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Nicolas Gisin [1,2] has emphasized that, prior to Einstein’s imposition of a finite
speed of light, and hence of information, in the Special Theory of Relativity, physics was
nonlocal. While Newton was, as Gisin points out, rather unhappy with this situation,
pre-relativistic classical physics was a physics of “instantaneous” (prior to Cantor, this
must be considered an informal notion) interactions across arbitrary distances. Spacetime
in this classical setting was merely a container; indeed, it was merely a set of labels. The
gravitational and, later, electromagnetic interactions operating in this classical container
were, moreover, in principle completely deterministic. Indeed, Tipler [3] has shown that
this Laplacian, globally deterministic classical theory is equivalent to quantum theory in
its Bohmian representation. Classical physics is not, of course, globally deterministic in
the classroom or in practice; classical interactions are typically represented as occurring
on isolated billiard tables or in isolated solar systems. It is the sigularities created by
assumptions of isolation—effectively, screening of all exterior forces—that are removed by
adding a Bohmian “quantum” potential to classical physics.

What, then, is the relationship between classical and quantum physics? How does this
relationship depend on assumptions of locality or isolation? The difficulty of obtaining a
satisfactory quantum theory of gravity is often attributed to a fundamental conflict between
the demands of covariance and those of unitarity, as illustrated, for example, by discussions
of the black hole information paradox [4-10]. These, as well as [3], suggest, however, that
what is fundamentally at stake is the relation between classical and quantum information, or
in more operational (or indeed philosophical) language, the relation between observational
outcomes and the physics that they describe. Observational outcomes always characterize
particular physical systems; hence this question can be rephrased as the question of whether
“systems” can be considered to be both local and observer-independent.

The papers in this Special Issue all address some aspect of this latter question. The
first, by Y.-Q. Gu, continues the author’s previous efforts [11] to develop a fully “realist”
representation—with observer-independent space and time coordinates—of spacetime
that is consistent with GR by deriving a representation for the spinor connection within
such a spacetime [12]. The treatment is fully geometric, employing the formalism of
Clifford algebra to represent both the spinor and the spacetime. Gu suggests that, in these
coordinates, the (global) cosmological constant is reproduced by the self-interaction of the
(global) spinor field.

The second paper, by llluminati, Lambiasi, and Petruzziello, extends previous work [13]
on the breaking of Lorentz symmetry that results when the Heisenberg uncertainty principle is
generalized to account for the effects of long-range spacetime curvature on locally-observable
momenta [14]. This symmetry breaking is shown to be equivalent to one generated by a
string-theoretic extension of the standard model. They provide an improved theoretical bound
on the strength of this symmetry breaking, but note that this bound is still much larger than
values that near-Earth observations might be expected to yield.

The paper of Moradpour, Aghababaei, and Ziaie examines the effects of generalizing
the uncertainty principle from a different perspective, computing the behavior of both the
Maxwell-Boltzmann distribution and its relativistic extension, the Jiittner distribution, as
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the long-range curvature effects are increased [15]. As expected, long-range corrections
have a smaller effect on the Jiittner distribution; however, and consistent with the above,
they remain far outside the bounds of current observational capabilities.

The paper of Kaparulin, Lyakhovich, and Nosyrev extends previous work [16] that
seeks to achieve both stability and gauge invariance in higher-order (extended Cherns-
Simons) theories with n-particle interactions [17]. Its key result is that achieving both
stability and gauge invariance requires introducing a further “gauging field” that deforms
the equations of motion. This additional field is interpreted as a “Higgs-like” mechanism
that maintains on-shell masses.

Jack Ng’s paper applies a previously developed heuristic model of spacetime foam
that is compliant with the holographic principle [18] to characterize the accelerating regimes
of the early (i.e., inflationary) and late (i.e., dark energy-dominated) universe [19]. Ng
equates the “quanta” of spacetime foam with holographically encoded bits of informa-
tion, and shows that these quanta must be distinguishable—i.e., must collectively encode
macroscopic, multibit information—to generate a macroscopic spacetime. He suggests that
“ordinary” bosons and fermions can be considered collective modes of these foam quanta.

The final paper, by Fields, Glazebrook, and Marciano, develops some consequences
of a previous [20] generalization of the holographic principle to arbitrary pairs of finite
quantum systems in the weak interaction limit [21]. We provide formal criteria under which
arbitrary interactions can be regarded as “measurements” that deploy defined quantum
reference frames (QRFs) [22], and show that such interactions induce decoherent sectors
on the holographic screen separating the interacting systems. We also show that joint-
state separability breaks down as the QRFs deployed by the interacting systems approach
functional equivalence.

While the papers collected here do not, and could not be expected to, reach a consensus
on the path forward toward a satisfactory quantum theory of gravity, they do share a
common theme: that nonlocality must be built somehow into coordinate systems (Gu),
measurement uncertainties (Illuminati et al., Moradpour et al.), ancillary fields (Kaparulin
et al.), underlying fundamental quanta (Ng) or the notion of “system” itself (Fields et al.).
They thus contribute to the growing body of evidence that a local theory of observation,
i.e., of classical information exchange, does not require, and may indeed be inconsistent
with, a local theory of physics.
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Abstract: By means of Clifford Algebra, a unified language and tool to describe the rules of nature,
this paper systematically discusses the dynamics and properties of spinor fields in curved space-time,
such as the decomposition of the spinor connection, the classical approximation of the Dirac equation,
the energy-momentum tensor of spinors and so on. To split the spinor connection into the Keller
connection Y, € A and the pseudo-vector potential Q) u € A3 not only makes the calculation simpler,
but also highlights their different physical meanings. The representation of the new spinor connection
is dependent only on the metric, but not on the Dirac matrix. Only in the new form of connection
can we clearly define the classical concepts for the spinor field and then derive its complete classical
dynamics, that is, Newton’s second law of particles. To study the interaction between space-time
and fermion, we need an explicit form of the energy-momentum tensor of spinor fields; however,
the energy-momentum tensor is closely related to the tetrad, and the tetrad cannot be uniquely
determined by the metric. This uncertainty increases the difficulty of deriving rigorous expression.
In this paper, through a specific representation of tetrad, we derive the concrete energy-momentum
tensor and its classical approximation. In the derivation of energy-momentum tensor, we obtain a
e
gravity. From this paper we find that Clifford algebra has irreplaceable advantages in the study of

spinor coefficient table S',’, which plays an important role in the interaction between spinor and
geometry and physics.

