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We derive a generalized deviation equation in Riemann-Cartan spacetime. The equation describes the
dynamics of the connecting vector, which links events on two general adjacent world lines. Our result is
valid for any theory in a Riemann-Cartan background; in particular, it is applicable to a large class of
gravitational theories that go beyond the general relativistic framework.
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I. INTRODUCTION

Within the theory of General Relativity, the relative
motion of test bodies is described by means of the geodesic
deviation (Jacobi) equation [1—4]. This equation only holds
under certain assumptions and can be used only for the
description of structureless neutral test bodies.

In a previous work [5], we have worked out generalized
versions of the deviation equation; see also Refs. [6-28] for
alternative derivations and generalizations. Our findings in
Ref. [5] extended the range of applicability of the deviation
equation to general world lines. However, the results were
limited to theories in a Riemannian background. While such
theories are justified in many physical situations, several
modern gravitational theories [29-31] reach significantly
beyond the Riemannian geometrical framework. In particu-
lar, it is already well known [32—34] that in the description of
test bodies with intrinsic degrees of freedom—Iike spin—
there is a natural coupling to the post-Riemannian features of
spacetime. Therefore, in view of possible tests of gravita-
tional theories by means of structured test bodies, a further
extension of the deviation equation to post-Riemannian
geometries seems to be overdue.

In this work, we derive a generalized deviation equation
in a Riemann-Cartan background, allowing for spacetimes
endowed with torsion. This equation describes the dynam-
ics of the connecting vector, which links events on two
general (adjacent) world lines. Our results are valid for any
theory in a Riemann-Cartan background; in particular, they
apply to Einstein-Cartan theory [35] as well as to Poincaré
gauge theory [36].
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The structure of the paper is as follows. In Sec. II, we
briefly introduce the concepts needed in the derivation of the
exact generalized deviation equation. This is followed by
Sec. III, in which we focus on the properties of a world
function based on autoparallels in a Riemann-Cartan back-
ground. These results are then applied in Sec. IV to arrive at
an expanded approximate version of the deviation equation.
In Sec. V, we discuss how different coordinate choices,
depending on the underlying gravity theory, affect the
interpretation and the operational value of the deviation
equation. We conclude our paper in Sec. VI with a discussion
of the results obtained and with an outlook of their possible
applications. Our notations and conventions are summarized
in Appendix A and Table I. Some details and intermediate
results of our derivation are given in Appendix B.

II. WORLD FUNCTION AND
DEVIATION EQUATION

Let us briefly recapitulate the relevant steps that lead to
the generalized deviation equation as derived in Ref. [5].
We want to compare two general curves Y (¢) and X (7) in an
arbitrary spacetime manifold. Here, ¢ and 7 are general
parameters, i.e., not necessarily the proper time on the
given curves. In contrast to the Riemannian case, we now
connect two points x € X and y € Y on the two curves by
the autoparallel joining the two points (we assume that this
autoparallel is unique). An autoparallel is a curve along
which the velocity vector is transported parallel to itself
with respect to the connection on the spacetime manifold.
In a Riemannian space, autoparallel curves coincide with
geodesic lines.

Along the autoparallel, we have the world function o, and
conceptually, the closest object to the connecting vector
between the two points is the covariant derivative of the
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FIG. 1. Sketch of the two arbitrarily parametrized world lines
Y(r) and X(7) and the (dashed) autoparallel connecting two points
on these world lines. The generalized deviation vector along the
reference world line Y is denoted by #”.

world function, denoted at the point y by ¢”, cf. Fig. 1.
Following our conventions, the reference curve will be Y(¢),
and we define the generalized connecting vector to be

7 =0, (n

Taking its covariant total derivative, we have

B Loy dt
E;7)11 — _Gylyzuyz — G)IXQMXZE’ (2)
where the velocities along the two curves Y and X are
defined as w” := dY”/dt, and ir* := dX*/di. Denoting the
accelerations by @’ := Du’/dt, and a* := Di*/di, the
second derivative becomes

DZ

_;7}’1 e

Y2 V3 =D )1
dt2 )’2)’3u u 20 y2X3

2 2 2%
_O-,V1X . w3 i; _6}'1x a* d_‘i _6)'1x ﬁxzﬂ'
> dt z dt 20 dr?

