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Time-reversal-violating interactions of the electrons and nucleus cause the appear-
ance of new optical phenomena. These phenomena are not only very interesting from
fundamental point of view, but give us a new key for studying the time-reversal-
violating interactions of the elementary particles.

Violation of time reversal symmetry has been observed only in Ky-decay many years
ago [, and remains one of the great unsolved problems in elementary particle physics.
Since the discovery of the CP-violation in decay of Ky-mesons, a few attempts have
been undertaken to observe this phenomenon experimentally in different processes.
However, those experiments have not been successful. At the present time novel more
precise experimental schemes are actively discussed: observation of the atom [g] and
neutron [B] electric dipole moment (EDM) through either spin precession or light po-
larization plane rotation caused by pseudo-Zeeman splitting of atom (molecule) levels
by external electric field E due to interaction of atom level EDM d, with electric
field W = —d_; E @, B, B, [, B] (this effect is similar to magneto-optic effect Macaluso-
Corbino [@]). It should be noted that the mentioned experiments use the possible
existence of such intrinsic quantum characteristic of atom (molecule) as static EDM.
According to [IC, [LT, together with the EDM there is one more characteristic of
atom (molecule) describing its response to the external field effect - the T- and P-odd
polarizability of atom (molecule) . This polarizability differs from zero even if EDM
of electron is equal to zero and pseudo-Zeeman splitting of atom (molecule) levels is
absent. According to [[3, [3, [7 the T-odd polarizability 57 yields to the appearance
of new optical phenomena - photon polarization plane rotation and circular dichroism
in an optically homogeneous isotropic medium exposed to an electric field caused by
the Stark mixing of atom (molecule) levels. This T-odd phenomenon is a kinematic
analog of the well known T-even phenomenon of Faraday effect of the photon polar-
ization plane rotation in the medium exposed to a magnetic field due to Van-Vleck
mechanism. Similarly to the well known P-odd T-even effect of light polarization
plane rotation for which the intrinsic spin spiral of atom is responsible [[F], this effect
is caused by the atom magnetization appearing under external electric field action (see
section 3 below). Moreover, according to [[[§] and section 3 below, the magnetiza-
tion of atom appearing under action of static electric field causes the appearance of
induced magnetic field H;,q . The energy of interaction of atom magnetic moment
T, with this field is Wy = — g - m(ﬁ) Therefore, the total splitting of atom levels
is determined by energy Wy, = —d_,: - E — - m(ﬁ) As a result, the effect of
polarization plane rotation deal with the energy levels splitting is caused not only by
d, interaction with electric field but by m(%) interaction with 7i;, too. It is easy to
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see, that even for d_,: = 0 the energy of splitting differs from zero and the T-odd effect
of polarization plane rotation exists. One more interesting T-odd phenomenon appears
when the photon beam is incident orthogonally to the external electric field (or
magnetic field H or both electric and magnetic fields). This is birefringence effect [[J]
(i.e. the effect when plane polarized photons are converted to circular polarized ones
and vice versa).

Also the T-odd phenomenon of photon polarization plane rotation and circular
dichroism appears at photon passing through non-center-symmetrical diffraction grat-

ing 7.
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Figure 1: Phenomenon of the time-reversal-violating photon polarization plane rotation
and circular dichroism by an electric field.



Macaluso-Corbino effect  W"=-i H

external

T-odd effect, caused by atom EDMaac,j»i 0
interaction with electric field  W"=-d.Eqxerma

— T
| ] | —
A~ S E
m=-1 rrb—3 m:—J m:+J rnzﬁ
2 2 2 2

Figure 2: Polarization plane rotation phenomena.
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Figure 3: T-noninvariant birefringence effect.
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Figure 4: Levels splitting.



1. Phenomenon of the time-reversal-violating photon polar-
ization plane rotation by an electric field.

In this section the T-odd phenomenon of the photon polarization plane rotation
(circular dichroism) in an atomic (molecular) gas exposed to an electric field is consid-
ered. The expression for the T-non-invariant polarizability of an atom (molecule) in an
electric field is obtained. It is shown that the T-odd rotation angle 97 grows up when
the energy of interaction of an atom (molecule) with an electric field is of the order of
the opposite parity levels spacing.

In accordance with [[[0], [T, [2] the T-reversal violating dielectric permittivity tensor
g;x for an optically diluted medium ( ;5 — 0 < 1, 0 is the Kronecker symbol) is
given by

Eik = Oik + Xik = Oix + 4]::T—prik(0); (1)
where y; is the polarizability tensor of a medium, p is the number of atoms (molecules)
per em?, k is the photon wave number; f;x(0) is the tensor part of the zero angle
amplitude of elastic coherent scattering of a photon by an atom (molecule) f(0) =
fir(0)elfe,. Here € and @' are the polarization vectors of initial and scattered
photons. Indices = = 1,2,3 are referred to coordinates x,y, z, respectively, repeated
indices imply summation.

Let photon be scattered by nonpolarized atoms (molecules) interacting with an
electric field E. When photon propagates along the electric field the amplitude f;;,(0)

can be written as [[3J]:

9
w? . .
fi(0) = f5 + C_Q[Z/Bfgikln'yl + iBLEimmE, (2)

where f£¥ is the T-, P-even (invariant) part of f;,(0) , 8" is the scalar P-violating
polarizability of an atom (molecule), A% is the scalar T- and P-violating polarizability
of an atom (molecule), g, is the totally antisymmetric unit tensor of the rank three,
77 = % , Kk is the photon wave vector, Wy = ol

The term proportional to 3 describes the T-invariant P-violating photon polariza-
tion plane rotation (and circular dichroism) in a gas [[J]. The corresponding refractive

index N is as follows:
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The unit vectors describing the circular polarization of photons are: ¢, = — L;“ for
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are the unit polarization vectors of a linearly polarized photon,
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Let an electromagnetic wave propagates through a gas along the electric field E
direction. The refractive indices for the right /N, and for the left N_ circular polarized
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photons can be written as:
27p 270 | oow w?
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where f,(0)(f-(0)) is the zero angle amplitude of the elastic coherent scattering of the
right (left) circular polarized photon by an atom (molecule).