Keywords: Clifford algebra; tetrad; spinor connection; natural coordinate system; energy-momentum
tensor; local Lorentz transformation; spin-gravity interaction

PACS: 04.20.Cv; 04.20.-q; 04.20.Fy; 11.10.Ef; 11.10.-z

1. Introduction

The Dirac equation for spinor is a magic equation, which includes many secrets of
nature. The interaction between spinors and gravity is the most complicated and subtle
interaction in the universe, which involves the basic problem of a unified quantum theory
and general relativity. The spinor connection has been constructed and researched in many
works [1-5]. The spinor field is used to explain the accelerating expansion of the universe
and dark matter and dark energy [6-11]. In the previous works, we usually used spinor
covariant derivative directly, in which the spinor connection takes a compact form and its
physical meaning becomes ambiguous. In this paper, by means of Clifford algebra, we split
the spinor connection into geometrical and dynamical parts (Y, (), respectively [12].
This form of connection is determined by metric, independent of Dirac matrices. Only
in this representation, we can clearly define classical concepts such as coordinate, speed,
momentum and spin for a spinor, and then derive the classical mechanics in detail. Y, € Al
only corresponds to the geometrical calculations, but Q) € A% leads to dynamical effects.
Q) couples with the spin S# of a spinor, which provides location and navigation functions
for a spinor with little energy. This term is also related with the origin of the magnetic field
of a celestial body [12]. So this form of connection is helpful in understanding the subtle
relation between spinor and space-time.

The classical theory for a spinor moving in gravitational field is firstly studied by
Mathisson [13], and then developed by Papapetrou [14] and Dixon [15]. A detailed deriva-
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tion can be found in [16]. By the commutator of the covariant derivative of the spinor
Vo,V 5], we obtain an extra approximate acceleration of the spinor as follows

B0 (6H) = = o R (e (x4)579 (a1, 0

where R,p,s is the Riemann curvature, u* 4-vector speed and $7% the half commutator of
the Dirac matrices.

Equation (1) leads to the violation of Einstein’s equivalence principle. This problem
was discussed by many authors [16-23]. In [17], the exact Cini-Touschek transforma-
tion and the ultra-relativistic limit of the fermion theory were derived, but the Foldy—
Wouthuysen transformation is not uniquely defined. The following calculations also show
that the usual covariant derivative V, includes cross terms, which is not parallel to the
speed u of the spinor.

To study the coupling effect of spinor and space-time, we need the energy-momentum
tensor (EMT) of spinor in curved space-time. The interaction of spinor and gravity is
considered by H. Weyl as early as in 1929 [24]. There are some approaches to the general
expression of EMT of spinors in curved space-time [4,8,25,26]; however, the formalisms are
usually quite complicated for practical calculation and different from each other. In [6-9,11],
the space-time is usually Friedmann-Lemaitre-Robertson-Walker type with diagonal met-
ric. The energy-momentum tensor T}, of spinors can be directly derived from Lagrangian
of the spinor field in this case. In [4,25], according to the Pauli’s theorem

1
67" = 57508 + v, M), @

where M is a traceless matrix related to the frame transformation, the EMT for Dirac spinor
¢ was derived as follows,

T = SR(T (41T i), 0

where ¢t = ¢T1 is the Dirac conjugation, V* is the usual covariant derivatives for spinor.
A detailed calculation for variation of action was performed in [8], and the results were a
little different from (2) and (3).

The following calculation shows that, M is still related with §g", and provides
nonzero contribution to T*" in general cases. The exact form of EMT is much more complex
than (3), which includes some important effects overlooked previously. The covariant
derivatives operator iV, for spinor includes components in grade-3 Clifford algebra A%,
which is not parallel to the classical momentum p,, € Al. The derivation of rigorous Ty, is
quite difficult due to non-uniqueness representation and complicated formalism of vierbein
or tetrad frames. In this paper, we provide a systematical and detailed calculation for EMT
of spinors. We clearly establish the relations between tetrad and metric at first, and then
solve the Euler derivatives with respect to g,y to obtain an explicit and rigorous form
of Tyy.

From the results we find some new and interesting conclusions. Besides the usual
kinetic energy momentum term, we find three kinds of other additional terms in EMT of
bispinor. One is the self interactive potential, which acts like negative pressure. The other
reflects the interaction of momentum p* with tetrad, which vanishes in classical approxima-
tion. The third is the spin-gravity coupling term ), 5%, which is a higher-order infinitesimal
in weak field, but becomes important in a neutron star. All these results are based on Clif-
ford algebra decomposition of usual spin connection I';, into geometrical part Y, and
dynamical part O, which not only makes calculation simpler, but also highlights their
different physical meanings. In the calculation of tetrad formalism, we find a new spinor
coefficient table Sg; , which plays an important role in the interaction of spinor with gravity
and appears in many places.
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This paper is an improvement and synthesis of the previous works arXiv:gr-qc/0610001
and arXiv:gr-qc/0612106. The materials in this paper are organized as follows: In the next
section, we specify notations and conventions used in the paper, and derive the spinor
connections in form of Clifford algebra. In Section 3, we set up the relations between
tetrad and metric, which is the technical foundations of classical approximation of Dirac
equation and EMT of spinor. We derive the classical approximation of spinor theory in
Section 4, and then calculate the EMT in Section 5. We provide some simple discussions in
the last section.

2. Simplification of the Spinor Connection

Clifford algebra is a unified language and efficient tool for physics. The variables and
equations expressed by Clifford algebra have a neat and elegant form, and the calculation
has a standard but simple procedure [12]. At first we introduce some notations and
conventions used in this paper. We take /i = ¢ = 1 as units. The element of space-time is
described by

dx = yudxt = yFdx, = 7,0X" = 96X, @)

in which 7, stands for tetrad, and 4* for co-frame, which satisfies the following C/; 3
Clifford algebra,

YaYo + VoYa = 2Hab, YuYv + YoVn = 28w, 5)
Yp = fya’)/a/ = fPr’z'Ya/ fap = diag(l, -1, -1, —1). (6)

The relation between the local frame coefficient (%, fi') and metric is given by

fyﬂf}; =0y, f;tﬂfva = 5;11’ fI;beﬂab =g", fyﬂfvbﬂab = 8uv- 7)

We use the Latin characters (a,b € {0,1,2,3}) for the Minkowski indices, Greek
characters (y,v € {0,1,2,3}) for the curvilinear indices, and (j, k,I,m,n € {1,2,3}) for
spatial indices. For local frame coefficient in matrix form (f,/) and (f "), the curvilinear
index y is row index and Minkowski index a is column index. The Pauli and Dirac matrices
in Minkowski space-time are given by

AGDEDCHG L e

7 = (0%, -7), ¢ = (d!,0%,0%), 9)

(27) (%)

Since the Clifford algebra is isomorphic to the matrix algebra, we need not distinguish
tetrad * and matrix * in algebraic calculation.

