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We consider the Lie derivative along Killing vector fields of the Dirac relativistic spinors: by using
the polar decomposition we acquire the mean to study the implementation of symmetries on Dirac
fields. Specifically, we will become able to examine under what conditions it is equivalent to impose
a symmetry upon a spinor or only upon its observables. For one physical application, we discuss
the role of the above analysis for the specific spherical symmetry, obtaining some no-go theorem
regarding spinors and discussing the generality of our approach.

I. INTRODUCTION

In differential geometry, the Lie derivative is a fundamental tool to implement a given symmetry upon an assigned
tensor field. In the case of spherical symmetry, for instance, it is by means of such a differential operator that one is
able to prove that scalars can depend only on the radial coordinate or that vectors cannot have any angular component.
While the Lie derivative is well-defined and it applies on tensors of whatever rank, its extension to spinors seems to
be affected by some ambiguity. The Lie derivative of spinor fields was introduced by Lichnerowicz in the 1960s [1],
and systematized by one of his students shortly later [2]. A treatment that gives a more geometrical meaning can be
found in [3]. However, in the 1980s, Penrose and Rindler gave a different definition [4]. A comparison between the
two approaches and a discussion of the differential geometry that lies at their bases are in [5, 6] and [7]. The feature
that is common to all treatments, however, is that when the Lie derivative is taken along the Killing vector fields,
that is along the generators of one-parameter group of local diffeomorphisms that preserve the metric of the manifold,
all above definitions seem to converge to one unambiguous form. This form is the one that we are going to employ.

In our work, the Lie derivative of spinor fields will be investigated by means of the polar decomposition. The polar
decomposition is the process in terms of which a complex function can be written as the product of one module times
one phase. Because one particular complex function is the wave function, such polar decomposition allows us to write
quantum mechanics in a form that contains only objects like density and momentum in what is called hydrodynamic
form. In presence of spin and even more for relativistic processes, the wave function becomes a doublet (allowing
both helicities) or a quadruplet (allowing both helicities and chiralities), and therefore the polar decomposition would
have to be done in terms of several modules and phases. However, in a spinor field, the 4 different complex spinor
components mix between each other under rotations and boosts, with problems for manifest covariance. A way to
write the polar decomposition of spinors in the relativistic case that is also manifestly covariant is possible [8, 9].
Indeed, introducing suitable quantities called tensorial connections, one can have the polar decomposition of the
Dirac spinor fields extended to include differential structures [10], and therefore the dynamics [11]. Having obtained
the covariant derivative of Dirac spinors in polar form one can then write their Lie derivative in polar form.

The polar formalism, then, will allow us to obtain a decomposition of the Lie derivative of the spinor in terms of
the Lie derivatives of its spinor bi-linears. As a consequence, we will be able to see whether the implementation of
symmetries upon a spinor or upon its observables are equivalent or not.

As an application to a physical situation of large interest, we will focus on the example of stationary and spherical
space-times. These back-grounds have been considered in presence of spinor fields in order to obtain exact solutions
for compact objects or in cosmology [12-26]. So far there does not seem to be a general consensus, since some solutions
may be found but they actually do not correspond to a full spherical symmetry of the spinor or on the other hand
some no-go theorems are proven but they actually involve specific choices limiting their generality. In the following we
will see that stationary spherical symmetry cannot be imposed onto spinor fields via Lie derivative, then no solution
can be found. We will discuss how general our results in fact are as they do not involve the choice of any tetradic
structure and they remain valid for whatever external interaction.

The paper is organized as follows: in section II we will recall the definition and main results about the Lie derivative
of spinor fields; in section III we will present a summary of the polar form of spinor fields; in section IV we will study

* luca.fabbri@edu.unige.it
T stefano.vignolo@unige.it
* roberto.cianci@unige.it



the polar form of the Lie derivative finding the condition under which a symmetry implemented upon the spinor
bi-linears of a spinor is equivalent to requiring that symmetry implemented upon the spinor as a whole; in section V
we apply the above results to the case of spherical symmetry, discussing a possible no-go theorem.