Let photons with the linear polarization €, = —?J:/;_‘} fall in a gas. The polar-
—5
€1

ization vector of a photon in a gas can be written as:

7, -
?)/1 _ _ e’LkN+L_|_ eZkN,L — (5)
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where L is the photon propagation length in a medium.
As one can see, the photon polarization plane rotates in a gas. The angle of rotation
9 is
1 TP
U = ghRe(Ny = N_)L=—~Relf.(0) - f-(0)] L = (6)

k
= TP gr g g L
where ReN. is the real part of N.. It should be noted that ¥ > 0 corresponds to the
right rotation of the light polarization plane and ¥ < 0 corresponds to the left one,
where the right (positive) rotation is recording by the light observer as the clockwise
one.

In accordance with (f]) the T-odd interaction results in the photon polarization plane
rotation around the electric field E direction. The angle of rotation is proportional to
the polarizability f% and the (W g7 ,) correlation. Together with the T-odd effect
there is the T-even P-odd polarization plane rotation phenomenon determining by
the polarizability 37 and being independent on the (7 g7 ,) correlation. The T-

odd rotation dependence on the electric field ﬁ orientation with respect to the 77
direction allows one to distinguish T-odd and T-even P-odd phenomena experimentally.

The refractive index N, (/N_) has both real and imaginary parts. The imaginary
part of the refractive index (ImNy ~ ImBL(T g7 .)) is responsible for the T-reversal
violating circular dichroism. Due to this process the linearly polarized photon takes
circular polarization. The sign of the circular polarization depends on the sign of the
scalar production (7 g7 ,) that allows us to separate T-odd circular dichroism from
P-odd T-even circular dichroism. The last one is proportional to Im/j3’.

Before the detailed description of the effect let us consider simple observations to
demonstrate clearly how the effect appears (see also [[§ ). Let us expose atom with a
single valence electron being in a ground state S;/» to an electric field. P and T" odd
interactions and interaction with electric field yield to the admixture of opposite parity
states to the ground state. Considering only mixing with the nearest nP/, state one
can write atom wave function |s; /2 >

o2 >= = () = Ra(0)@)n = Ralr)(@T) GE)D) ) ™



here & - are the Pauli matrices, 7 = 7/r is the unit vector along 7 direction, Ry and
Ry are the radial parts of 1.5/, and nP;/, wave functions, respectively, |x1/2) is the
spin part of wave function, 7 is the mixing coeffiecient for P/, state due to P and T
noninvariant interactions and ¢ is that caused by electric field.

Let us consider orientation of electron spin in atom. In order to find the spatial
distribution of spin direction one should average spin operator over spin part of atom
wave function. Only terms containing both § and 7 contribute to PT-odd rotation of
polarization plane of light. The change of spin direction due to these terms is

o o /s o PN s o/ o
AS(F) = n—ﬂRf <X1/2|(an)0(an) (FE) + (FF) (0n)0(an)|xl/2>

- <4ﬁ(ﬁE) - 2E) 8)

The vector field (47(7E) — 2E) is shown in Figfl. Since AF does not depend on
initial direction of atom spin, this spin structure appears even in non-polarized atom.
It should be noted that spin vector averaged over spatial variables differs from zero
and is directed along the electric field E. Photons with angular moment parallel and
antiparallel to the electric field can interact with such spin structure in a different ways
that causes rotation of polarization plane of light.
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Figure 5: Vector field 47(7iE) — 2E. Vectors in figure show direction of atom spin in
S1/2 state with the admixture of P/, state due to PT-noninvariant interactions and
external electric field.

In order to estimate the magnitude of the effect one should obtain the T-odd po-
larizability A% or (that is actually the same, see (E§f)) the amplitude fi(0) of elastic
coherent scattering of a photon by an atom (molecule). According to quantum elec-
trodynamics the elastic coherent scattering at zero angle can be considered as the
succession of two processes: the first one is the absorption of the initial photon with
the momentum % and the transition of the atom (molecule) from the initial state | Ny)



with the energy Ey, to an intermediate state |F') with an energy EF; the second one is
the transition of the atom (molecule) from the state |F') to the final state |F') = |Ny)
and irradiation of the photon with the momentum &' = .

Let H, be the atom (molecule) Hamiltonian considering the weak interaction be-
tween electrons and nucleus and the electromagnetic interaction of an atom (molecule)
with the external electric E and magnetic fields. It defines the system of eigen-
functions |F') and eigenvalues Ep = Ep(E, H):

Hy|F) = Ep|F), 9)

F—set of quantum numbers describing the state |F):
The matrix element of the process determining the scattering amplitude in the
forward direction in the dipole approximation is given by [B(]:

(No| d@*|F)(F| d@|No) . (No| 4@ |F)(F| d@*|Ny)
mN":zF:{ Er — Ey, — hw N Epr — Ey, + hw " (10)

where 7 is the electric dipole transition operator, w is the photon frequency.

It should be reminded that the atom (molecule) exited levels are quasistationary:
Ep = El(po) — %FF , El(f) is the atom (molecule) level energy, I'p is the level width. The
matrix element ([[J) can be written as:

My, = alleler, (11)
where af\,zo is the tensor of dynamical polarizability of an atom (molecule)
Nyl d; |F) (F|dy |N Noldi | F) (F|d; |N
ol =3 (Nold; |F) (F| di [No) | (No| di |F) {F| di | No) (12)
Ep — En, — hw Ep — Eny + Ihw

F

In general case atoms are distributed to the levels of ground state /Ny with the prob-
ability P(Ny). Therefore, ozfzo should be averaged over all states Ny. As a result, the
polarizability can be written

Qi = ZP(NU)Q%O (13)
No

The tensor ay, can be expanded in the irreducible parts as
Qi = ol + afk =+ afk, (14)

1 . 1 . .
where ag = 3>, ay is the scalar, of), = 5(qix + ari)— aody is the symmetric tensor of
rank two, o) = %(aik — i) is the antisymmetric tensor of rank two,

w (No| di |F) (F| di [No) — (No| di |F) {F| di [ No)
a?k =z P(NU) )
h %0: ZF:{ } (15)
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where wrpy, =



Let atoms (molecules) be nonpolarized. The antisymmetric part of polarizability
(I3) is equal to zero in the absence of T'P-odd interactions and external magnetic field.
It should be reminded that for the P-odd and T-even interactions the antisymmetric
part of polarizability differs from zero only for both the electric and magnetic dipole
transitions [[[3].

