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We study the electromagnetic wave propagation in the joint dilaton field and axion field. Dilaton field
induces amplification/attenuation in the propagation while axion field induces polarization rotation.
The amplification/attenuation induced by dilaton is independent of the frequency (energy) and the
polarization of electromagnetic waves (photons). From observations, the agreement with and the precise
calibration of the cosmic microwave background (CMB) to blackbody radiation constrains the fractional
change of dilaton |Av/|/y to less than about 8 x 10~ since the time of the last scattering surface of the
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1. Introduction

The concept of metric in Minkowski's spacetime formulation
[1] of special relativity together with the proposal of Einstein
Equivalence Principle [2] facilitated the genesis of general rela-
tivity. While metric field is the basic dynamical entity of gravity
in general relativity, Einstein Equivalence Principle (EEP) dictates
the coupling of gravity to matter. In putting Maxwell equations
into a form compatible with general relativity, Einstein noticed
that the equations can be formulated in a form independent of
the metric gravitational potential in 1916 [3,4]| shortly after his
completion of general relativity with further developments worked
out by Weyl [5], Murnaghan [6], Kottler [7] and Cartan [8]. In this
introduction, we first review the premetric formulation of electro-
magnetism and then address to the issue of construction of the
core metric, the dilaton field and the axion field from the nonbire-
fringent wave propagation.

1.1. Premetric formulation of electromagnetism

Maxwell equations in terms of field strength Fj; (E, B) and
excitation (density) HY (D,H) do not need metric as primi-
tive concept. Field strength Fiy (E,B) and excitation HY (D, H)
can all be independently operational defined (see, e.g., Hehl and
Obukhov [9]). Maxwell equations of macroscopic/spacetime elec-
trodynamics expressed in terms of these quantities are

H"fj = An ] (1a)
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e Ey =0, (1b)
where J¥ is the charge 4-current density and e/ is the completely
anti-symmetric tensor density with e?123 =1 (see, e.g., Hehl and
Obukhov [9]). We use units with the light velocity c¢ equal to 1. To
complete this set of equations, one needs the constitutive relation
between the excitation and the field:

HY = (1/2) x ™M Fy. )

Both HY and Fy; are antisymmetric, hence x7¥ must be antisym-
metric in i and j, and k and l. Therefore the constitutive tensor
density x% has 36 independent components. A general linear
constitutive tensor density x7¥ in electrodynamics can be decom-
posed into principal part (P), axion part (Ax) and skewon part
(Sk) [9]:

Uk — (B 5 ikl (S0 5kl (%) 5 k]

(Xijklz_xjiklz_xijlk) (3)
with
Py ik — (1 /6) [Z(Xijkl n thj) B (Xiklj n leik)

_( iljk_i_Xjkil)]’ (4a)
(AX)Xijkl — X[ijkll — (peij’d’ (4b)
SOxIM = a7 (x™ - x'). (4c)

Decomposition (3) is unique. The principal part has 20 degrees
of freedom. The axion part has one degree of freedom. The skewon
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part has 15 degrees of freedom. The skewon field was proposed
by Hehl, Obukhov and Rubilar [10,11] and has been studied ex-
tensively [12-19]. In a recent paper [17], we have studied the
electromagnetic wave propagation and the observational constraint
on the skewon field in the weak field limit. We found that the
CMB spectrum measurement gives very stringent constraint on the
Type I skewons. From the dispersion relation we show that no
dissipation/no amplification condition implies that the additional
skewon field must be of Type II. For Type I skewon field, the dissi-
pation/amplification is proportional to the frequency and the CMB
spectrum would deviate from Planck spectrum in shape. From the
high precision agreement of the CMB spectrum to 2.755 K Planck
spectrum, we constrain the Type I cosmic skewon field |k y k|
to < a few x10735.

In the skewonless case, the well-observed nonbirefringence
condition in the astrophysical/cosmological propagation constrains
the spacetime constitutive tensor density x 7 to a core metric plus
dilaton field and axion field very stringently.

The axion part of the constitutive tensor gives pseudoscalar-
photon interaction [20]. This pseudoscalar-photon interaction has
been studied in detail in [21,22]. It induces CPR (Cosmic Polariza-
tion Rotation). The astrophysical and cosmological constraints on
CPR and, hence, on axion field are reviewed in [23-26]. In macro-
scopic electrodynamics, Hehl, Obukhov, Rivera and Schmid [27]
have studied and clarified that the chromium sesquioxide Cr,03
crystal is an axionic medium. Their paper has explicitly demon-
strated that the four-dimensional pseudoscalar ¢ (4b) exists in
macroscopic electrodynamics. In view of the existence of axionic
material [27], searching for dilatonic material and skewonic mate-
rial in macroscopic electrodynamics would also be interesting.

