + zLSS)
. (33)

Equation (32) represents a pure dipole pattern of the observed

CMB temperature in terms of the angle θ between the line-of-

sight and the direction of our Galaxy’s motion, measured in

the preferred frame of the LSS (see fig. 2), which also hap-

pens to correspond to our unique free-falling frame imposed

by the Local Flatness Theorem at our location. By way of

interest, this kinematic dipole effect has been measured with

various satellite instruments, suggesting that our solar system

is moving at speed v0 = 369 ± 1 km s−1 in the direction

(l, b)CMB = (264◦, 48◦) in Galactic coordinates [30]. The an-

gular variations in T0 have an amplitude ∼ 3 mK, compared

to T0 itself which has a measured value (Planck Collaboration

2016) of 2.72548 ± 0.00057 K.

This kinematic interpretation of the dipole pattern in T0(θ)

is the most widely held view, but we should nevertheless ac-

knowledge a possible caveat with this argument. Our ‘measure-

ment’ of the velocity v0 is done indirectly, by comparing the

angle-dependent temperature T0(θ) to its average value 〈T0〉.

Regardless of its value, however, we always see thermal radi-

ation, as shown in Equation (14). Though we believe it to be

unlikely, the situation may therefore be that v0 = 0 and the

CMB itself has intrinsic variations that create a dipole pattern

in T0(θ) when we observe it. This could happen, for example,

if the surface where the CMB radiation is produced is not a per-

fect sphere around us. Then the temperature we measure could

vary with angle due to the redshift (or distance) dependence

of the radiation field. This would seem highly contrived to us,

so we do not consider it to be a probable explanation, but we

should be aware that this possibility exists.

Assuming that our interpretation of v0 is correct, and that it

does indeed identify a special frame with v0 = 0, does this vi-

olate Einstein’s ‘principle of relativity,’ and thereby call into

question the viability of special relativity itself? Of course not.

First of all, the Universe is not a vacuum, so the application

of special relativity to the selection of inertial frames at the

observer’s location is invalid. Second, the uniqueness of our

preferred cosmic frame (located at
−→
0 in fig. 2) is due to the sin-

gular nature of local free-falling frames in a curved spacetime.

One may wish to consider other frames moving at constant ve-

locity with respect to
−→
0 , but at the risk of sacrificing isotropy

and violating the Cosmological Principle.

RLSS 1

vR2

1

.
RLSS 2

A

B T(z     )LSS
T(z     )LSS

R21

.

.

.

vR1

020

.C

RC1

Figure 3. Two observers, one at 01 and the other at 02, a proper

distance R21 away, each sees a spherically-symmetric LSS surround-

ing their location, receding at proper speeds vR1 and vR2, respec-

tively. The Universe is homogeneous on any given time slice t, so

the physical conditions are identical throughout the cosmos. There-

fore, RLSS 2 = RLSS 1, vR2 = vR1, and the blackbody temperature T (zLSS)

is uniform everywhere on the LSS surfaces. But whereas the Universe

is opaque beyond the LSS centered on 01 for the first observer, it is

opaque only beyond the LSS centered on 02 for the second, in spite of

the fact that these two particular spherical regions overlap between A

and B. The LSS geometry seen by the second observer is identical to

that seen by the first, but their preferred frames are distinctly different.

In fact, 02 is receding from 01 at proper speed dR21/dt = HR21.

The story is not yet complete, however, because an additional

level of confusion sometimes arises with the perceived validity

of the relativity principle in the cosmic context, which is some-

times questioned as follows: Does all of this mean that the Uni-

verse really has just one preferred frame and, if so, against what

independent background could such a solitary frame be identi-

fied? The answer is again a resounding ‘no’. The preferred

frame is a local frame attached, not to the Universe as a whole,

but to each individual observer. The Universe itself has no ab-

solutely defined frame of reference. On the other hand, there

could in principle be an infinite number of observers distributed

throughout an infinite Universe, implying the coexistence of an

infinite number of such preferred frames.

Consider the schematic diagram of two nearby observers

shown in figure 3, one located at
−→
0 1, the other at the second

origin
−→
0 2, a proper distance R21 away. As noted earlier, in

the context of FLRW, every spacetime point at proper radius
−→
R 1 = a(t)−→r 1 with respect to observer 1 is receding from

−→
0 1

with a velocity HR1r̂1. This includes the second observer at
−→
0 2, who must therefore be moving to the left relative to the

first at speed dR21/dt = HR21.

The first observer sees a spherically-symmetric LSS with ra-

dius RLSS 1 (surrounding the optically-thin green sphere), re-

ceding from her at proper speed vR1. According to the CP,

the second observer sees his own spherically-symmetric LSS

with radius RLSS 2 (surrounding an equally optically-thin blue

sphere), receding from him at proper speed vR2. The homo-

geneity of the Universe ensures that the local physical condi-

tions are identical throughout the cosmos, inside the spherical

domains surrounded by the LSS, within the LSS shells and also

throughout the exterior. But optical depth, which defines the

LSS geometry, is an observer-dependent measure, based on the

integrated scattering and absorption of light along each individ-
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vR2
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RLSS 2

R21
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C

RC1

.
vC1

vR21

h

h

Figure 4. Vector geometry of the point C on the LSS of observer 2 in

figure 3 from the perspective of 01 and 02. The yellow triangle relates

the proper distances of these three points, while the blue does the same

for their relative proper velocities.

ual’s line-of-sight. Thus, the location (and shape) of the LSS

for the second observer is completely independent of that of

the first and, in spite of these two particular LSS shells overlap-

ping, observer 1 sees an opaque Universe everywhere beyond

her spherical LSS shell centered on
−→
0 1, while observer 2 sees

an opaque Universe only beyond his spherical LSS shell cen-

tered on
−→
0 2. The overlap region between points A and B has

no impact at all on the observers’ perception of where the CMB

originates for them individually.