For further analysis suppose the external magnetic field be equal to zero (electric
field differs from zero). We can evaluate the antisymmetric part af, of the tensor oy
of dynamical polarizability of atom (molecule), and, as a result, obtain the expression
for BL by the following way. According to (4,6) the magnitude of the T-odd effect
is determined by the polarizability L or (that is actually the same, see (E§,0)) by
the amplitude f1(0) of elastic coherent scattering of a photon by an atom (molecule).
If Wy || 7, the amplitude fi(0) in the dipole approximation can be written as
f+r = :Ft’—;ﬂg. As a result, in order to obtain the amplitude fi, the matrix element
(LQ,I) for photon polarization states € = € should be found.

The electric dipole transition 0perat0r7 can be written in the form:

d=d, e, +d_e_+d,7,, (16)

with 7+ = —d’”\;;d’"‘, d = d”:;;;dy. Let photon polarization state & = & . Using

(IO,i1) we can present the polarizability 5% as follows:

= &3 powy 3 { LTI 1) — (61 1) 10
No F (17)

2 2
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For further analysis the more detailed expressions for atom (molecule) wave functions
are necessary. The weak interaction constant is very small. Therefore, we can use the
perturbation theory. Let |f, E) be the wave function of an atom (molecule) interacting
with an electric field E in the absence of weak interaction . Switch on weak interaction
(Vi # 0). According to the perturbation theory [B(] the wave function |F) can be

written in this case as:
<n,ﬁ‘ Vi f,ﬁ>

Ef — B,

|F) =

f, ﬁ> +y n, ﬁ> (18)

It should be mentioned that both numerator and denominator of (1) contain V.
Suppose V,, to be small one can represent the total polarizability 54 as the sum of two
terms

511; = gu:v + 5£;lz't= (19)

where

1
WTWZ%;OP(NO)ZWZ (20)

f l

{2Re[{<nof|d-|fﬁ><fﬁ|d+|zf><;of|;+|ff><fﬁ|d-|zf>}<zf|vw|nm>1 .



+2Re[<n0E}|d_|lE)><lE)|Vw|fF\><fﬁ|d+|noﬁ>f<nof|d+|lﬁ><l§|Vw|ff><fﬁ|d,|n0ﬁ>] }
Er—E,
and

g;)lit = —ZP ;
= WZP(NO)Z{<n0|d|f><f|d+|n0>_<n0|d+|f)<f|d|n0)}

(wrNy — w)(wrN, + W)

{ (nold_|f){ |d+|n0>—<no|d+|f><f|d|no>}

2 _ 2
wFNO w

Ly gy (DUl )G D1 |
No I (Wrne — w)
Er(E) — By ()
7 ;
It should be reminded that according to all the above (see also section 3) energy levels
Ey and Ey, contain shifts caused by interaction of electric dipole moment of the level
with electric field E and magnetic moment of the level with T-odd induced magnetic

It should be noted that radial parts of the atom wave functions are real [2]], there-
fore the matrix elements of operators dy are real too. As a result, the P-odd T-even
part of the interaction V,, does not contribute to 3L, because the P-odd T-even matrix
elements of V,, are imaginary [[J]. At the same time, the T- and P-odd matrix elements
of V,, are real [, therefore, the polarizability 3., # 0. It should be mentioned that
in the absence of electric field ( E' = 0) the polarizability 5% = 0 and, therefore, the
phenomenon of the photon polarization plane rotation is absent.

Really, the electric field E mixes the opposite parity levels of the atom . The atom
levels have the fixed parity at E = 0. The operators d+ and V,, change the parity
of the atom states. As a result, the parity of the final state |Nj) = di d_ Vi, |No)
appears to be opposite to the parity of the initial state |/Ng). But the initial and final
s%ates in the expression for S5 are the same. Therefore 3% can not differ from zero at

=0.

It should be emphasized once again that polarizability SL differs from zero even if
EDM of electron is equal to zero. The interaction of electron EDM with electric field
gives only part of contribution to the total polarizability of atom (molecule). The new
effect we discuss is caused by the Stark mixing of atom (molecule) levels and weak T-
and P-odd interaction of electrons with nucleus (and with each other).

Therefore, according to ([[9) the total angle of polarization plane rotation includes
two terms ¥ = Upiz + Usprir, Where Upp ~ T is caused by the considered above

mix
effect similar to Van Vleck that and ¥y ~ 5spzzt is caused by the atom levels splitting

WENy =

both in electric field E and magnetic field ﬁmd(ﬁ). The contributions given by 8.
and S],;, can be distinguished by studying the frequency dependence of ¥ = J(w).
According to (RQ,RT) Ipmiz ~ wfnsz whereas Ugpi ~ ﬁ So, Uspiir decreases
faster then v,,;, with the grows of frequency tuning out from resonance.
Furthermore there is one more possibility to distinguish contribution of d and
md(ﬁ) from that given by ﬁE This can be done when the photon beam is incident

10



orthogonally to the electric field E. As it was shown above, the T-odd contribution
to birefringence effect (depending on d_a> and ﬁmd(ﬁ)) appears in this case. Only the
symmetrical part of tensor of dynamical polarizability a;, of an atom (molecule) ([[4)
contributes in it and antisymmetric one does not. To observe the T-odd birefringence
effect it’s more convenient to study atom exposed both to electric and magnetic fields.
In this case the effect magnitude is proportional to (ﬁﬁ) and one can easily pick out
T-odd effect among T-even ones changing £ direction with respect to H . It should be
noted that two effects contribute in T-odd birefringence: 1. levels splitting, 2. mixing
of ground state and excited state energy levels of atom in external fields.

Let us now estimate the magnitude of the effect of the T-odd photon plane rotation
due to L. . According to the analysis [T, 1], [J], based on the calculations of the

value of T- and P-noninvariant interactions given by [[L3], the ratio g ; < 10731074,

where (V;I') is T and P-odd matrix element, (V,”") is P-odd T-even matrix element.
The P-odd T-even polarizability 5% is proportional to the electric dipole matrix
element, the magnetic dipole matrix element and (V,7): 8F ~ (d) (u) (V;I') [[3]. At

the same time 3. ~ <d(ﬁ)> <d(ﬁ)> (V). As a result,

v (d(E)) (a(E))(VE)

miz*

pr (d) (1) (V')
Let us study the T-odd phenomena of the photon polarization plane rotation in an
electric field E for the transition ng — f between the levels ng and f which have the

same parity at E = 0. The matrix element <n0, ﬁ‘ dy | f, ﬁ> does not equal to zero