There are several definitions for Clifford algebra [27,28]. Clifford algebra is also called
geometric algebra. If the definition is directly related to geometric concepts, it will bring
great convenience to the study and research of geometry [12,29].

a

¥

Definition 1. Assume the element of an n = p + q dimensional space-time MP1 over R is given

by (4). The space-time is endowed with distance ds = |dx| and oriented volumes dVy. calculated by
1

axz = E(W% + yuyp)dxtdx’ = gudxtdx’ = r]ab(SX”(SXb, (11)

dVi = dxg Adxo A Adxg = Yeodxdxy - dx, (1<k <n), 12)
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in which the Minkowski metric (11,,) = diag(I,, —15), and Grassmann basis Yyy...o = Yy A Yv A
o A Y € AXMPA. Then the following number with basis

C=col + ey + ey + -+ + ey ", (Yex € R) (13)

together with multiplication rule of basis given in (11) and associativity define the 2"-dimensional
real universal Clifford algebra C/, ;.

The geometrical meanings of elements dx, dy, dx A\ dy are shown in Figure 1.

Figure 1. Geometric meaning of vectors dx, dy and dx A dy.

Figure 1 shows that the exterior product is oriented volume of the parallel polyhedron
of the line element vectors, and the Grassmann basis ..., is just the orthonormal basis of
k-dimensional volume. Since the length of a line element and the volumes of each grade
constitute the fundamental contents of geometry, the Grassmann basis set becomes units to
represent various geometric and physical quantities, which are special kinds of tensors.

By straightforward calculation we have [5,12,29]

Theorem 1. For Cly 3, we have the following useful relations

I ’Yﬂ ,)/ab — %Eude’)/cd’)/5 ,Yabc — ieabcd,yd,},S 70123 — 71',)/5. (14)

,)/;4,)/1/ — g;n/ 4 ,)/;n/, ,yyv,yw — ,Y}tgl/w _ ,)/vgplw + ,)/pww' (15)

The above theorem provides several often used relations between the Clifford products

and the Grassmann products. Since the calculations of geometric and physical quantities are
mostly in the form of Clifford products, but only by expressing these forms as Grassmann
products, their geometric and physical significance is clear. Thus the above transformation

relations become fundamental and important.
For Dirac equation in curved space-time without torsion, we have [1-4,30],

PV —eAy)p = me, Vup = 0y +Tu)¢, (16)

in which the spinor connection is given by

1 1 1
I, = ZYV'Y;VV = Z'YV'YV;;! = E’Yv(ay%f — T a)- 17)
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The total spinor connection y*T, € AYUA3. Clearly, y# 'y is a Clifford product,
and its geometric and physical significance is unclear. Only by projecting it onto the
Grassmann basis 7, and 7., its geometric and physical meanings become clear [12].
Theorem 2. Dirac equation (16) can be rewritten in the following Hermitian form

(@' py = S"0u)p = mr°9, (18)
in which a¥ is current operator, p, momentum and S¥ spin operator,

" =diag(c*,c"), pu=1i(0u+Yy) —eA,, S'= %diug(a”, -, (19)

where Y, is Keller connection and ), Gu—Nester potential, they are respectively defined as

1 1
Yo = SFi@uf = 0uf") = 5 [3u(n vB) - fiduf], 20)
. 1 1
O = ) oéi Péf'iyay veeudeﬂCL’ = % Mwwﬂabfw( vab - avfyb)' (21)

Proof. By (14) and (15), we have the following Clifford calculus

1 ,
LR Y G CTR TR A (g’” + ") Ourv — T ra)

)=
1 v 1 M u 1 " v c,ab
= 4(7;4 + ay'Yv) = Z(B;L'Y +a;t ln(\/g)'}’ )+ Zfafbayfu T Ve
= *['flayf o+ (Fadu )] + f 50 Y e

= fy Y (=0uf" +oufy) + S5O P = 1y + ) e

= f” 7"(9 Vf;ta - aﬂfv )+ f fbaﬂfve'yﬂbc"]ft

= Y+ %Qmﬁ 22)

Substituting it into (16) and multiplying the equation by 9%, we prove the theorem. [

The following discussion shows that Y, and O, have different physical meanings.
9, + Yy as a whole operator is similar to the covariant derivatives V, for vector, it only
has a geometrical effect; however, (), couples with the spin of a particle and leads to the
magnetic field of a celestial body [12]. (), = 0 is a necessary condition for the metric to be
diagonalized. If the gravitational field is generated by a rotating ball, the corresponding
metric, similar to the Kerr one, cannot be diagonalized. In this case, the spin-gravity
coupling term has a non-zero coupling effect.

In axisymmetric and asymptotically flat space-time we have the line element in quasi-
spherical coordinate system [31]

dx = yoVU(dt + Wd@) + /V (y1dr 4 2rd8) + v3vV U Lrsin fde, (23)
dx? = U(dt + Wdg) 2 — V(dr? + 12d6?) — U112 sin? d¢?, (24)

in which (U, V, W) is just functions of (r,6). As r — co we have

2 4L 2
qume, W= = sin’6, V%1+7’”, (25)
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where (m, L) are mass and angular momentum of the star, respectively. For common stars
and planets we always have r > m > L. For example, we have m=3 km for the sun.
The nonzero tetrad coefficients of metric (23) are given by

FO=VU f1=VV, f7 =1V, f} =R, £ = VUW, .
ft_Lfr_LfG_l f‘P_\/U t _ —/UW ()
o~ yu/1 T Jvr/ 2T v’/ 37 rsing’ /37 rsind -
Substituting (26) into (21) or the following (54), we obtain
ar = ftofrlfngg(ofaﬂgtqu —0:8tg,0)
~1

= (Vr2sin9> (0,9 (UW), —3,(UUW),0)
AL 0,2 6,sin6,0 27
— 7—4( ,2rcosf,sin6,0). (27)

By (27) we find that the intensity of ()" is proportional to the angular momentum of
the star, and its force line is given by

dxt dr _ 2rcos®

— O =
ds of = do sin 6

& r = Rsin? 0. (28)

Equation (28) shows that, the force lines of O)* is just the magnetic lines of a magnetic
dipole. According to the above results, we know that the spin-gravity coupling potential of
charged particles will certainly induce a macroscopic dipolar magnetic field for a star, and it
should be approximately in accordance with the Schuster—Wilson-Blackett relation [12].