I1II. LIE DERIVATIVE OF SPINOR FIELDS

To begin, we recall some generalities on the Lie derivative of spinor fields ¥. As we have anticipated in the
introduction, we will follow the definition of [1, 2] given by

Letp=E10, 0+ 1 (Leey) o 0 (1)

where Le¢ey, is the Lie derivative of the k-th vector ej, of the basis of tetrads that we are using to move from coordinate
(Greek) indices to world (Latin) indices. The Minkowski matrix 7, is used to move world indices up and down. Also,
we used the convention for which o®* =[v?,v*]/4 where 4 are the Clifford matrices. Expression (1) is writeable as

Lep =&V 1+ 3 (0€)apo Py (2)

with (0€)aw := 04 —0,& and V1 denotes the spinor covariant derivative performed by means of the Levi-Civita
spin connection. Now, it is known that from a given spinor field one can form spinor bi-linear quantities that are
real tensors (for example, with 1) denoting the adjoint spinor, U® =9~y is a true Vector) This means that the Lie
derivative of spinor fields can be used to induce a corresponding Lie derivative on their spinor bi-linear tensors fields.
In the case of the vector U =~y we have

Le(Yy ) = Lepy Y+ P Ley Y +0y* Letp =

= [~ 108)up o+ €MV D] AU+ P Ley Y+ (€4 V b+ 1 (0€) o Y] (3)
and after some re-arrangement
Le (v ) =0 Ley* Y+ YV, (yy* ) — 5 (VVEY = V&) (Y7,9)) (4)

in which the identity [o"?, v%] =g* y" —g*¥~” has been used and where we have written the curl explicitly. On the
other hand, the Lie derivative of a vector can be expressed as LU =¢V,U*—=U!V ,£¢. For the U* above

Le(py* ) ="V (97 ) — (07" 9) Vi€ ()
Comparing (4) and (5) we see that
YLy =5 (Y ) Vg =5 (0 ) V& — (hy" )V u€™ = —5 (bm)) (VO +V7E%) (6)

identically. As a consequence, the definition of Lie derivative of spinors and tensors and the procedure from which we
form tensors from spinors are all compatible with each other if and only if

YLy p=—5 (b ) (VE +VVEY) (7)
which is always true if £ is a Killing vector [3]. Hence, we will always assume that
Ley®=0 (8)

leading to the fact that Lie derivation and spinor bi-linear combinations will always be mutually consistent.
Given a spinor field 1 and a Killing vector field £ we will say that the spinor is strongly Lie-invariant if

Leyp=0 (9)

holds. Instead, when all spinor bi-linears are Lie invariant along & we say that the spinor is weakly Lie-invariant.
Along a Killing vector field, strong Lie-invariance implies weak Lie-invariance. What we wish to discuss in the present
work is whether strong and weak Lie-invariance can be equivalent.



III. SPINOR FIELDS IN POLAR FORM

In the previous section we have established the convention we will follow about spinors and Clifford matrices ~,
defined to be such that {v,,75} = 2Ina, and from which * = [v%, 4*]/4 are the generators of the Lorentz group.
With the identity 2i0 e = cqpeamo® one can implicitly define the fifth gamma matrix, which here we will indicate
with 7 (the reasons for this convention are that there is no justification for the index five since we are not here in
pentadimensional spaces and that denoting it as a gamma with no index would make it impossible to distinguish it
from a normal gamma in which the index has been suppressed for compactness. The choice of the letter pi for 7 stands
for parity or projector much in the same way the choice of sigma for o, stands for spin). By exponentiation of the
generators of the Lorentz group we get an element of the Lorentz group A and so we can define the element of the spin
group as §'=Ae’ where « is the phase accounting for the gauge transformation of ¢ charge. The general property
of such transformations is that they verify Sy*S~—! = Ay*A~! = v*(A~1)¢ where (A71){(A71)In;; = nap so that,
according to the usual denominations, (A)j is the real Lorentz transformation, A the complex Lorentz transformation
and S the spinorial transformation. The spinor field is an object that transforms under a spinorial transformation S
according to ¢ — St and 1) —1S~! where ¢ =11~ is the adjoint procedure.