(3)

The generalized deviation equation is obtained from (3)
by expressing all quantities therein along the reference word

line Y. With the help of the inverse & —obtained from

-1 -1
i — 1 X oY =5 i
6’0", =6", and ¢ "' 06", = §", —and by defining the
-1 -1
: Xl e— X X e— X V1
Jacobi propagators H" | :=—¢ ™1, and K"\ :=—c"1, 0”1,

the velocity along X may be expressed as
dt Do’ dt
= K = Y o (4)

dr di

and inserted into (3)

_2 VI —= —gV1 Y2 4V3 V1 Y2 Vi g2 _di ?
N = —0"", ,,U-u- — o a’= — o a
dl‘2 y2)3 Y2 X2 dt

Y4

Do+
-0’y X3 K Zy u+ — HY

V4
— 2001 w2 | K%y — HS Do
Ya2X3 Ya . dt

Y4 dt
Do”s
X (KXS,VsuyS —Hby, dt )
o dtd’T Do
_g)lxzﬁﬁ <K"2y3u»"3 _szy3 ar > (5)

Note that we may determine the factor d7/dt by requiring that
the velocity along the curve X is normalized, i.e., #*ii, = 1,
in which case we have

a_. R - ¢ it
E_MMK }'zu _ule Y2 dt

(6)

Equation (5) is the exact generalized deviation equation;
itis completely general and can be viewed as the extension of
the standard geodesic deviation (Jacobi) equation to any
order. In particular, it allows for a comparison of two general,
i.e., not necessarily geodetic or autoparallel, world lines in
spacetime.

III. WORLD FUNCTION IN
RIEMANN-CARTAN SPACETIME

In this section, we work out the basic properties of a
world function ¢ based on autoparallels in a Riemann-
Cartan spacetime, which, in contrast to a Riemannian
spacetime, is endowed with an asymmetric connection
I',,¢. Relevant references that contain some results in a
Riemann-Cartan context are Refs. [37-44].

For a world function ¢ based on autoparallels, we have
the following basic relations in the case of spacetimes with
asymmetric connections:

oo, = 0’0, = 20, (7)
c20," =o', (8)
Oxixy = Oxyx; = Tx1x2x3ax30. (9)

Note, in particular, the change in (9) due to the presence of
the spacetime torsion 7', ,,**, which leads to o, ,, # 0,y
in contrast to the symmetric Riemannian case, in which

— S _ 1
Oy, x, = Oy,x, holds.

In many calculations, the limiting behavior of a bitensor
B (x,y) as x approaches the references point y is required.

'We use “s” to indicate relations that only hold for symmetric
connections and denote Riemannian objects by the overbar.
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This so-called coincidence limit of a bitensor B (x,y) is a
tensor,

[B..] =limB_ (x,y). (10)

x—=y

at y and will be denoted by square brackets. In particular,
for a bitensor B with arbitrary indices at different points
(here just denoted by dots), we have the rule [45]

[BA..];y = [B...;y] + [B...;x]- (11)

We collect the following useful identities for the world
function o:

[0] = [o4] = [oy] = 0, (12)
(02,2 = [035.] = Gy (13)
[02,3.] = [0y3) = =9y10 (14)

[02x,0] + [0206] = 0. (15)

Note that up to the second covariant derivative the
coincidence limits of the world function match those in
spacetimes with symmetric connections. However, at the
next (third) order, the presence of the torsion leads to

1
[lexz)f}] = E (Tyl)’3y2 + TYz)’sYl + T}'lyz}'z) = K)’ZYJY3’ (16)
where in the last line we made use of the contortion K,
cf. also Appendix A for an overview of the geometrical
quantities.” With the help of (11), we obtain for the other
combinations with three indices

6)’1162)’3] = [zexyc,} =

(621303 = =[Ox o] = | Koy
[62,3233) = =[O0, ] = [xx0] = [0y 10 ] = Ky,
[64,3293] = =[O0, ] = Ky,

(62,32 ] = =[0xix0,] = Kyyay,»

(64,320 = [Ory0, ] = Koy, - (17)
The nonvanishing of these limits leads to added

complexity in subsequent calculations compared to the
Riemannian case.
At the fourth order, we have

K K

M }’2 RERAY + KYI 3 yzym +K K

e }4 Y2¥ya

+ [ornn] + Oxxnn] +0nnre) =0, (18)

>The contortion K should not be confused with the Jacobi

propagator K*,.