For diagonal metric

g = diag(NZ, —N%, —N3, —N3), V2 = NoN1 N2 N3, (29)

where N, = Ny (x*), we have O, = 0 and

0 1 2 3
e G 1 Ve
- L L T == nl X2
T <N0’N1’N2’N3>’ Yn =501 <N},>' (30)

For Dirac equation in Schwarzschild metric,

guv = diag(B(r), —A(r), -2, —1*sin2§), (€3]
we have
0 A1 42 3 ’
SO G S 1,581
- L = e
T (\/E’ VA T 'rsin9>' Y (1’r+4B’2C0t9’0 : (32)
The Dirac equation for free spinor is given by
0 1 / 2 3
(a2t By g, 4 L AP PO
z<\/§at+ \/Z(a,+ . +4B)+ . (89+2cot9)+ rsinea"’ ¢ = mg. (33)

Setting A = B = 1, we obtain the Dirac equation in a spherical coordinate system.
In contrast with the spinor in the Cartesian coordinate system, the spinor in the (33) includes
an implicit rotational transformation [12].

3. Relations between Tetrad and Metric

Different from the cases of vector and tensor, in general relativity the equation of
spinor fields depends on the local tetrad frame. The tetrad ¢* can be only determined
by metric to an arbitrary Lorentz transformation. This situation makes the derivation of
EMT quite complicated. In this section, we provide an explicit representation of tetrad and

10
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derive the EMT of spinor based on this representation. For convenience to check the results
by computer, we denote the element by dx# = (dx, dy, dz, cdt) and 6X* = (6X,6Y,0Z,coT).

For metric g, not losing generality we assume that, in the neighborhood of x*, dx? is
time-like and (dx!,dx?,dx?) are space-like. This means ggo > 0, gxx < 0(k # 0), and the
following definitions of i are real numbers

e g 811 812 813
hi=v=gu = ‘ = |—| 81 82 8§ | Jo=+/—det(g). (34)
821 82 !
831 832 833
uy = ' 811 812 Uy = ‘ 811 812 Uy = ‘ 821 822 (35)
831 832 801 802 831 832
812 813 &10 811 813 &10 811 812 &10
V1= 802 §3 &0 |, v2=|81 &3 &0 |, 3= g1 &2 8o |- (36
832 833 830 831 833 830 831 832 830
The following conclusions can be checked by computer program.
Theorem 3. For LU decomposition of matrix (g,v)
() = L(pap) L™, (") = U(ap)U*, U=L" = (L), (37)
with positive diagonal elements, we have the following unique solution
&0 0 0
1
_8&1 b 0 0
L=@LH=| _¢& & g , (38)
i hh 2
_8u 1 _ v o
o hh R s
1 8 L i
L hl I3 J3Jo
| ok g
u=uy=| , ¢ pF 50| (39)
I3 J3Jo
0 0 0 A
0

Theorem 4. For any solution of tetrad (7) in matrix form (f,") and (fh), there exists a local
Lorentz transformation 6X'" = A”béXb independent of gy, such that

(fif) =LAT,  (fa) =ua™l, (40)
where A = (A") stands for the matrix of Lorentz transformation.

Proof. For any solution (7) we have

(g]ﬂ/) = L(’]ab)L+ = (fya)(ﬂub)(f;l”rr < L71(fya)(7’/1117)(L71(fya))+ = (Wﬂb)' (41)

So we have a Lorentz transformation matrix A = (A%)), such that
L_l(fya) =A" & (f}t”) = LA+/ or fyﬂ = L;AbA”b' (42)

Similarly we have (f%) = UA™!. The proof is finished. [J

11
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The decomposition (37) is similar to the Gram-Schmidt orthogonalization for vectors
dx" in the order dt — dz — dy — dx. In matrix form, by (37) we have 6X = L dx and

ds®> = guvdxtdx’ = Hapd X 6 X"
= (LTdt)* — (LXdx + L,%dy + LXdz + L Xdt)*
—(L,) dy + L, dz + LY dt)* — (L dz + L,/%dt)*. (43)

Equation (43) is a direct result of (38), but (43) manifestly shows the geometrical
meanings of the tetrad components L,/. Obviously, (43) is also the method of completing
the square to calculate the tetrad coefficients f,*.

The above theorems Theorems 3 and 4 provide the solution of the Equation (7),
and the geometric meaning of the solution is (4). In differential geometry, the element (4)
is more fundamental than the distance formula ds? = Suvdxtdx¥, because (4) clarifies the
geometric meanings of the basis vectors 7, and 7,, and Clifford algebra (5) or (11) as well
as Grassmann algebra (12) and (13) provide the calculating rules of the basis [12,29].

For LU decomposition (39), we define a spinor coefficient table by

{ { {
2 —utruy) fu{{‘ UV% fu{{‘uvoi
14 14 14
s = uyuy 0 -uyuyy -uyuy — g, (44)
‘ utrutt ulruy o —utuy ‘
ulfay ubuy  ulruy 0
in which
ubrut = Ly, + wut) = ulra?) 45
a b_i(ab+ub)_ p“Ya- (45)
st o = U {p 1/}31gn(u —-b) = —SZ; is not a tensor for indices (a,b), it is symmetrical for

Riemann indices (y, v) but anti-symmetrical for Minkowski indices (4, b). For diagonal
metric we have SZ;: = 0. It should be stressed again, Sgbv is not a tensor for indices (a,b);
however, for any local Lorentz transformation §X’ = AdX, if taking (44) as the proper
values and setting Lorentz transformation
/ * - * -
(SHY = A(SSATY, A= (ATHY,

then Sg ; becomes a tensor for indices (a,b).

By representation of (38), (39) and relation (40), we can check the following results by
straightforward calculation.