With this pair of adjoint spinors, we can construct the spinor bi-linears

2 =2 i) M =2ipo ) (10)
S =1pyrmip U® =iy (11)
O =iymi) =y (12)

which are all real tensors. As is clear they are not all linearly independent and in fact we have the relation
Y= —%5“"“Mab (13)
showing that the two antisymmetric tensors ¥% and M, are the Hodge duals of one another. Additionally, one has
Mab(¢>2+@2):@UjSkejkabJr@U[aSb] (14)

showing that if ®2+02#£0 then also M, can be dropped in favour of the two vectors and the two scalars. Axial-vector
and vector with pseudo-scalar and scalar are also not independent since

QU#S,,U’“’mp—kUzw =0 (15)

as well as
U, U%=—-5,5%=02+ P2 (16)
U584 =0 (17)

and in the case in which ®2+02#£0 we can see that the axial-vector is space-like while the vector is time-like.

Throughout this paper we will systematically deal with spinor fields for which ®2 + ©2 # 0 called regular spinor
fields (spinors for which =0 =0 are called singular spinor fields, or flag-dipole spinors, and they are of considerable
interest [27], since they are a class that contains also Majorana and Weyl spinors). In this case, it is always possible
to write any Dirac spinor in polar form which, in chiral representation, is given as

1
p=getom L1 |7 (18)
0

for a pair of functions ¢ and S and for some L having the structure of a spinorial transformation (that is, L has
mathematically the same structure of S) [3, 9]. Then

©=2¢%sin & =2¢2 cos (19)
showing that ¢ and 3 are a real scalar and a real pseudo-scalar, called module and chiral angle. We can also normalize
§e=2¢25a U =292 (20)

where u® and s® are the normalized velocity vector and spin axial-vector. Then (15) and (16-17) reduce to

U, T+ = 0 (21)



and

Ugu® = —5,5%=1 (22)

Ues*=0 (23)

showing that the velocity has only 3 independent components, which could be identified with the 3 components of its
spatial part, whereas the spin has only 2 independent components, which could be identified with the 2 angles that,
in the rest-frame, its spatial part forms with the third axis. As for the matrix L we can read its meaning as that of
the specific transformation that takes a given spinor into its rest frame with spin aligned along the third axis. We
have already said that L has mathematically the same structure of S but it is also important to specify that from
a physical perspective they are very different. In fact, while S denotes the most general spinorial transformation,
L is that special spinorial transformation that takes a generic spinor in its simplest rest-frame spin-eigenstate form.
Metaphorically, if the spinor were to be a top spinning on a table then S would tell how to move from the fixed
system of reference in which the table is at rest to the rotating system of reference in which the top is at rest while
L would tell how the top is spinning. For spinors in polar form, their 4 complex components, or 8 real functions,
are re-organized in such a way that the 2 real scalars ¢ and § remain isolated from the 6 parameters of L that can
always be transferred into the frame and which are thus the Goldstone fields of the spinor. In fact, the Goldstone
fields we have here for the spinor play the same role played by the Goldstone bosons in the Standard Model for the
Higgs field. The 3 velocities and 2 angles amount to a total of 5 parameters in the Lorentz transformation, and since
the phase adds 1 parameter, the full spinorial transformation has a total of 6 parameters. Or in alternative, one
could count 1 parameter for the phase plus 6 parameters that Lorentz transformations have in general, for a total of
7 parameters, then subtract one parameter that is redundant, due to the fact that the gauge transformation and the
rotation around the third axis have the same effect on the spinor, as is clear from (18). To continue the parallel with
the Standard Model, recall that the U(1)xSU(2) gauge group has a total of 4 parameters, but the hypercharge and
the third component of the isospin combine to form a single parameter. Finally, to conclude this parallel, remark that
here the frame in which the spinor is at rest and with spin aligned along the third axis is analogous to what in the
Standard Model is for the Higgs field the unitary gauge [10].
Now, in general, the spinorial covariant derivative is defined according to

Vﬂ¢:au¢+cu1/’ (24)
in terms of the spinorial connection C), which is itself defined by its transformation
C,L—>S(CH—S_16MS) St (25)
where S is the spinorial transformation. This spinorial connection can be decomposed according to
C,=30", 0u+igA,l (26)
where C“bu is the spin connection of the space-time and A, is the gauge potential. Because in general
L710,L=1iq0,(l+50,(j0 (27)
for some ¢ and (;; that are precisely the Goldstone fields of the spinor. Then we can define the quantities