Yay1)s

and in particular,

1
[6x|x2x3x4] = g v.Vl (Ky3}'2y4 + KY4)’2)’3)
1
+ g v}’z (3K,V2}’1,V4 - K}’l)’z}’4>
1
+ g v)’A <3K)’ZY1)’3 - Ky1Y2y3) + ﬂ}'1Y2)’3Y4’ (19)

1
[6X1X2X3,V4] == g v)’l <K)’3}’2)’4 + K)’4.V2)’3)

Y2Y1Ya Y1.V2}'4)

1
-2V, 3K, — K

11V

3 )’4K

yiyays — yiyaysva (20)

1 1
[leme] = g Y3)’2}’4) - g vy4 K Yiy2y3

V, (K

Y4y2y3 + K

1
- g v}’z K)’l)’z,\’4 + Ty y2y4y3° (21)

V, Ky, + K

V2Y4Y3 )

1
[le)'2y3)'4] :_5 Y1 Y3Yaya + v K)’ly4yz

+V,.K

y3yiy2

- ﬂ)’1y4y3y2 ’ (22)

1
+ 5 v}’z K}’l}’4}'3

1 1

V,,(-2K K

[6 Y2y3yi + )’1YS}'2) - §

}'1,\’2}'3,\’4] = g

V,, K

Yay3yi

Yay3y2 V K)zym t+x ‘4"3)’2%’ (23)

1
~3VuK

1

Ty yaysys ©= g [Kyw’z

-K y(Kmyzy
- K}’1y4

y(K YYZY3)
-3K +K,,, 'K

y(Ky3y4)’ + K)’A)’})’)

+ Kyy2y4 )

+K

Yiys3

y3y2y
Y21 + K\3Y1 K)'ym Y41 RAPAK]

K)’%My
+ Ryly}y'Zyzt + RY1Y4)’2Y3]‘ (24)

Again, we note the added complexity compared to the
Riemannian case, in which we have [6x1x2x3x4] =
3(Ry2y4y1y3 —l—Ry}yzy] },4) at the fourth order. In particular,
we observe the occurrence of derivatives of the contortion
in (19)-(23).

Finally, let us collect the basic properties of the

(a)

so-called parallel propagator ¢”, := e{a)ex , defined in
terms of a parallely propagated tetrad e'r@, which in turn
allows for the transport of objects, ie., V'=¢" V¥,
Viv=gn, ¢, V1%, etc., along an autoparallel:
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gylxgxyz = 6}’1}]27 gxlygyxz = 6XIx2’ (2’5)

c*V,g', = *Vygh, =0,
dxvxgylxl = Gyvygylxl =0, (26)
Oy = _gyxaw

oy = —g*,0,. (27)

Note, in particular, the coincidence limits of its derivatives

g,,] = &%, (28)
9%y 2] = [ 3,] = 0. (29)

9% 0] = =92 ] = [5,200)
= (] =5 R (30)

In the next section, we will derive an expanded approxi-
mate version of the deviation equation. For this, we first
work out the expanded version of quantities around the
reference world line Y. In particular, we make use of the
covariant expansion technique [45,46] on the basis of
the autoparallel world function.

IV. EXPANDED RIEMANN-CARTAN
DEVIATION EQUATION

For a general bitensor B with a given index structure,
we have the following general expansion, up to the third
order (in powers of ¢”):

— Yn+1
Bylm)’n 7A.V|~-Yn +A)’1---)’n+16 -

1A e £ O, ()

Ay, = By ), (32)

Ay v = By i) = Ay e (33)
Ay = By yuiviien] = A0, 5,0

—A —-2A

Vi YnsYnt1Yn42

Yoo Yn Ont13ns2)* (34)
With the help of (31), we are able to iteratively expand any
bitensor to any order, provided the coincidence limits
entering the expansion coefficients can be calculated.
The expansion for bitensors with mixed index structure
can be obtained from transporting the indices in (31) by
means of the parallel propagator.