Theorem 5. For tetrad (40), we have

aft‘(n 1 " v v eH nm 1 W ¢a _nb

?}W = 1(‘504fm + o0 fm)n +’5gh - (46)

afe 1

agfyﬂv = —7(fag™ + fug") - S“"f“ . (47)
Or equivalently,

J 1 1

S;IX = 2Oy + &) + S f (48)

’41/
a,\’,a e v va nv nb
Franii (g 7 +8 ) — *5 an Sy (49)

12
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Or equivalently,
1
0ra = 577 (08up + Spy fil fi'08), (50)
1 ,
o' = =58P (O3up + Sy ' fy 68yw) = —g" O (51)

For any given vector A¥, we have

o 1 1
Aaa;:; — Z(AV,YV+AV,)/M)+151;;;(ALI,YIJ 7Ah,)/a)’ (52)
97" 1 1
“a;,V = (A AM) Sl (AT — AP, (53)

. Mt 0t 1dyt i 4
In (46)—(53), we set 53w = dgu = 23w for u # v to obtain the tensor form. dg 1 the

total derivative for g, and gyy. Sg; is transformed from (44).

The following derivation only use the property SZZ = 755:. For O%, we have
1 ' ' 1
Of = 2 S g, Q= = e FU S, dpgyn- (54)

4. The Classical Approximation of Dirac Equation

In this section, we derive the classical mechanics for a charged spinor moving in grav-
ity, and disclose the physical meaning of connections YV and QV' By covariance principle,
the Dirac Equation (18) is valid and covariant in any regular coordinate system; however,
in order to obtain the energy eigenstates of a spinor we need to solve the Hamiltonian
system of quantum mechanics, and in order to derive its classical mechanics we need
to calculate the spatial integrals of its Noether charges such as coordinates, energy and
momentum. These computations cannot be realized in an arbitrary coordinate system,
but must be performed in a coordinate system with realistic global simultaneity; that is, we
need the Gu’s natural coordinate system (NCS) [12,32]

ds? = gudt® — gudxkdx!, dtv = /gudt = £,°dt, dV = \/3d’x. (55)

in which ds is the proper time element, d7 the Newton’s absolute cosmic time element and
dV the absolute volume element of the space at time f. NCS generally exists and the global
simultaneity is unique. Only in NCS we can clearly establish the Hamiltonian formalism
and calculate the integrals of Noether charges. In NCS, we have

1 1
0 t ¢ 0
= y = ) p— ’ = . 56
feo =8, fo NG T =V8Hr, ¥ \/57 (56)
Then by (20) we obtain
1 = ray. 4 t t k skl

Yy = S(alVE A fi+ainyg), Y =g"Y, Y=—gv. &)

In NCS, to lift and lower the index of a vector means Qf = ¢*'();, OF = —gK ().

More generally, we consider the Dirac equation with electromagnetic potential e A#
and nonlinear potential N(¥) = %w’iz, where ¥ = ¢ y9¢. Then (18) can be rewritten in
Hamiltonian formalism

i'Vip =Hp, H=—a"p;+ea Ay + 5" Qy + (m — N')yo, (58)

where H is the Hamiltonian or energy of the spinor, af = f tozxo = (/3r) ! and V=
9y + Y. Sincedt = ftod t is the realistic time of the universe, only in!V; = id¢ is the true

13
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energy operator for a spinor. g;; represents the gravity, and it cannot be generally merged
into dt as performed in a semi-geodesic coordinate system.

In traditional quantum theory, we simultaneously take coordinate, speed, momentum
and wave function of a particle as original concepts. This situation is the origin of logical
confusion. As a matter of fact, only wave function ¢ is independent concept and dynamical
Equation (58) is fundamental in logic. Other concepts of the particle should be defined by
¢ and (58). Similarly to the case in flat space-time [33], we define some classical concepts
for the spinor.

Definition 2. The coordinate X and speed T of the spinor is defined as
xk(t) = / xk\¢|2\/§d3x = / xkqt\/§d3x of = iXk =f iXk (59)
—Jrs R3 ! T dt 0dr ™
where R3 stands for the total simultaneous hypersurface, g = ¢p+atd = & is the current.

By definition (59) and current conservation law q;’;, = (/3)'0u(q"/Z) = 0, we have

ol

7 [ ¥iorla Vs = ~fl [ H0 (" @)
i /R I vEd /R 7/ (60)

Since a spinor has only a very tiny structure, together with normalizing condition
Jra 4" \/gd?’x = 1, we obtain the classical point-particle model for the spinor as [33]

ax# ot

g = uV1-02P(F-X), o =g, ut ds 1— 02
-0

/ (61)

where the Dirac-6 means [¢; 6% (¥ — X)/3dPx = 1.

Theorem 6. For any Hermitian operator P, P = |, V3P Ppd®x is real for any ¢. We have the
following generalized Ehrenfest theorem,

dp 5o N
R /R VRO (210D — if [P, £OH + iH, P) ) g, 62)
where N means taking the real part.

Proof. By (57) and (58), we have

dP d [ A
T /R3 V39T Ppd®x

_— /RS VR @)+ i(i019) P — igrt P(i219) + ¢ PpdrIn \/F)d
= R [ VE(p @)+ iF(Hg) Py —ig” (7 HY) )
= R /R3 V9t (P — if[P, £O)H + i[H, P)) pax
+R /R3 VEbt (Ot + akag In /g — 20k PpdPx
= [ VEo" (b —if [P, £ O + ilH, Pl) g ©3)
Then we prove (62). The proof clearly shows the connection Y* has only geometrical

effect, which cancels the derivatives of ,/g. Obviously, we cannot obtain (62) from the
conventional definition of spinor connection I'y. [
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Definition 3. The 4-dimensional momentum of the spinor is defined by

Y OO (64

For a spinor at energy eigenstate, we have classical approximation p* = mul, where m defines
the classical inertial mass of the spinor.