PNZZCI(a/AC_Au) (28)
Fiju:=0uGij—Ciju (29)

which are proven to be real tensors. From (18) and (28-29) we get
V= (—%V.Br+V, Ingl—iP,I— L F;;,0)) (30)
as the polar form of the covariant derivative. By taking this form and contracting on the left with ¢vy* we get
J’kalﬂﬁ:Ukvu 1n¢—% uBSk_iPuUk"‘ﬁlFijugkiquq - %Fijunkin (31)
whose real part is simply

VUi =20V, In ¢+ U7 Fjp,. (32)



This can be written as
V. (20%ur) =2¢%u, V,, In ¢* + 2¢%u! Fjy,,, (33)
and so
2V, 0% uy, + 2¢%V ug =2¢%upV, In 02 + 2¢%u? Fiy, (34)
where the derivatives of the module eventually cancel. Therefore
V uk =1 Fjg,, (35)
as a general identity. The same is true for the axial-vector. In conclusion, we have
Vusi=Fji,s V= Fjiul (36)
which are valid as general identities. These last two identities imply in turn the validity of the relation
Fopp=uaVuy—upV e +55V 80— 54V usp+ (Ua sy —upSa)V ugst + %Fijﬂeidesabpqscudspuq (37)
which can be written as
Fopp=uaVuy—upV e +55V S0 — 54V 8o+ (Ua sp —ubsa)Vuuksk +2eqpi5u’s?V, (38)
for some vector
Vi :ziFiwsij“lucsd (39)
that cannot be specified in terms of covariant derivatives of velocity and spin. Finally, we can write (30) with (38) as
Vb= [ 4V, 87+ Y, In Gl—i (B — V)T — (46 V s +55V 50+ taspV uugs®) o] (40)

having used 2i0 4 =€eqpecqmo® and (21). After that the Goldstone fields are transferred into the frame, they combine
with spin connection and gauge potential to become the longitudinal components of the P, and Fjj;,, tensors. The
P, and Fj;,, objects, therefore, have the same information content of spin connection and gauge potential while being
real tensors, and it is for this reason that they are called space-time and gauge tensorial connections. In this, the
tensorial connections we have here are the geometric and electrodynamic analog of the weak bosons W,f and Z,, of the
Standard Model. Velocity and spin can only determine 5 parameters of L and so their derivatives can only determine
20 components of Fj;, with the 4 missing components corresponding to rotations around the third axis encoded by
the Fig, component. Because for rest-frame spin-eigenstate spinors it is u®=1 and s®=1 it follows that 2V, =Fia,
and thus the missing components are encoded in the V), vector. Alternatively, one can count the 24 components of
the space-time tensorial connection plus the 4 components of the gauge tensorial connection, totalling 28 components,
and subtract the four components that are redundant, due to the fact that V,, and P, act identically on the spinor
field, as is clear from the structure of (40) [10].
It is also important to notice that the relations

Rappr ==(ViFopr =ViFaputForpFnow g™ = Fary Fypug™) (41)

qF;w:_(v,uPl/_vuP,u) (42)

are valid as geometric identities, which means that the F,;, and P, tensors can be respectively seen as gauge-invariant
and covariant potentials of the Riemann curvature F,,, and the Maxwell strength F},,, in general.

Due to the importance of the tensorial connection, and specifically the space-time tensorial connection F,p, we

now give further comments about its geometrical interpretation. To this end, let us suppose to perform the pointwise
tetrad transformation given by

el=NA" e ba=NM,"e; (43)

where A’ denotes a suitable real Lorentz transformation and A* , = (A~1),% is its inverse. Real Lorentz transformations
are tied to the corresponding complex Lorentz transformation (or spinorial transformation) L by the requirement

Ly LA =~ (44)



where both real and complex (or spinorial) transformations have the same parameters, which are in general functions
of the space-time coordinates. Because of the change of trivialization induced by the real Lorentz transformation, the
spinor field 1) undergoes the corresponding spinorial transformation

=LA ")y (45)

by construction. In the same way, a spin connection Q% ., on the space-time transforms according to
Qij — Mk Al Aj AJS 9 Al 46
wo H h k" Oxk s ( )

in which we have denoted A7¢ = A?,n® for brevity. In particular, we consider the flat spin connection whose coefficients
0 ., are zero in the frame where the spinor is at rest and with spin aligned along the third axis, which in the parallel to
the Standard Model we will call the unitary frame. Correspondingly, we will call such spin connection the Goldstone
connection. After the transformation (43), in the new tetrad é; the Goldstone connection is