To develop an approximate form of the generalized
deviation equation (5) up to the second order, we need
the following expansions—note that we give some explicit
intermediate results in Appendix B—of the derivatives of
the world function:

6}‘1,\’2 = gYIYZ + KYz}'l,V36y3 + 0(62)’ (35)
G)sz = _-ghxz + gx2yKy3yy16y3 + 0(02)’ (36)
1
6Y1)’2Y3 = K.Vz)’lh + 5 {VM (K)’z}’3)'1 + KM)’}M) - szKY4}'3.V1

- v)’le4y3YZ - 3V,V3 Kyzym + 3”Y4)’3}'2.V1]G}v4
+ O(c?), (37)

i 1
6)’1Y2X3 = gx3)3 {Kh}‘wl - g [vys (KYZY4)’1 + K}'1Y4}'2)

— — V4
vyzKyg.mw vle)’3y4)’z +3”}'3y4)'zy1]6 }

+ O(c?), (38)
—qg. N2q V3¢ K ! V. (K K
0y|x2x3 - gxz gx3 ’ Y3yiy2 + g[ }'2( Yay3yi + YIY3)’4)
- vﬂ (Kyzy3y1 + 3K,V3)’1,V2)

=V Ky, + 3”}'2,V3.V4.V1}0—y4} +0(e%). (39)

The Jacobi propagators are approximated as
HXIyz = gXI)’z + K)’z)’z)clo—y3 + 0(62>’ (40)
KXIM = g)Cl)’z + (KszIy_% + I(yls)’2XI)o-y3 + 0(62)’ (41)

which in turn allows for an expansion of the recurring term
entering (5):

Do
X % X
<K = HY = >

7 D(Fy, ’ ) ), ).
=9 [My _7—'— (Ky,”" v, + Ky, Ju20% | + O(a?).

(42)

A. Synchronous parametrization

Before writing down the expanded version of the
generalized deviation equation, we will simplify the latter
by choosing a proper parametrization of the neighboring
curves. The factors with the derivatives of the parameters ¢
and 7 appear in (5) due to the nonsynchronous para-
metrization of the two curves. It is possible to make things
simpler by introducing the synchronization of parametri-
zation. Namely, we start by rewriting the velocity as

Ay’ didy’
dt  dr di ~

= (43)
That is, we now parametrize the position on the first curve
by the same variable 7 that is used on the second curve.
Accordingly, we denote
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dy

u T (44)
By differentiation, we then derive
a’ = Z—Zg‘ + (Z—f) zgy, (45)
where
ayzguy:ﬂ. (46)
~  di~ 4P

Analogously, we derive for the derivative of the deviation
vector

D>y d*i Dy’ di\2 D*np’
n " <> n (47)

i df di " \dt) 47

Now, everything is synchronous in the sense that both
curves are parametrized by 7.

As aresult, the exact deviation equation (5) is recast into
a simpler form:

2
— 1 = —M1 V2 — Y1 g% — g1 Y2 4Y3
n==0"y,4 0" x,d S U

d’i2

Do+
— V1 y2 X3 Y4 — HX3
20 y2X3!’v‘ (K }’4!1{, H Y4 di

D0y4
y X V. X
—_ Gyl X3 <K 2y4u. 4 — H Zy4

di

DoYs

B. Explicit expansion of the deviation equation
Substituting the expansions (35)—(42) into (48), we
obtain the final result
DZ

— 1 = gV — gh Yigyy2
wr=at —at + Ty

dZZ

D3

- (K)’z)'zty‘gyz - Ky,,an + Aylyz)'3y4,liy2,l’£y3>’7y4
+ (9(02), (49)
where we introduced the abbreviation

A

Y1Y2Y3Y4 = 2”Y3Y4)’2)’1 - ﬂY4}'3)’2,V1 - ﬂY2Y3)’4Y1
/
y
+ TY’)’Z}’] T}'4)’3 th K(YLVs)M
+ vyl K)’z)’s)’4 - vy4 Kyz}'3yl . (50)

It should be understood that the last expression is
contracted with »”2u”* and hence the symmetrization is
naturally imposed on the indices (y,y3).

Equation (49) allows for the comparison of two general
world lines in Riemann-Cartan spacetime, which are not
necessarily geodetic or autoparallel. It therefore represents
the generalization of the deviation equation derived in
Ref. [5], Eq. (35).