1.2. Derivation of spacetime structure from premetric electrodynamics

The issue here is that how to (with what conditions can we)
reach a metric or, owing to conformal invariance, how to reach a
Riemannian light cone (a core metric up to conformal invariance)
from the constitutive tensor. This issue has been studied rather
thoroughly in the skewonless case, i.e. in the case x ! is symmet-
ric under the exchange of the index pairs ij and kl. In this case,
the Maxwell equations can be derived from the Lagrangian density
L(= L;®M 4 [;EM-P)y with the electromagnetic field Lagrangian
density L;E™) and the field-current interaction Lagrangian density
L;EM-P) given by

LW = —(1/8m))HYFjj = —(1/(167)) x ™' i Fya, (5)
LMD = — A ¥, (6)
where K = yMii — _»Jikl js 3 tensor density of the gravitational

fields or matter fields to be investigated, A; the electromagnetic
4-potential, Fj = Aj; — A; j the electromagnetic field strength ten-
sor and comma denoting partial derivation [20,28]. We note that
only the part of x¥ which is symmetric under the interchange
of index pairs ij and kI contributes to the Lagrangian density, and
hence, there is no skewon contribution.

One way to reach a core metric for spacetime constitu-
tive tensor is through Galileo weak equivalence. In 1970s, we
started from Galileo’s Equivalence Principle and derived its conse-
quences for an electromagnetic system whose Lagrangian density
is L;EM) 4 | EM-P) 1 | ® \where [;EM and [;EM-P) zre defined
in (5) and (6) and the particle Lagrangian density L;® defined as
— Y my(dsy)/(dt)8(x — x;) with m; the mass of the Ith (charged)
particle and s; its 4-line element from the metric gj [20,28].
The result is that the constitutive tensor density xU¥ can be
constrained and expressed in metric form with additional pseu-
doscalar (axion) field ¢:

XM= (g ?[(1/2g"e" — (1/2)g"g¥] + e, (7)
where gl is the inverse of gij and g = det(g;). Thus the particle
metric gj induces the constitutive tensor density x5 and gen-
erates the light cone for electromagnetic wave propagation. We
notice that the axion field does not contribute to the ray propa-
gation in the lowest-order eikonal approximation [29-33].
However, there are two aspects of this derivation which are not
quite satisfying. First, the constitutive tensor must match the parti-
cle metric in a certain way from the Galileo Equivalence Principle:
the metric is not constructed directly from the constitutive ten-
sor. This is not quite satisfying from the theoretical point of view.
Second, the Galileo Equivalence Principle is only verified to high
precision for unpolarized test bodies. The tests on polarized bodies
which include polarized electromagnetic energy are not very pre-
cise. This is not quite satisfying from experimental point of view.
Noticing that the pulses from pulsars propagating in the galactic
gravitational field arrive at earth at the same time independent of
polarization, i.e., are nonbirefringent, we began to use the nonbire-
fringence condition as a starting point in the later part of 1970s
[29-31]. This would be satisfying in two aspects. First, the equal-
time arrival of pulses independent of polarization can be formu-
lated as a statement of Galileo Equivalence Principle for photons
and is therefore theoretically satisfying. Second, the nonbirefrin-
gence is tested to high precision with pulses from pulsars and
is therefore experimentally satisfying. From the non-birefringent
propagation in spacetime to high precision, we constrain the con-
stitutive tensor density to core metric form and construct the
light cone of electromagnetic wave propagation with an additional
scalar (dilaton) field ¥ and an additional pseudoscalar (axion) field
@ [29-31]. The theoretical condition for no birefringence (no split-
ting, no retardation) for electromagnetic wave propagation in all

directions is that the constitutive tensor density x¥¥ can be writ-
ten in the following form
XM = (=h)2[(1/2h* K" — 1 /Dh"h ]y + g, (8)

where h¥ is a metric constructed from % (h = det(h;) and h;
the inverse of hi) which generates the light cone for electromag-
netic wave propagation [29-32]. We constructed the relation (8) in
the weak-violation/weak-field approximation of the Einstein Equiv-
alence Principle (EEP) and applied to pulsar observations in 1981
[29-31]; Haugan and Kauffmann [32] reconstructed the relation (8)
and applied to radio galaxy observations in 1995. After the corner-
stone work of Limmerzahl and Hehl [33], Favaro and Bergamin
[34] finally proved the relation (8) without assuming weak-field
approximation (see also Dahl [35]). Polarization measurements of
electromagnetic waves from pulsars and cosmologically distant as-
trophysical sources yield stringent constraints agreeing with (8)
down to 2 x 10732 fractionally (for a review, see [25,26]).

The complete agreement with EEP for photon sector requires
(i) no birefringence; (ii) no polarization rotation; (iii) no amplifi-
cation/no attenuation in spacetime propagation. With no birefrin-
gence, any skewonless spacetime constitutive tensor must be of
the form (8) as we just reviewed in the last paragraph. In the next
section, we show that with the condition of no polarization rota-
tion and the condition of no amplification/no attenuation satisfied,
the axion ¢ and the dilaton v should be constant respectively.
That is, no varying axion field and no varying dilaton field re-
spectively; the EEP for photon sector is observed; the spacetime
constitutive tensor is of metric-induced form only. Thus we tie the
three observational conditions to EEP and to metric-induced space-
time constitutive tensor in the photon sector. This is aesthetic and
more satisfying. Previously we have worked out the condition on
polarization rotation for axion field [21,25,26]. In the next sec-
tion, we work out the no amplification/no attenuation condition
for dilaton field.



Download English Version:

https://daneshyari.com/en/article/1866858

Download Persian Version:

https://daneshyari.com/article/1866858

Daneshyari.com


https://daneshyari.com/en/article/1866858
https://daneshyari.com/article/1866858
https://daneshyari.com