L 9
ij _ _AJS_Y A
Q7 =—A &WA s (47)
and identity (27) can be written as
%AjsaHAi So'ijL :8HL (48)
where L = L(A~1) is the matrix appearing in equation (45). Indeed one has
%AjSBMAi so'ijL:% [8M(Az s"}’i), Ajs’)/j] LZ% [8H(L’)’SL_1), n‘gtL’ytL_l] L =
— 19,(Ly L) (LY L) L=0, L+ 1L~.0,L " Ly* =0, L (49)
in view of identities v [7yi,7;] ¥* =0 holding in 4 dimensions. From (48) we derive the relation

o 1 OL __,  18¢i

Jjs_~ At T = =—- gy 50
g 2279 gan 2 Gan (50)
and because of the linear independence of the o;; matrices we conclude that
& . B
i R— i 51
oxH Oxk ¢ (51)
as a general relation. The space-time tensorial connection is defined as
i -
L/ _ 1]
FY, = e cv, (52)

where C*, denotes the Levi-Civita spin connection. Making use of equations (47) and (51) we can re-write (52) as
Y, =Q9 -CY, (53)

which represents the difference between the Goldstone connection and the Levi-Civita spin connection, clarifying the
tensor nature of the quantity F iju and its meaning. More precisely, it is evident that the tensor F,;, identifies with
the contorsion tensor of the Goldstone connection. In such a circumstance, the conditions that the vectors u’ and s’
must satisfy (36) is the same as requiring that both vectors u® and s verify

V,u' =0 Vst =0 (54)

that is they are constant with respect to the Goldstone covariant derivative.
Having constructed all kinematic objects we need, we are able to outline the dynamics of Dirac fields in polar form.
It is seen that the Dirac equation

YV —myp=0 (55)

can be written equivalently in polar form as [10]
V,ln ¢2+FIWVfQP"u”s"‘superstﬂ sin 3=0 (56)
Vﬂﬁ—l—%ameo‘“—2Pbu[Ls#]—|—2msu cos 3=0. (57)



Making use of expression (38), (56-57) become
Vuln?+u, Viu'—s, Vst —u’Vyu,+5"V,s,+ (u,s” —u’s,)Vyuist —2(PP = VP)u” s, 0 +2ms,, sin =0 (58)
V1B =avpu® VY uP +€,8,0 8P VY s € apusPV ul s; —2(PY — V¥ )uy, s, +2ms,, cos f=0. (59)
For simplicity, let us introduce the notations
27, =V, In¢*+u,Viu'—s,V;s' —u’'Vyu,+5"V,s,+(u,s” —u’s,)V,u;s (60)
2Y,, =V 8= €apu* V' UP +€,8,05° V" 8% +€,105,u*sPVV uls; (61)
so that the Dirac equations in polar form can be expressed in the more compact form
Zy—(PP=VP)u’s% ppa+ms, sin =0 (62)
Y, —(P"=V")uy,s, +ms, cos f=0. (63)
Taking (62) multiplied by e#"™Tu,s, plus (63) multiplied by ul*s gives
P"—V"=mcos Bu”—I—YMu[/‘s’ﬂ +Zy U5 TN (64)

in which the vector P7—V" has been made explicit. Because V;S*=4m¢?sin 8 [11], the classical limit S*— 0 implies

also 8 — 0 so that (64) reduces to P"=mu" showing that P, is the momentum of the particle. The general expression

(64) is therefore an extension of the momentum so to include the spin. Hence, the vector P, —V,, can be interpreted

as the most general momentum after the redundancy between gauge and rotation around the third axis is removed.
The Dirac field has energy tensor given by

T#7 = (PP VI =V Iy Y +1py T VP =V Py 7)) (65)
which in polar variables becomes
Tro =¢*(PPu®+Pul+5s°VPB/2+ 5PV B/2—LF 7s,.ePoV" —1F,  Ps,c70VF) (66)
where (30) was used. By plugging now (38) we obtain
TP =@*[(PP—VP)u +(P° =V )ul+s°VPB/2+s"V 3/2 —
—%snuavguyep”“a—%s,{uavpuus‘”’m]. (67)

As is clear from the treatment of the dynamics in polar form, the vector P,—V,, has a very special role and such a
special role will become even more prominent when the Lie derivative of spinor fields will be considered.