C. Riemannian case

A great simplification is achieved in a Riemannian
background, when

Y1Y2Y3Ya

- ”)'4y3y2y|

= 27y 5,0y, =R

- ﬂYz)’3)’4)’1 Y1Y3y2Ya>

(51)
and (49) is reduced to

D? -
ﬁﬂynéam —a" =RVt + 0(c?). (52)

Along geodesic curves, this equation is further reduced to
the well-known geodesic deviation (Jacobi) equation.

V. CHOICE OF COORDINATES

To utilize the deviation equation for measurements or in
a gravitational compass setup [5,45,47,48], the occurring
covariant total derivatives need to be rewritten, and an
appropriate coordinate choice needs to be made. The lhs of
the deviation equation takes the form

D2]1a . 0o o
D7 WPV yng + 1y = 20Ty g — uPuT 0 n,
- ”buc'le (acrbae - 1—‘cbdl—‘dae - 1—‘cadl—‘bde)' (53)

Here, we used ;;a :=dn*/dt for the standard total
derivative.

Observe that the first term on the rhs vanishes in the case
of autoparallel curves (i := Du“/dt = 0). Also note the
symmetrization of the connection imposed by the velocities
in some terms.

Rewriting the connection in terms of the contortion and
switching to normal coordinates [49-55] along the world
line, which we assume to be an autoparallel, yields

Dy |y b K. 5 bycK 4
dt2 =g+ 20Ky Ng + U u K, gty
2.
+ ”bucﬂe <6ch11€ - ch(ba)e
+ chdeae - Kcadede>' (54)

Note the appearance of a term containing the partial (not
ordinary total) derivative of the deviation vector, in contrast
to the Riemannian case.

104069-5



DIRK PUETZFELD and YURI N. OBUKHOV

PHYS. REV. D 97, 104069 (2018)

The first term in the second line may be rewritten as an
° e
ordinary total derivative, i.e., u?u‘n,0.K,,* = u’n,Kp,

but this is still inconvenient when recalling the compass
equation, which will contain terms with covariant deriva-
tives of the contortion.

A. Operational interpretation

At this point, some thoughts about the operational
interpretation of the coordinate choice are in order. In
particular, it should be stressed that so far we did not
specify any physical theory in which the deviation equa-
tion (48) should be applied. Stated the other way round, the
derived deviation equation is of completely geometrical
nature; i.e., it describes the change of the deviation vector
between points on two general curves in Riemann-Cartan
spacetime.

From the mathematical perspective, the choice of coor-
dinates should be solely guided by the simplicity of the
resulting equation. In this sense, our previous choice of
normal coordinates appears to be appropriate. But what
about the physical interpretation or, better, the operational
realization of such coordinates?

Let us recall the coordinate choice in General Relativity
in a Riemannian background. In this case, normal coor-
dinates also have a clear operational meaning, which is
related to the motion of structureless test bodies in General
Relativity. As is well known, such test bodies move along
the geodesic equation. In other words, we could—at least in
principle—identify a normal coordinate system by the
local observation of test bodies. If other external forces
are absent, normal coordinates will locally’ lead to
straight line motion of test bodies. In this sense, there is
a clear operational procedure for the realization of normal
coordinates.

However, now, we are in a more general situation, since
we have not yet specified which gravitational theory we are
considering in the geometrical Riemann-Cartan back-
ground. The physical choice of a gravity theory will be
crucial for the operational realization of the coordinates.
Recall the form of the equations of motion for a very large
class [33,34] of gravitational theories, which also allow for
additional internal degrees of freedom, in particular for
spin. In this case, the equations of motion are no longer
given by the geodesic equation or, as it is sometimes
erroneously postulated in the literature, by the autoparallel
equation. In such theories, test bodies exhibit an additional
spin-curvature coupling, which leads to nongeodesic
motion, even locally.

How does this impact the operational realization of
normal coordinates in such theories? Mainly, one just has
to be aware of the fact that for the experimental realization of

*Here, “locally” refers to the observers laboratory on the
reference world line.

the normal coordinates, one now has to make sure to use the
correct equation of motion and, consequently, the correct
type of test body. Taking the example of a theory with spin-
curvature coupling, like Einstein-Cartan theory, this would
eventually lead to the usage of test bodies with vanishing
spin, since those still move on standard geodesics, and
therefore lead to an identical procedure as in the general
relativistic case; i.e., one adopts coordinates in which the
motion of those test bodies becomes rectilinear.