(22)

only if E # 0 . Let the energy of interaction of an atom with an electric field, Vy = —
, be much smaller than the spacing A of the energy levels, which are mixed by

)

1 B)=1n+ Xt ), (23

the field E. Then one can use the perturbation theory for the wave functions

where 2 || E. Asa result, the matrix element <n0, ﬁ‘ dy

<n0, ﬁ‘ ds > - (24)

o {nol ds [m) (m|d. |f)
B {Z E; — E, *

m

(no| d |p) (p| d | f)
Z Fr }E

One can see that the matrix element <d(ﬁ)> ~ % (d) in this case. The other

fs ﬁ> can be rewritten as:

matrix elements in (P0) can be evaluated at E =0. This gives the estimate as follows:

e ) vy 29
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and, consequently, ratio (P7) can be written as

miz

(
BET T () (VD)

Taking into account that the matrix element (u) ~ o (d) [20, BT}, where o = - is
the fine structure constant, equation (@) can be reduced to:

ne (D) F (V) (26)

T E VT
me o a—l <d >< w> (27)
sy A (V)
For the case @ ~ 1, ratio (B1) gives
T T
Uiis 1) S107H+1072 (28)

L V)

Such condition can be realized, for example, for exited states of atoms and for two-
atom molecules (TIF, BiS, HgF) which have a pair of nearly degenerate opposite parity

T
states. As one can see, the ratio %’”—P” is two orders larger as compared with the simple

T
estimation % < 107% + 107 due to the fact that I

electric dipole transitions , while 3" is determined by both the electric and magnetic
dipole transitions.

is determined by only the

T
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2. Time-violating photon polarization plane rotation by a
diffraction grating.

As it has been shown in [[(, [[T]], the energy of atom interaction with two coherent
electromagnetic waves depends on the T-violating scalar polarizability 37 . Interaction
of an atom (molecule) with two waves can be considered as a process of re-scattering
of one wave into another and vice versa. Then, as it follows from an expression for

the effective interaction energy, the amplitude f (l;/, l;) of the photon scattering by an

unpolarized atom (molecule) at a non-zero angle is given by [L1]):

- = r* w2 * 1 / * / *
F(FE) = g o= (o e igol () [+ ot (7 - ) [£'e]),
c 2
(29)
where k is the wave vector of a scattered photon, 7 = %, —— % , ay is the scalar
P, T-invariant polarizability of an atom (molecule). Expression (29) holds true in the
absence of external electric and magnetic fields.

The elastic scattering amplitude (B9) can be derived from the general prmmples of

—'I —,
—a

symmetry. Indeed, there are four independent unit vectors: 74 = | | | |

, &€ and €' , which completely describe geometry of the elastic scattering process.
The elastic scattering amplitude f (E', E) depends on these vectors and therewith is
a scalar. Obviously, one can compose three independent scalars from these vectors:
e'e), (in [51*5}), (7 [5'*5]). As a result, the scattering amplitude can be written

f(EE) — 1, (/Z’,/Z)a’*aﬂff (/Z/Z) 7 [5’*5] +fr (/ZE) 7 [5’*5], "
30

where f; is the P-/T- invariant scalar amplitude, f is the P-violating scalar amplitude,
and fI is the P-,T- violating scalar amplitude.

It can easily be found from (29,B0) that the term proportional to 57 (f!) vanishes
in the case of forward scattering (ﬁ' — ﬁ) Vice versa, in the case of back scattering
(i — —ii) the term proportional to 8" () gets equal to zero.

Thus, one can conclude that the T-violating interactions manifest themselves in
the processes of scattering by atoms (molecules). However, the scattering processes
are usually incoherent and their cross sections are too small to hope for observation
of the T-violating effect. Another situation takes place for diffraction gratings in the
vicinity of the Bragg resonance where the scattering process is coherent. As a result,
the intensities of scattered waves strongly increase: for instance, in the Bragg (reflec-
tion) diffraction geometry the amplitude of the diffracted-reflected wave may reach the
unity. It gives us an opportunity to study the T-violating scattering processes [[1]] (the
detailed discussion see at [27]).

To include the P, T violating processes into the diffraction theory, let us consider

13



the microscopic Maxwell equations:

108 10E  4r-

curll = ~ar curlB = pT + —J (31)
— — a —
divE = 4mxp , divB=0 | o + divy =0

where E is the electric field strength and B is the magnetic field induction, p and j
are the microscopic densities of the electrical charge and the current induced by an
electromagnetic wave, ¢ is the speed of light. The Fourier transformation of these

equations (i.e. E(7,t) = 5 [ E (k w) e~ BLdw and so on) yields to equation
for E (E, w):

Esl STl

In linear approximation, the current j(F,w) is coupled with E (7,w) by the well-
known dependence: j; (7,w) = [d* oy (F,7,w) E; (F,w) with oy; (7,7 ,w) as the
microscopic conductivity tensor being a sum of the conductivity tensors of the atoms

(molecules) constituting the diffraction grating: oy; (7,7, w) = S 10;‘; (7,7, w) , here

1s the conductivity tensor of the A-type scatterers. The summation is done over all
atoms (molecules) of the grating. In a diffraction grating, the tensor o;; (T, T ,w) is a

spatially periodic function. Therefore, j; (E, w) can be written as follows:

Ji (E,w) = %Zafj (E, E— 7, w) E; (E— ?,w) (33)

where of; is the Fourier transform of the conductivity tensor of a grating’s elementary
cell, 7 is the reciprocal lattice vector of the diffraction grating.
Using current representation (B3J), one can obtain from (B2)):

(k2 4+ 18) B, () = =5 Sy (R F=7) &, (F-7) (34)
Tensor of the diffraction grating susceptibility is given by
Koy (R = 7) = (0 — nam) i (K. - 7) (35)
with
i (RF=7) = oy (RE-7) = 575 (RF-7).
Here Fj; (l;, k— F) = i—“;alj (k, k— F) is the amplitude of coherent elastic scattering

of an electromagnetic wave by a grating elementary cell from a state with the wave
vector (k — T) to a state with the wave vector k.