IV. LIE DERIVATIVE IN POLAR FORM

In section IT and IIT we have respectively defined the Lie derivative of spinor fields (2) and the spinor field covariant
derivative (40) and it is our goal now to combine the two. Substituting (40) into (2) one gets

Lep=—impLe /240 Le Inp— 00 phu®(Lew)’ —0aphs”(Les) —0appusPs, (Leuw)” +
H[1(08) (g —uu +551) (97 —uPu’ + 55" )T ap— i€ (Pu— Vi) I9 (68)

where the Lie derivative of vectors and scalars was used. It has now become evident how employing the polar
decomposition has enabled us to write the Lie derivative of the Dirac spinor in terms of the Lie derivative of the
spinor bi-linears. In fact, this was made possible by expressing the covariant derivative of the spinor (appearing in
eq. (2)) in terms of the covariant derivative of the tensor and pseudo-tensor quantities that characterize the spinor
in polar form. Then using the well-known relationship linking Lie derivative, covariant derivative and torsion (null in
our case), we were able to obtain the final equation (68).

Eq. (68) allows us to answer the question with which we have concluded section II: that is, along Killing vector
fields, the strong Lie-invariance amounts to the weak Lie-invariance plus the additional condition

[1(0€) (g —uut +5%sH) (g7 —uPu” +55" )0 0p—i&H (P =V, ) =0 (69)
which, however, is not of immediate meaning, yet. To work it into a simpler form, define

W = H(0E) o (90— 575 (g —wPu 4575 (70)



so to write (69) in the more compact form
(3w ap—i&H (Pu— V) =0. (71)
Multiplying on the left by o, and taking the real part gives
Leabijw O —wep®—2(P, —V,,)EH My, =0 (72)
where 2{0 b, Oca} = (NadMbe —Nacbd) I+i€apecam™ with (10) and (12) were used. This last expression has Hodge dual
—wab@—%wijsijabfb—(Pﬂ—Vu)é”Mijgijabzo (73)
so that by adding (72) multiplied by ® to (73) multiplied by © one gets
a7+ %) =2V, )€ (Mo @+ 1 M,5,,0) =0 (74)
and after using (14) one eventually obtains
~wap —2(P = V)M $7€ jjoap, =0 (75)

as a real tensorial relation that is certainly simpler than the initial (71), although in the process of deriving it we may
have lost information. To see that we did not, let us take (75) written so to have wg, explicit. We can then see that

[%wapaapfif“(PusH)H]w:f(PﬂfVu)E“(ujsksjkabaabJri]I)w (76)
and by employing once again 2ig = cqpcqmo® and (21) one sees that
— (P, =V, )M (uI sk e jpapo®®+il)p = —i(P,—V, )" (2w sk o jpm +1) =0 (77)

showing that (71) is valid. Because (71) is implied as well as implies (75), the two are equivalent. Using in (75) the
definition (70) we reach

%(ag)w (g —utut +5%sH) (g —uPu +5°5") = —2(Py =V, ) 1y 8,7P (78)

which is antisymmetric in its two free indices and with no projection along velocity and spin vectors. Due to its
antisymmetry and the fact that it takes values in a bi-dimensional plane, it has one single independent component,
and so it is with no loss of generality that we can multiply it by u”s"esrq, to get

1(08) v s7ueeh’ ™ =261(P, —V,) (79)

as a real scalar relation that is the simplest we can get and which is the equivalent of (69). Thus, we have proven the
Theorem - Let £ be a Killing vector field and 1 a Dirac spinor: the validity of the relationship (79) is a sufficient
and necessary condition for the weak Lie-invariance to be equivalent to the strong Lie-invariance of 1 along &.
Because the equivalence of strong and weak Lie-invariance is subject to condition (79), and since this condition
depends on the vector P,—V,,, it would be interesting now to discuss (79) more in detail.
In a variational approach, the energy of a free spinor field in flat space-time, in Cartesian coordinates, is the conserved
current of the symmetry given by time translations. Within the Lie analysis, time-independence is implemented by
the Killing vector field