In addition, one can easily confirm in the context of FLRW

that the proper velocity of any given point C on the LSS of

observer 2 must be receding from
−→
0 2 at a proper velocity

−→v R2 = vR1r̂2, just as every point on the LSS of observer 1

recedes from
−→
0 1 with a corresponding velocity −→v R1 = vR1r̂1.

Simply employing the cosine rule for the two triangles in fig-

ure 4, we see that

R2
LSS 2 = R2

21 + R2
C1 − 2R21RC1 cos η , (34)

and

v2
R2 = v2

C1 + v2
R21 − 2vC1vR21 cos η , (35)

where vC1 ≡ dRC1/dt. Thus,

v2
R2 = H2

[

R2
21 + R2

C1 − 2R21RC1 cos η
]

, (36)

which reduces to

vR2 = HRLSS 2 . (37)

In other words, point C is receding radially from observer 2

at the same speed as the LSS of observer 1 is receding from

her (i.e., vR2 = vR1) because RLSS 2 = RLSS 1. And the black-

body temperature T (zLSS) is uniform everywhere on the two

LSS shells. The CMB and LSS geometry seen by the second

observer are therefore identical to those observed by the first,

though their preferred frames of reference are distinctly differ-

ent. Each sits in their own locally free-falling frame, but these

are receding from each other at speed dR21/dt = HR21. They

are not the same frame, which should dispel any notion of a

single, unique frame attached to the Universe as a whole.

4. Conclusion

So the Universe does have preferred frames, though these are

attached to individual observers. The cosmos itself has no ab-

solute frame of reference. In some sense, this characterization

lends some support to the relativity principle, because it reaf-

firms our flexibility of choosing among a myriad free-falling

frames—merely by deciding where in the cosmos we wish to

position the origin
−→
0 of our coordinates.

This distinction impacts several areas in physics, not merely

our interpretation of the cosmic spacetime. For example, as we

noted earlier, several experiments have been designed to search

for any violation of Lorentz invariance or symmetry, both foun-

dational elements of fundamental physics, which would ques-

tion the underpinnings of well-known physical laws, such as

CPT symmetry. The invariance of physical laws under the si-

multaneous transformations of charge conjugation (C), parity

reversal (P) and time reversal (T) is viewed as a fundamental

symmetry of nature [31], such that CPT is the only combina-

tion observed thus far to not be violated at a fundamental level.

The CPT theorem states that this symmetry must hold for any

Lorentz invariant local quantum field theory with a Hermitian

Hamiltonian.

But these violations are predicted by certain forms of quan-

tum gravity and string theory. They are also expected in al-

ternative gravity theories to Einstein’s general relativity. To be

clear, violations of Lorentz invariance could be seen in various

contexts, not just the cosmic domain. But if the Universe would

indeed have had a single preferred frame, any breakdown of the

Lorentz symmetry could quite directly have been visible with

reference to this special frame.

Lorentz violations could take several forms, including a vari-

ation in the speed of light, either within one frame, or a trans-

formation between inertial frames, as well as deviations from

the time dilation predicted by special relativity. These effects

are often estimated within the context of modified special rel-

ativity theories and and effective field theories, including the

Standard-Model Extension, which introduce Lorentz and CPT

violations via spontaneous symmetry breaking due to the pres-

ence of hypothetical background fields. One might see in these

modified spacetimes a modification of the dispersion relation,

leading to measurable differences between the speed of light

and the maximum speed attainable by matter.

On the flip side, the non-existence of such a singular pre-

ferred frame makes it meaningless to talk about the violation of

Lorentz invariance associated with transformations in and out

of it in the context of special relativity. A test such as that pro-

posed by Coleman & Glashow [32], when applied to the CMB

preferred frame, in which particle oscillations could be mea-

surable due to velocity differences in a modern-day version of

the Michelson-Morley experiment, may eventually reveal some

effects, but their interpretation would be questionable. Exper-

iments designed to test for such violations without taking into

account the general-relativistic origin of an observer’s preferred

frame of reference are unlikely to be true tests of the relativity

principle in flat spacetime.

As of today, several terrestrial and astronomical experiments

have been carried out [7], some of which have been highlighted

earlier in this paper, but no Lorentz violations have been con-

firmed so far, though a few positive results were reported at

7



first, but not confirmed subsequently. Some recent experimen-

tal searches are described in ref. [33], and an overview of some

Lorentz violating scenarios may be found in ref. [34].

Nevertheless, whether or not an anomaly is ever detected,

the type of analysis we have carried out in this paper can only

deepen our understanding of the cosmic spacetime [20], and we

continue to marvel at the incredible beauty and elegance of the

Universe we live in.
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