14



The amplitude F}; is obtained by summation of atomic (molecular) coherent elastic
scattering amplitudes over a grating’s elementary cell:

iy (F =F+7.F) = <i i (F =F+7F) > , 30
A=1

where fl‘;-‘ is the coherent elastic scattering amplitude by an A-type atom (molecule),

EA is the gravity center coordinate of the A-type atom (molecule) , N, is the number
of the atoms (molecules) in an elementary cell, angular brackets denote averaging over
the coordinate distribution of scatterers in a grating’s elementary cell. The amplitude

fij is given by equation (29,80).
From (B3), (B6) and (BJ) one can obtain an expression for the susceptibility x;; of
the elementary cell of an optically isotropic material:

X5 (k, k — 7_") = X57-513 + ZXS 5l]f1/1f + Xs 6lij2f (37)

where

(P, dre? (P,T) —iTR
T <Zf Mk E-7) e >
Xs7 1S the scalar P-,; T- invariant susceptibility of an elementary cell, xI. is the P-
violating, T- 1nvar1ant susceptibility of the elementary cell, and xZ. is the P- and T-

violating susceptibility of the elementary cell,

=

2
2

. _
vy

o
I

SIR

Sy

L T

Then, using (B4BFB7) one can derive a set of equations describing the P and T
violating interaction of an electromagnetic wave with a diffraction grating

<—Z—z + 1) E; (E) = — (85 — ninj) X, Ej <E) —ixty (8 — nymy) eyl <E) —
= {6y — miny) .. B (E - F) +
740
+¢ij, (6 — nam) ey fufij (E . ?) + (38)

where ky = ¢
Assuming the interaction to be P, T invariant (x7 = xT = 0), equs. (BY) are re-
duced to the conventional set of equations of dynamic diffraction theory [[9). The

detailed analysis of these equations was done in [[7].
According to [[Z] the angle of the photon polarization plane rotation out of Bragg
conditions is defined by

0 = —koRex?! (0) L + 2koo; " Re [x15 (7) Xas (T) — x2s (F) X5 (T)] L (39)
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So, the T-violating rotation arises in the case of nonzero odd part of the susceptibility:
X2 (7) # 0. Such a situation is possible if an elementary cell of the diffraction grating
does not posses the center of symmetry.

In accordance with (B9), the angle of the T-violating rotation grows at o, — 0.
However, the condition a; |y, ()] < 1 is violated at a;! — 0, when the amplitude

of diffracted and transmitted waves are comparable: F (l; — f’) ~F (/;) and, conse-

quently, the perturbation theory gets unapplicable. A rigorous dynamical diffraction
theory should be applied in this case.

Let the Bragg condition is fulfilled only for the diffracted wave. It allows us to use
the two-wave approximation of the dynamical diffraction theory [I[9]. Then, the set
of equations (B3) is reduced to two coupled equations, which for the back-scattering

diffraction scheme (l;o I F) take the form [[LZ]

(Z—; - 1> E; <E> = xs(0) £ <E> +ixY (0) gjmsEm <E) ny +

X (7) By (F = 7) 4 X (7) &g B (B = 7) ),

X! (0) gy (F—7) B (F=7) v () By (F) 437 (%) purviy B (F).

i (F-7) = &2
67|
These set of equations can be diagonalized for the photon with a certain circular
polarization. Let the right-circularly polarized photon (€ ) be incident on the diffrac-
tion grating. Then, the diffraction process yields to the appearance of a back-scattered

photon with the left circular polarization ((?f ) (this is because the momentum of the

back-scattered photon F =Fk—7is antiparallel to the momentum k of the incident
one). And visa versa, the left-circularly polarized photon produces a right-circularly
polarized back-scattered one.

Thus, for circularly polarized photons the set of vector equations (0) can be split
into two independent sets of scalar equations [[2]. The explicit solution of these equa-
tions yield to the following expression for the transmitted wave amplitude [[J] (all the
symbols are defined in [[2]):

1 ko (c12 — 2x5(0))

) | L
E.=¢. (_1)" e"?*, where ¢y = kg §5i (o12) — 81h A%| L

Using this equation one can find the angle of the polarization plane rotation

0= Re (o4 — p-) =07 + 075,
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where 9" = —kgRex? (0) L - defines the P-violating T-invariant rotation angle and
191T,2 corresponds to the T-violating rotation:

k3L? Arb\*
0, (1) = ?8;2b2\/4(x?5+><§s)+<,%—L> . (1)
[ (7) Rexty (%) — xas (7) Bedl (7)]

the sign (—) corresponds to oy , the sign (4) corresponds to as.

The imaginary part of the T-violating polarizability mXSTL2 is responsible for the
T-violating circular dichroism. Due to that process, a linearly polarized photon gets
a circular polarization at the diffraction grating’s output. The degree of the circular
polarization of the photon is determined by the relation:

2

L2
E_

=

+

010 = 5 s~ Imp_ — Imp, = keImx? (0) L + (42)

+|E.

Tl

+

k3L? . Arb\* o T
:I:87T2b2 4 (Xls + XQS) + ko—L [Xls (7_) ImX2s (7_) — X2s (7_) Iles (7_)}

It should be pointed out that the resonance transmission condition is satisfied at a given
b for two different values of a.. This is because there is a possibility to approach to the
Brilluan (the total Bragg reflection) bandgap both from high and low frequencies. The
T-violating parts of the rotation angle are opposite in sign for a; and for «. It gives the
addition opportunity to distinguish the T-violating rotation from the P-violating T-
invariant rotation. Indeed, the P-violating rotation does not depend on the back Bragg
diffraction in the general case because the P-violating scattering amplitude equals to
zero for back scattering (see [[J]). In accordance with (19,20) the T-violating rotation
and dichroism grow sharply in the vicinity of the resonance Bragg transmission. At
the first view, one could expect for ¥ the dependence V" ~ koRex}, 5 (7) L (see (B9)).
However, in the vicinity of resonance, the rotation angle 97 turns out to be multiplied

2
by the factor B = (87r2b2)1k0\/4 (X3, +x2) + (,‘:Oiz) Lkyxs1 2L which provides the

above mentioned growth (for example, B ~ 10° at x, ~ 107! | kg ~ 10* =+ 10°cm™" |
L=1em ,b=1).