Theorem 7. For momentum of the spinor p,, = R [¢s /3T pupd®x, we have

d % N
—pu = FoR /R VE(eFug” + 599,00 — 3N — 9" (350" pug)dx, (65)
in which
Fu = 044y — A, §"=¢TS%. (66)

Proof. Substituting P = p, and Hp = «iV,¢ into (62), by straightforward calculation
we obtain

d . N
prl f’OSJ‘E'/R3 Vet (featBtAy — (04a")iVy + akakp},)zpzfx

+ft08‘E/RS NG (aﬂ(fockﬁk +eal A+ 5'Q), — N”yo)>¢d3x
= SOR [, VB(eFuq + ¢704(5" Q) — 0uN)dx ~ Ky, ©)
in which
K = foR [ V38 @u)pugis. (©8)
By S#Q), = §7Q),, we prove the theorem. [

For a spinor at particle state [33], by classical approximation g — v6%(¥ — X) and
local Lorentz transformation, we have

/R3 eFuwq’3dPx  —  fleFuu'v1—12, (69)

/1;3 $75°9(0,00) /3B = £95°9,0,V/1— 02 = £29,(5° 01— 2, (70)
/R3 9,N/gdx = /R3 9,(N/3)dx — /R NI, /38

- 5;,%(11%\/@)— fOoTh, @V -2, 71)

in which the proper parameters 5* =[5 ¢ S?¢d®X is almost a constant, $* equals to =37
in one direction but vanishes in other directions. @ = [z N d°X is scale dependent. Then
(65) becomes

d ) ] d Ky
%py — eFWuV + a}l(SVQu) +w <F§§a — ¢5L$§) — m, (72)

where ¢ = In(f,"@V1 — 02).
Now we prove the following classical approximation of K,

Ky — —%(aﬂgw)mu"‘uﬁ\/ 1—02 (73)
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For LU decomposition of metric, by (47) we have

aflz/z _ 71 « VB B av 71 ap v nb
M 1 a8+ fag™) = 5 S fun™, (74)
where Sf:;/ = —SZ: is anti-symmetrical for indices (a,b). Thus we have

(@) pu O8up ; &'y = 0ugup <_,(a PP+ afp) — 75“5 Lty )
= Pusup (9P + P ) 253 Fatst). 75)

For classical approximation we have

K= ¢Talp o' (F-X), plo - muby, SP=_5F (76)
Substituting (76) into (75), we obtain
. 1
[ VB0 @0u0)pugdx > 3 £ 0@uug)p"uP VI = 02 77)
So (73) holds.
In the central coordinate system of the spinor, by relations
1 d
F;ﬂ - Egﬂv(aag;,/g + Bﬁgw - a,,gaﬁ), dirg’” —1— UZMuaagw, (78)

it is easy to check

d 1
guThgp*uf /1 — 02— p* 55” = —5 (Ogup) P uP V1 — 02, (79)

Substituting (79) into (73) we obtain

d
Ky — g;wraﬁp uﬁm gyv 50

Substituting (80) and ds = v/1 — v2d7 into (72), we obtain Newton’s second law for

the spinor
Do 1 b = g (eFgub +o(rf, — 5L Ing) + 2,570 81
5P wpp P = 84 eFupu + ®(Typ — 8y, Q) +02(8°Q0) ). (8D)

The classical mass m weakly depends on speed v if @ # 0.

By the above derivation we find that Newton’s second law is not as simple as it looks,
because its universal validity depends on many subtle and compatible relations of the
spinor equation. A complicated partial differential equation system (58) can be reduced to
a 6-dimensional dynamics (59) and (81) is not a trivial event, which implies the world is a
miracle designed elaborately. If the spin-gravity coupling potential S, OF and nonlinear
potential @ can be ignored, (81) satisfies ‘mass shell constraint’ (p“p,,) = 0[33,34]. In this
case, the classical mass of the spinor is a constant and the free spmor moves along geodesic.
In some sense, only vector potential is strictly compatible with Newtonian mechanics and
Einstein’s principle of equivalence.

Clearly, the additional acceleration in (81) ), € A3 is different from that in (1), which
isin A2. The approximation to derive (1) # — 0 may be inadequate, because  is a universal
constant acting as unit of physical variables. If @ = 0, (81) obviously holds in all coordinate
system due to the covariant form, although we derive (81) in NCS; however, if @ > 0
is large enough for dark spinor, its trajectories will manifestly deviate from geodesics,
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so the dark halo in a galaxy is automatically separated from ordinary matter. Besides,
the nonlinear potential is scale dependent [12].

For many body problem, dynamics of the system should be juxtaposed (58) due to the
superposition of Lagrangian,

"‘t(at + Yt)(,bn =Hupy, H, = *txk}ak + EDCtAt + (my — N;g)’)'o + QMSI{ (82)
The coordinate, speed and momentum of n-th spinor are defined by
- . . d - . _

Xu(t) = /123 Xqt\/3dx, Ty = EX"' ph = §R/R3 O ' P\ /Tdx. (83)

The classical approximation condition for point-particle model reads,

5 dx} .
qn — uly V1- 772‘53( = Xn), uh = dsnn = (1,8u)/4/1 - 03. (84)
Repeating the derivation from (72) to (76), we obtain classical dynamics for each spinor,
d I pouf = g ey Fuguf + wn(TF, — 5t 21 ENEHe 85
Ep"+ apPnttn = & | enfaptin + @ ( wp ~ O gy n.Gn) + a( v) |- (85)

5. Energy-Momentum Tensor of Spinors

Similarly to the case of metric gy, the definition of Ricci tensor can also differ by a
negative sign. We take the definition as follows

Ry = 0T Ty ~ gl + Tl R =5 Ry 56

For a spinor in gravity, the Lagrangian of the coupling system is given by
1
L= (R=20)+ Ly, Ln=Rp"a"ppp) — T uS'9—mp*1 9+ N, (87

in which x = 871G, A is the cosmological constant, and N = }w%? the nonlinear potential.
Variation of the Lagrangian (87) with respect to g;, we obtain Einstein’s field equation

G" + Ag" +xTH =0, GM = RM — 1g””R = —5(R\/§). (88)
2 /808w

where 3¢ is the Euler derivatives, and T is EMT of the spinor defined by

Ly
E)(E),Xg}“/)

(L:m \/7) aﬁm

™ — fég,w — agw-s-z(a +T1))

By detailed calculation we have

— "L (89)

Theorem 8. For the spinor ¢ with nonlinear potential N(-), the total EMT is given by

TR = DR P+ 25Tyat ) ) + g (N N) + KR, (90)
B chv B oAk
: 1 abed & A(faSye ) 9(faSyl)
KW o= = abcds /351“/ /\K be/ bc P} , 91
7€ 54 f T 3 B Ak 1)
RV = 1e5 (0,8, - 38, Sy =97 Suh. ©2)
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Proof. The Keller connection 7Y, is anti-Hermitian and actually vanishes in 8‘%(([)‘*’04"‘;3,,(4)).
By (89) and (53), we obtain the component of EMT related to the kinematic energy as

v wa oat .
T = 2Rt g) = 2R () (e —eAny)
= SR 4 et 28T a3 ), (93)

where we take A, as independent variable. By (54) we obtain the variation related with
spin-gravity coupling potential as