VI. CONCLUSIONS AND OUTLOOK

In this work, we investigated the generalization of the
deviation equation in a Riemann-Cartan geometry. As a
novel technical result, we have developed Synge’s world
function approach in the non-Riemannian spacetime with
curvature and torsion. Our expanded version of the
deviation equation (48) can be directly compared to result
in the Riemannian context [5]. The generalization should
serve as a foundation for the test of gravitational theories
that make use of post-Riemannian geometrical structures.

As we have discussed in detail, the operational usability
of the Riemann-Cartan deviation equation differs from the
one in a general relativistic context, which was also noticed
quite early in Ref. [29]. In particular, it remains to be shown
which additional concepts and assumptions are needed in
order to fully realize a gravitational compass [5,45,47,48]
in a Riemann-Cartan background. In contrast to the
Riemannian case, an algebraic realization of a gravitational
compass on the basis of the deviation equation is out of the
question due to the appearance of derivatives of the torsion
even at the lowest orders.

An interesting question for future works is the possible
application of (48) to the analysis of motion of (micro)
structured test bodies. In particular, it seems worthwhile to
search for new ways to map the gravitational field with the
help of such a deviation equation and work out its
implications for various applications, aiming for novel
tests of relativistic gravity theories.
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APPENDIX A: NOTATION
AND CONVENTIONS

The curvature and the torsion are defined with respect to
the general connection I',;,¢ as follows:
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TABLE I. Directory of symbols.

Symbol Explanation
Geometrical quantities
Gab Metric

op Kronecker symbol
x4, y* Coordinates

b’ Connection

Ww° Levi-Civita connection
Rupe Curvature
T Torsion
K¢ Contortion
o World function
7 Deviation vector
G, Parallel propagator
Miscellaneous
Y (1), X(7) (Reference) world line
u Velocity
ab Acceleration
K*,, H*, Jacobi propagators
Ay, Expansion coefficient
Ty yyvsva Auxiliary quantities
Operators
0, < Partial derivative
vV, “” Covariant derivative
D= Total covariant derivative
d __ oo

=

‘[

13 39

Total derivative

Coincidence limit
Riemannian object

Rubcd = aurbcd - ahracd + Fundrhcn - andrac'n7

Tabc = Fabc - 1—‘bac-

The symmetric Levi-Civita connection I:kj" as well as all

(A2)

(A1)

other Riemannian quantities are denoted by an additional
overline. For a general tensor A of rank (n,[), the
commutator of the covariant derivative thus takes the
form

(Vo V, =V, VA

1

J— e Ci...C, C; Cy...€...C
= =T, VA %y 4+ E RapeTA “dy..d,

I
=) Rapa, A%y ey (A3)
=1

In addition to the torsion, we define the contortion K kji
with the following properties:

Kkji = iji - iji, (A4)
1
Kyji = ) (Tyji + Tixj + Tije)s (A5)

The signature of the spacetime metric is assumed to be
(+1,-1,-1,-1).

As usual, ¢, , =V, ..V, . . . (6") denote the
higher-order covariant derivatives of the world function.

APPENDIX B: INTERMEDIATE RESULTS

Here, we give some intermediate results of the derivation
of the expansions the world function derivatives around the
reference world line Y:

Oyiy, = gyu'z + [GYIYZYB]G)V3 + <§ [GYIYZY3}'4] - [6}’13'2)’3]:}'4

1 ). - 7
- 5 [6)’1)’2)’5] [0-}5)’3Y4]> oMo + 0(63)’ (Bl)

6}‘1)’2}‘3 = [6}’1YZY3] + ([6}’1)’2)'3}’4] - [6}'1,\’2.V3];y4)6y4

1

+ E ([6)'1)’2}'3}’4)’5] - [6)’1)'2)’3];}’4)’5 - 2[

Uy 1 )‘2)’3.\’4] Vs

- [O'y 1Y2Y3Y0 ] [Gyo YaYs ] + [G,V 1Y2)3 ] Yo [G,Vo YaYs ] )Gy4 0’3

+ O(c?), (B2)
1 y
Oyix, = “yix, T gxzy[a)'lx)'3]6y3 + E (gxzy [Gylxng
- gxzyzgyly[gy‘le}é)u] - 2gx2y[GY1x(y,%];)’4)
- ngy [GY1X}’5][6y5)‘3YA})Gy36y4 + 0(63)' (B3)
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