Now, let us estimate the effect magnitude. To do this we must determine (in ac-
cordance with (f])) the T-violating susceptibility x7, ,, which is proportional to the
T-violating polarizability 81 of atom. The estimate carried out by [[T, [T, [J] gives
BT~ 1073 + 107*8F, where B is the P-violating T-invariant scalar polarizability.
The polarizability 37" was studied both theoretically and experimentally [LF]. Partic-
ularly, the theory gives Z = 10 3%m? for atoms analogous to Bi, T1, Pb. It yields
to the estimate = 10733 = 10 3*e¢m?® for the T-violating atomic polarizability. The
polarizability 8 causes the P-violating rotation of the polarization plane by the angle
I = kRex? (0) L = 1077 rad/cmxL for the gas density p = 106 = 10'7em 3. As a
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result, in our case the parameter ¢ = kx! (7) L turns out to be ¢ = 1071% = 107!
rad/cmxL and can be even less by the factor h/d, where h is the Corrugatlon am-
plitude of the diffraction grating while d is the distance between waveguide’s mirrors.
Assuming this factor to be ~ 107!, we shall find ¢ = 10~ =+ 10~ rad/cmx L. Thus,
the final estimate of the T—Vlolatlng rotation angle 97 is

,(9TN 10~ 11 . = 10~ 12/rad

——ko X2 (r)L? (43)
In real situation the susceptibility of a grating x; (7) can exceed the unity. However,
our analysis has been performed under the assumption y, < 1. Suppose y, = 107!

. ko = 10* then 97 ~ 107% + 10"7L? and, consequently, for L= 1 cm one can get the
rotatlon angle 91" ~ 1076 = 10 "rad.

Obviously, the obtained the T-violating rotation angle ¥ is of the same order as
compared with 9. It makes possible experimental observation of the phenomenon of
the T-violating polarization plane rotation.

It should be noted that the manufacturing of diffraction gratings for the wave
lengths longer than visible light can be simpler. That is why we would like to attract
attention to the possibility of studying of the T-violating polarization plane rotation
in the vicinity of frequencies of atomic (molecular) hyperfine transitions; for example,
for Ce (the transition wavelength is A = 3.26 cm) and T1 ( A = 1.42 cm).

Thus, we have shown that the phenomenon of the T-violating polarization plane
rotation appears when the photon is scattered by a volume diffraction grating. The
phenomenon grows sharply in the vicinity of the resonance transmission condition.
An experimental scheme based on a waveguide, containing a diffraction grating and
gas, has been proposed that enables real experiments on observation of the T-violating
polarization plane rotation to be performed. The rotation angle has been shown to
be 97 = 107% + 107"L3, where L is the waveguide length (thickness of the equivalent
volume d1ﬁract1ng grating).
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3. The possibility to observe the phenomena experimentally.

The possibility to observe the phenomena experimentally can be discussed now. In
accordance with (6) the angle of the T-odd rotation in electric field can be evaluated
as follows:

27 pw I L (dE) (V.
T T miz qP 1 w P

According to the experimental data [23], P4] being well consistent with calculations [[[7]
the typical value of 9" is ¥ ~ 107%rad (for the length L being equal to the several
absorption lengths of the light propagating through a gas L,).

For the electric field £ ~ 10*V - em™! the parameter % can be estimated as

% ~ 107° for Cs, Tl and % ~ 107* for Yb and lead. Therefore, one can obtain
VL. ~ 10" Brad for Cs, Tl and 92, ~ 10 '?rad for Yb and lead. For the two-atom
molecules (TIF, BiS, HgF) the angle 9. . can be larger, because they have a pair of
degenerate opposite parity states.

It should be noted that the classical up-to-date experimental techniques allow to
measure angles of light polarization plane rotation up to 4,3 - 10 trad [23].

A way to increase the rotation angle 97 is to increase the length L of the path of
a photon inside a medium (see (6)). It can be done, for example, by placing a medium
(gas in an electric field or non-center-symmetrical diffraction grating) in a resonator or
inside a laser gyroscope (Fig.fl). This becomes possible due to the fact that in contrast
with the phenomenon of P-odd rotation of the polarization plane of photon the T-odd
rotation in an electric field (as well as in a diffraction grating) is accumulated while
photon is moving both in the forward and backward directions. Use of resonator gives
a great advantage: even several non-center-symmetrical elementary cells (Fig.f[J) placed
in it can provide the effect equivalent to that provided by the full-length diffraction
grating (Fig.§.0).

For the first view the re-reflection of the wave in resonator (or light multiple pass-
ing over circle resonator of a laser gyroscope) can not provide the significant increase
of the photon path length L in comparison with the absorption length L, because of
the absorption of photons in a medium. Nevertheless this difficulty can be overcome
when the part of resonator is filled by the amplifying medium (for example, inverse
medium). As a result, the electromagnetic wave being absorbed by the investigated gas
is coherently amplified in the amplifier and then is refracted to the gas again. Conse-
quently, under the ideal conditions the light pulse can exist in such resonator-amplifier
for arbitrarily long time. And if, for example, the polarization plane of the wave ro-
tates around the direction, the peculiar "photon trap” appears (phase difference
of waves with right (left) circular polarization moving in the opposite directions in a
laser gyroscope or phase difference of waves with orthogonal plane polarizations for
birefringence effect increases in time). The angle of rotation 97 = Q7 . ¢, where Q7 is
the frequency of the photon polarization plane rotation around the E direction, t is
the time of electromagnetic wave being in a ”trap”. It is easy to find the frequency
Q7 from (6): QT = “¢ = 27pwfE. From the estimates of 97 it is evident that for
9" ~ 1072 rad (Lead, Yb) the frequency Q' appears to be Q7 = %c ~ 10~*sec.
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Therefore ] ~ 107t and for the time ¢ of about 3 hours the angle ¥ becomes ~ 1 rad.
The similar estimates for the atoms Cs, T1 (97 ~ 107 rad) give that for the same
time the angle 97 ~ 107! rad.

The time ¢ is limited, in particular, by spontaneous radiation of photons in an
amplifier that gradually leads to the depolarization of photon gas in resonator. Surely, it
is the ideal picture, but here is the way to further increase of the experiment sensitivity.
The achieved sensitivity in measurements of phase incursion in laser gyroscope makes
possible to observe the effect in laser gyroscope, too. Laser interferometers used as
gravitational wave detectors also can provide neccessary sensitivity.

Requiring to measure rotation angle ~10~%rad in ”photon trap” and taking into
consideration that existing technique allows to measure much less angles one can expect
to observe effect of the order “i—i ~ 1079 =101,

Let us consider this question from other point of view. Suppose effects of polar-
ization plane rotation and birefringence be caused only by atom EDM one can esti-
mate the possible sensitivity of EDM measurement in such experiments. Suppose we
will measure rotation angle with sensitivity about 107%rad/hour. Phase difference is
6p =k(n,—n,)L = k(n,—n,)cI', where T is the observation time (here 1" is supposed
to be T'= 1 hour). Representing d¢ in the form

B pcT 2T d, E
21 hI?