(¢+Qd5d¢) ubcd a(fﬂésﬁ\f)
ag;w 4 S 3g;u/ aocg)uw (94)
(‘P+Q Sd‘P) abcd o« IW
(aﬂi + rvc‘B) a(aagl/w) 4 ( )(f S )
1 e | ey & L« [2F%5She) v oA
= Zea 151V 9aSg + Sa T/\C + f“S" ) 0ugax | - (95)
Then we have the EMT for term QS u as
3(0 S4) g (Q5,) >
g A\ Yd) v uv
T 9% +2(0,+ T ﬁ)a(aag;n/) KM + KHF. (96)

Substituting Dirac Equation (18) into (87), we get £, = N — N’%. For nonlinear
potential N = %w*yz, we have £,, = —N. Substituting all the results into (89), we prove
the theorem. [

For EMT of compound systems, we have the following useful theorem [12].

Theorem 9. Assume matter consists of two subsystems I and II, namely L,, = L1(¢) + L11(¢),
then we have

™ =T" + Tl 97)

If the subsystems I and II have not interaction with each other, namely,

1
ﬁﬁl( P) = %511(#’) =0, (98)

then the two subsystems have independent energy-momentum conservation laws, respectively,

T, =0, T}, =0. (99)
For classical approximation of EMT, we have ¢ SZ Lt ple — SV Yutpb = 0. By the

symmetry of the spinor, the proper value [ps K" d®X = 0. By the structure and covariance,
we should have

M=k SO gM + ko (QFSY 4 QVSH), (100)

where kq, k; are constants to be determined. By (82), we find that the energy of spin-gravity
interaction is just SVVQy. Besides, if A* = 0, the spinor is an independent system and its
energy-momentum conservation law T} = 0 holds, so its classical approximation should
give (81) as F,y = 0. This means we have k; = 1 and k» = 0, or equivalently Kt = SVF‘QI,.
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For the classical approximation of (90), by the summation of energy we have the total
EMT as

T = [muu’ + (5*Qy 4+ @)g"] V1 — 026° (X — X). (101)

@ > 0 acts like negative pressure, which is scale dependent. If the metric is diagonalizable,
then we have (), = 0, so the term 5%Q), vanishes in cosmology.

Some previous works usually use one spinor to represent matter field. This may be
not the case, because spinor fields only has a very tiny structure. Only to represent one
particle by one spinor field, the matter model can be comparable with general relativity,
classical mechanics and quantum mechanics [11,12,33]. By the superposable property of
Lagrangian, the many body system should be described by the following Lagrangian

Lo = Y (R pun) — ShOy — mackn + Ny ). (102)

n

The classical approximation of EMT becomes
T — Y| mgubul + (@ + S5O )" |1/1 — 0283 (% — X,), (103)
;[ nUply n n*2a ] n n
which leads to the EMT for average field of spinor fluid as follows
" = (p+P)U*U" + (W — P)g"". (104)

The self potential becomes negative pressure W, which takes the place of cosmological
constant A in Einstein’s field equation. W has very important effects in astrophysics [12].

6. Discussion and Conclusions

From the calculation of this paper, we can find that Clifford algebra is indeed a unified
language and efficient tool to describe the laws of nature. To represent the physical and ge-
ometric quantities of Clifford algebra, the formalism is neat and elegant and the calculation
and derivation are simple and standard. The decomposition of spinor connection into Y,
and Q, by Clifford algebra, not only makes the calculation simpler, but also highlights their
different physical meanings. Y, € Al only corresponds to geometric calculations similar
to the Levi-Civita connection, but (), € A3 results in physical effects. (), is coupled with
the spin of spinor field, which provides position and navigation functions for the spinor,
and is the origin of the celestial magnetic field. (), = 0 is a necessary condition of the
diagonalizablity of metric, which seems to be also sulfficient.

In the theoretical analysis of the spinor equation and its classical approximation, we
must use Gu’s natural coordinate system with realistic cosmic time. This is a coordinate
system with universal applicability and profound philosophical significance, which can
clarify many misunderstandings about the concept of space-time. The energy-momentum
tensor of the spinor field involves the specific representation of the tetrad. Through the LU
decomposition of metric, we set up the clear relationship between the frame and metric,
and then derive the exact EMT of spinor. In the derivation, we discover a new non-tensor
spinor coefficient table S’ulhv , which has some wonderful properties and appears in many
places in the spinor theory, but the specific physical significance needs to be further studied.

We usually use limits such as i — 0 and ¢ — o0 in classical approximation of quantum
mechanics. In some cases, such treatment is inappropriate. (71, c) are constant units for
physical variables, how can they take limits? In the natural unit system used in this paper
or the dimensionless equations, we do not even know where the constants are. We can only
make approximations such as [v| < c or (61) while the average radius of the spinor is much
smaller than its moving scale. Most paradoxes and puzzles in physics are caused by such
ambiguous statements or overlapping concepts in different logical systems. A detailed
discussion of these issues is given in [12,33].
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This paper clearly shows how general relativity, quantum mechanics and classical
mechanics are all compatible. Newton’s second law is not as simple as it looks, its universal
validity depends on many subtle and compatible relations of the spinor equation as shown
in Section 4. A complicated Dirac equation of spinor can be reduced to a 6-dimensional
ordinary differential dynamics is not a trivial event, which implies that the world is a
miracle designed elaborately. In fact, all the fundamental physical theories can be unified
in the following framework expressed by the Clifford algebra [12,33]:

Aj. The element of space-time is described by

dx = yudxt = 7,0X", (105)

where the basis v, and vy, satisfy the Cly 3 Clifford algebra (5).
Aj. The dynamics for a definite physical system takes the form as

oY = F(Y), (106)

where ¥ = (1, ¥, ,u) T, and F(¥) consists of some Clifford numbers of ¥, so that the total
equation is covariant.
Ajz. The dynamic equation of a physical system satisfies the action principle

S= / L(Y,0%),/3d"x, (107)

where the Lagrangian L € R is a superposable scalar.
Ay. Nature is consistent, i.e., for all solutions to (106) we always have

¥(x) € L®(M3). (108)

Funding: This research received no external funding.