1
0
&=1y (80)
0
as well known. Because this means 0 =0 we have that (79) is reduced to {#(P,—V,,)=0 identically. Hence
Tor€PE7 =0 psptiauV u€ye?"* =0 (81)

because of weak Lie-invariance and again the fact that 9¢ =0 identically. Therefore, time-independence gives not only
energy conservation but also energy vanishing, when condition (79) happens to be verified.
In this case, while strong Lie-invariance is mathematically possible, it may be dynamically too restrictive.



V. SPHERICAL SYMMETRY

In the previous sections we have found the condition under which weak and strong Lie-invariance are equivalent to
each other and discussed that this condition might be too restrictive on dynamical grounds. This means that in very
general situations there is no equivalence between weak and strong Lie-invariance, so that only the weak Lie-invariance
should be required to implement a symmetry on a given system, if we want to embrace the less restrictive case.

However, even the case of weak Lie-invariance may lead to contradictions in some cases. One of these cases is that
of spherical symmetry. In this situation in fact, the Killing vector fields, in spherical coordinates, are given by

1 0 0 0
§o= 8 SG=1| _ c(())s 0 §o= sir?ga §3= 8 (82)
0 sin ¢ cot 6 cos g cot 6 1
and therefore the metric is
gy = e*4 Grt =eAtH) sinh 7 grr = —€28 906 = —e”¢ Jpp = _62C| sin0|2 (83)

where A = A(r), B = B(r), C = C(r) and n = n(r) are generic functions of the radial coordinate. Notice that the
case 11— 0 is the one for which the metric becomes diagonal, implementing the passage from stationary to static case,
while the restriction C' — Inr makes the metric reduce to Schwarzschild-like space-times. The weak Lie-invariance
implies that the scalars ¢ and § can only be functions of the radial coordinate and that the vectors u® and s* can
only have the time and radial components and that these are functions of the radial coordinate, or explicitly

e cosh (a+n) u, = —eP sinha (84)
e sinh (a+7n) s, = —eP cosha (85)

Ut

St

where a=a(r) and in which the constraints (22) have also been taken into account. We notice that for =0 the case
a—0 is the one for which we find ourselves in the spinor rest frame and with spin aligned along the radial axis. The
invariance for parity is implemented by the diffeomorphism 6 — 7 — 6 which gives 90’ /00 =—1 and a Jacobian with
negative determinant. Thus, the vector components remain the same apart from ug — —uy while for the axial-vector
components we have s; — —s; and s, — —s, as well as s, — —s,, with the elevation component now being the only
one that is not affected. We can already see from (85) that the conditions s; — —s; and s, — —s,- cannot be satisfied.
More in general, for the spherical symmetry any transformation that involves only an angle must leave unchanged all
objects depending only on the radial coordinate. All those objects that would change sign under parity but which
would also have to be left unchanged due to spherical symmetry are therefore parity-odd constant functions, and so
they have to vanish. Beside the angular components of vectors, which are already zero, we must also have that s; =0
and s, =0 as well as =0 have to be imposed. The two conditions on the components of the spin now mean that
the full s, =0 so that s%s, =0 and this is incompatible with the fact that s*s, = —1 so that a contradiction arises.
Because this condition is a scalar condition, it does not depend on the spherical coordinates we have chosen, and thus
the result is general. So, in spherical symmetry, even weak Lie-invariance is a mathematical impossibility.

VI. CONCLUSION

In this work, we have highlighted the role of the polar decomposition of spinors in discussing their Lie derivative along
Killing vector fields, clarifying the relationship between the Lie derivative of the spinor and that of its observables.
After introducing the notions of strong Lie invariance (that is the vanishing of the Lie derivative of the spinor) and
weak Lie invariance (that is the vanishing of the Lie derivative of all the spinor bi-linears), we have singled out the
condition under which the two notions are equivalent.

As an example, we have proved that no spinor field undergoing spherical symmetry via Lie derivative can be defined.
Because the proof has been obtained in terms of scalar conditions employing polar variables at the kinematic level,
the result does not depend on the chosen coordinates or tetrads nor any interaction.
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