Oy (45)
where p is the atoms density, ['. is the level radiation width, I' is the atom level width
(including Doppler widening), E is the electric field strength one can estimate d, as

2w hI?
d, = m&p ~ 107 %e (46)
(here A ~ 10~ *cm, F = 10°CGSE, p = 10'7 atoms/cm?).

For comparison it is interesting to note that the best expected EDM measurement
limit in recent publications [fl] is about d, ~ 107*%¢ , so the advantages of the proposed
method becomes evident.

All the said can be applied not only for the optical range but for the radio frequency
range as well where the observation of the mentioned phenomenon is also possible by
the use of the mentioned atoms and molecules [[J].

Thus, we have shown that the T-odd and P-odd phenomena of photon polarization
plane rotation and circular dichroism in an electric field are expected to be observable
experimentally. The similar situation appears at the use of non-center-symmetrical
diffraction grating.

It should be noted, that the new T-odd and P-odd phenomenon of photon po-
larization plane rotation (circular dichroism) in an electric field has general meaning.
Due to quantum electrodynamic effects of electron-positron pair creation in strong
electric, magnetic or gravitational fields, the vacuum is described by the dielectric per-
mittivity tensor £;, depending on these fields[R1], PG]. The theory of e; [BI], R6] does
not take into account the weak interaction of electron and positron with each other.
Considering the weak interaction between electron and positron in the process of pair
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creation in an electric (gravitational) field one can obtain that the permittivity tensor
of vacuum in strong electric (gravitational) field contains the term ¥¢¢ ~ iﬁz;cﬁsikml B
(evae ~ q %C?Siklmg, n_g> = E’ 7 is the free fall acceleration), and as a result, the
polarization plane rotation (circular dichroism) phenomena exist for photons moving
in an electric (gravitational) field in vacuum. And visa versa y-quanta appearing under
single-photon electron-positron annihilation in an electric (gravitational) field have the

admixture of circular polarization, caused by T-odd P-odd weak interactions.
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4. Phenomenon of the time-reversal violating magnetic field
generation by a static electric field in a medium and vacuum.

As it was shown P- and T-odd interactions cause mixing of opposite parity levels
of atom (molecule) that yields to the appearance of P- and T-odd terms of the atom
(molecule) polarizability [[(]. This makes possible to observe various optical phe-
nomena, for example, photon polarization plane rotation (birefringence and circular
dichroism) in an optically homogeneous medium placed to an electric field.

The energy of atom (molecule) in external electromagnetic field includes the term
caused by the time reversal violating interactions [[[Q]:

AU = —%ﬁgﬁﬁ, (47)

where 8% is the scalar T-noninvariant polarizability of atom (molecule), E s the
external electric field, H is the external magnetic field.

It’s well known [R0] that when the external field frequency w — 0 the polarizabilities
describe the processes of magnetization of medium by a static magnetic field and electric
polarization of a medium by a static electric field

The energy of interaction of magnetic moment 77 with magnetic field Vi

Wy=-1H (48)

Comparison of ([f7]) and ([i§) let one to conclude that the action of stationary electric
field on an atom (molecule) induces the magnetic moment of atom

Fi(B) = S5 F (49)

On t}%other hand, the energy of interaction of electric dipole moment "d with electric
field

We=—-dE. (50)

As it follows from ([[7) and (p(]), magnetic field induces the electric dipole moment of
atom

Goul H) = 308 61

As appears from the above, atom (molecule) being placed to static electric field gets the
induced magnetic moment which in its part produces magnetic field. And similarly, if
atom (molecule) is exposed to magnetic field the induced electric dipole moment yields
to the appearance of its associated electric field.

Let us comnsider the simplest possible experiment. Suppose that homogeneous
isotropic matter (liquid or gas) is exposed to an electric field E. From the above
it follows that the time reversal violation yields to the appearance of magnetic field

T = 47rpﬁ>(ﬁ) parallel to T in this area (p is the number of atoms (molecules) of
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matter per cm? ). And vice versa, the electric field Er = 47rp7(ﬁ) appears under
matter placement to the area occupied by a magnetic field H. Let us estimate the
effect value. It is easy to do by % evaluation. The general case explicit expression
for polarizabilities for time dependent fields were derived in [[0] (see eqns. (12)-(20)
therein).

Briefly the calculation technique is as follows. Let us suppose that atom is placed
to the arbitrary periodic in time electric and magnetic fields. The energy of interaction
of an atom (molecule) with these fields has the routine form

AE-TH+ .. (52)

—

where 7 is the operator of atom electric dipole moment and 77 is the operator of
atom magnetic dipole moment

E = % {ﬁg et 4 ?3 ei‘”t} , H = % {ﬁo e W ¢ ﬁs em} (53)

The Shrodinger equation describing atom interaction with electromagnetic field is as
follows:

9Y(&,1)

7
o

= [Ha(§) + W(E DIY(E, 1), (54)

where H4(&) is the atom Hamiltonian taking into account the weak interaction of elec-
trons with nucleus in the center of mass of the system, £ is the space and spin variable
of electron and nucleus, W is the energy of interaction of atom with electromagnetic
field of frequency w

W — V —iwt V+ zwt (55)

Vo= —§<7Eo+ﬁﬂo>,v+:— (TE + 7 Hy)

(NN

ZHAt)

Let us perform the transformation ¢ = exp(— ¢. Suppose Huth, = E ), (B, =

EY — %z’l“n, EY is the atom level energy, I',, is the atom level width), then ¢ =
>, bu(t),. Therefore it follows from (B3)

b, (1)
ot

+ (n|VT|f) expli (E — Ep 4+ hw)t/R)} by (t), (Vnlthm) < 1.

ih Z {(n|V|f) expli(En — Ef — hw)t/h] + (56)

Suppose b,y be the ground state amplitude. Let us substitute the amplitude b; de-
scribing the excited atom state into the equation for b, and study this equation at
time ¢ > 7p = h/Uy (or 77 = h/AE); AE = EY) — Eyo — hw; Ty > |(n|V|f)] (or
AE > [(n|V]f)]). Therefore b, is defined by equation

. 8bnO(t)
=5

= Uesy bpo, where
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Substituting V and V' into (B7) one can obtain

~ 1. . 1. . 1
Uepr = _29zkE0zE0k ngkHOzHok 5

1

gzkHEOZHS(k 9

gzkEHUZEE)kk7 (58)

where the polarizability of atom (molecule) is:

G = 1 3 (nolds| f) {fldx|no) n (noldy|f) (fdilno)
2 7 Ef—En0+hW Ef— ng—hw
G = 1 3 (nolpal f) {F|pelmo) n {nolpxlf) (fpilno)
2 7 Ef—En0+hW Ef— ng—hw
GEH 1 3 (noldsl f) (flpklno) | (nolpwlf) {fldilno)
ik 2\ Ey—Ew+hw Ef — Eyo — hw
g L (nolpal f) {fldilno) | (noldilf) (flrilno)
ik - T 95 Z +
2 Ef—En0+hW Ef—Eng—hw

It should be noted that g% and g# are the P- and T-invariant electric and magnetic
polarizability tensors and g7” and g4* are the P- and T-noninvariant polarizability
tensors

Let an atom be placed at the static (w — 0) magnetic and electric fields E and H
of the same direction. Then it’s perfectly easy to obtain the effective energy of P- and
T-odd interaction of an atom with these fields.

pre_ 1 (Z (mold.1f) <f|uz|g;>_+ é?zolﬂzﬁ) <f|dz|n0>> EH  (59)

Axis z is supposed to be parallel to E . Thus from E7)

=Y (nold.|f) {flp=Ino) + (nolp-| f) {fld:|no)

60
E; — E,, (60)

f

Let us estimate the 8% order of magnitude. The atom state |f) does not possess the
certain parity because of weak T-odd interactions. And over the Weakness of Vi the

state |f) is mixed with the opposite parity state by factor of ny = f . According
to the above

v {d) (W)
~ 61
Bs Ef— By, Ir (61)
For the heavy atoms the mixing coefficient can attain the value ny ~ 107, Taking
into account that matrix element (;) ~ a(d) (where a = = is the fine structure
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constant) one can obtain S ~ nr a% 2 10716810 ~ 10740, Therefore, the electric

field E = 102 CGSE induces magnetic moment pp ~ 1073%. Then, the magnetic field
in the liquid target can be estimated as follows

H = 47mppp ~ 1010728 = 1075 gauss (62)

The magnitude of magnetic field strength can be increased, for example, by tightening
of the magnetic field with superconductive shield. In this way the measured field
strength can be increased by four orders when one collect the field from the area 1 m?
to the area 1 em? (Fig.f).

superconductive shield

container with liquid or gas

Figure 10:

The induced magnetic moment produces magnetic field at the electron (nucleus) of
the atom. This field H'(E) ~ p (%) ~ 1073 .10% = 107" gauss. Therefore, the
frequency of precession of atom magnetic moment p 4 in the magnetic field induced by
an external electric field

Q) ~ pa S E(1/r3)  10720.10712

- T 1077 sec™? (63)

It should be reminded that to measure the electric dipole moment the shift of pre-
cession frequency of atom spin in the presence of both magnetic and electric fields is
investigated. Then, the T-odd shift of precession frequency of atom spin includes two
terms: frequency shift conditioned by interaction of atom electric dipole moment with
electric field wp ~ doE/h and frequency shift Q ~ yH”'(E) /h defined above. This
aspect should be considered when interpreting the similar experiments. One should
take note of the mixing coefficient 7 essential increase when the opposite parity levels
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are closed to each other or even degenerate. Then the effect can grow up as much as
several orders 10° = 10° (this occurs, for example, for Dy, TIF, BiS, HgF).

The similar phenomenon of magnetic field induction by electric field can occur in
vacuum too.

Due to quantum electrodynamic effect of electron-positron pair creation in strong
electric, magnetic or gravitational field, the vacuum is described by the dielectric g
and magnetic p;, permittivity tensors depending on these fields. The theory of ;; [B]]
does not take into account the weak interaction of electron and positron with each other.
Considering the T- and P-odd weak interaction between electron and positron in the
process of pair creation in an electric (magnetic, gravitational) field one can obtain the

density of electromagnetic energy of vacuum contains term 37 (ﬁm similar (f7) (in

the case of vacuum polarization by a stationary gravitational field ﬁgT( n_>g), n_>g = ?,

7 — gravitational acceleration).

As a result both electric and magnetic fields (directed along the electric field) could
exist around an electric charge. But in this case § BdS # 0 (ﬁ is the magnetic
induction) that is impossible in the framework of classic electrodynamics. The existence
of such field would means the existence of induced magnetic monopole. If the condition
$ ?d? = 0 is fulfilled then for the spherically symmetrical case the field appears equal
to zero. Surely, the value of this magnetic field is extremely small, but the possibility
of its existence is remarkable itself.

The above result can be obtained in the framework of general Lagrangian formalism.
Lagrangian density can depend only on the field invariants. Two invariants are known
for the quasistatic electromagnetic field: (ﬁﬁ) and (E* — H?). In conventional T-
invariant theory these invariants are included in the Lagrangian L only as (E? — H?)
and (ﬁﬁ)% ie. L = L(E* - H?, (ﬁﬁ)Q) ET]. But while taking into account the
T-odd interactions the Lagrangian can include invariant ( ) raising to the odd
power, i.e.

Ly =Lo(B* ~ 0, (EH),(EH)) (64)
Expanding (p4) by weak interaction one can obtain
Ly = L(E>— H> (EH)) + s (EH), (65)

where L is the density of Lagrangian in P- and T-invariant electrodynamics, $p =
Br(E? — H?, (ﬁﬁﬁ) is the constant can be found in certain theory. The explicit
form of L is cited in [T)].

The additions caused by the vacuum polarization can be described by the field de-
pendent dielectric and magnetic permittivity of vacuum. According to [21] the electric
induction vector and magnetic induction vector B are defined as:

B:;L,ﬁz—% (66)

Similarly the electric polarization P and magnetization M of vacuum can be found
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? . 8(LT — LO) ﬁ . 8(LT — LO)

= , = — , 67

- S (67)

D = E+4rP, B =H +4r0. (68)

In accordance with the above, the T-noninvariance yields to the appearance of addi-
tional P- and T-odd terms to the electric polarization P and magnetization M . There

are the addition to the vector of electric polarization proportional to the magnetic
field strength H and the addition to the vector of magnetization proportional to
the electric field strength
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