Acknowledgments: It is my pleasure to acknowledge James M. Nester for his enlightening dis-
cussions and encouragement. I once encountered the difficulty in the derivation of the energy-
momentum tensor. He suggested to me to learn Clifford algebra, which is the key to solving the
problem. This paper was improved and refined as suggested by the two reviewers, and the author
thanks them so much.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Sachs, M. General Relativity and Matter; Reidel, D., Ed.; Springer: Dordrecht, The Netherlands, 1982; Chapter 3. [CrossRef]

2. Bade, W.L; Jehle, H. An Introduction to Spinors. Rev. Mod. Phys. 1953, 25, 714. [CrossRef]

3. Bergmann, P.G. Two-Component Spinors in General Relativity. Phys. Rev. 1957, 107, 624. [CrossRef]

4. Brill, D.R;; Wheeler, J.A. Interaction of Neutrinos and Gravitational Fields. Rev. Mod. Phys. 1957, 29, 465. [CrossRef]

5. Gu, Y.Q. Space-Time Geometry and Some Applications of Clifford Algebra in Physics. Adv. Appl. Clifford Algebr. 2018, 28, 79.
[CrossRef]

6.  Rakhi, R; Vijayagovindan, G.V,; Indulekha, K. A Cosmological Model with Fermionic Field. Int. ]. Mod. Phys. 2010, A25,
2735-2746. [CrossRef]

7. Ribas, M.O.; Devecchi, EP.; Kremer, G.M. Fermions as sources of accelerated regimes in cosmology. Phys. Rev. 2005, D72, 123502.
[CrossRef]

8. Boehmer, C.G.; Burnett, J.; Mota, D.E; Shaw, D.J. Dark spinor models in gravitation and cosmology. J. High Energy Phys. 2010,
2010, 53. [CrossRef]

9.  Saha, B. Nonlinear Spinor field in isotropic space-time and dark energy models. Eur. Phys. ]. Plus 2016, 131, 242. [CrossRef]

10.  Wei, H. Spinor dark energy and cosmological coincidence problem. Phys. Lett. B 2011, 695, 307-311. [CrossRef]

11.  Gu, Y.Q. A Cosmological Model with Dark Spinor Source. Int. ]. Mod. Phys. 2007, A22, 4667-4678. [CrossRef]

12.  Gu, Y.Q. Clifford Algebra and Unified Field Theory. Available online: www.morebooks.shop /store/gb/book/clifford-algebra-
and-unified-field-theory /isbn /978-620-2-81504-8 (accessed on 14 July 2021).

13.  Mathisson, M. A New Mechanics of Material Systems. Acta Phys. Pol. 1937, 6, 163. [CrossRef]

14. Papapetrou, A. Spinning Test-Particles in General Relativity. I. Proc. R. Soc. Lond. 1951, 209, 248. [CrossRef]

20



Symmetry 2021, 13, 1931

15.

16.

17.
18.

19.

20.
21.
22.
23.

24.
25.
26.
27.
28.

29.

30.
31.
32.
33.
34.

Dixon, W.G. Dynamics of extended bodies in general relativity III. Equations of motion. Philos. Trans. R. Soc. Lond. A 1974, 277,
59-119. [CrossRef]

Alsing, PM.; Stephenson, G.J., Jr,; Kilian, P. Spin-induced non-geodesic motion, gyroscopic precession, Wigner rotation and EPR
correlations of massive spin-1/2 particles in a gravitational field. arXiv 2009, arXiv:0902.1396.

Obukhov, Y.N. On gravitational interaction of fermions. Fortsch. Phys. 2002, 50, 711-716. [CrossRef]

Behera, H.; Naik, P.C. Gravitomagnetic Moments and Dynamics of Dirac’s (spin 1/2) fermions in flat space-time Maxwellian
Gravity. Int. |. Mod. Phys. A 2004, 19, 4207-4230. [CrossRef]

Khriplovich, I.B.; Pomeransky, A.A. Gravitational Interaction of Spinning Bodies, Center-of-Mass Coordinate and Radiation of
Compact Binary Systems. Phys. Lett. A 1996, 216, 7. [CrossRef]

Mashhoon, B.; Singh, D. Dynamics of extended spinning masses in a gravitational field. Phys. Rev. D 2006, 74, 124006. [CrossRef]
Mashhoon, B. Neutron interferometry in a rotating frame of reference. Phys. Rev. Lett. 1988, 61, 2639-2642. [CrossRef]

Hehl, EW.; Ni, W.T. Inertial effects of a Dirac particle. Phys. Rev. D 1990, 42, 2045-2048. [CrossRef]

Venema, B.J.; Majumder, P.K.; Lamoreaux, S.K.; Fortson, B.R.H.E.N. Search for a coupling of the Earth’s gravitational field to
nuclear spins in atomic mercury. Phys. Rev. Lett. 1992, 68, 135-138. [CrossRef] [PubMed]

Weyl, H. Gravitation and the eletron. Proc. Natl. Acad. Sci. USA 1929, 15, 323-334. [CrossRef] [PubMed]

Weldon, H.A. Fermions without vierbeins in curved space-time. Phys. Rev. 2001, D63, 104010. [CrossRef]

Zhang, H.B. Note on the EMT for general mixed tensor-spinor fields. Commun. Theor. Phys. 2005, 44, 1007-1010. [CrossRef]
Lounesto, P. Clifford Algebras and Spinors; Cambridge Univ. Press: Cambridge, MA, USA, 2001. [CrossRef]

Shirokov, D.S. Clifford algebras and their applications to Lie groups and spinors. In Proceedings of the Nineteenth International
Conference on Geometry, Integrability and Quantization, Varna, Bulgaria, 2-7 June 2017; pp. 11-53. [CrossRef]

Gu, Y.Q. Some Applications of Clifford Algebra in Geometry. Available online: https://www.intechopen.com/chapters /73123
(accessed on 14 July 2021).

Nester, ].M. Special orthonormal frames. . Math. Phys. 1992, 33, 910. [CrossRef]

Gu, Y.Q. The Series Solution to the Metric of Stationary Vacuum with Axisymmetry. Chin. Phys. B 2008, 19, 030402. [CrossRef]
Gu, Y.Q. Natural Coordinate System in Curved Space-time. ]. Geom. Symmetry Phys. 2018, 47, 51-62. [CrossRef]

Gu, Y.Q. Local Lorentz Transformation and Mass-Energy Relation of Spinor. Phys. Essays 2018, 31, 1-6. [CrossRef]

Alsing, PM.; Evans, J.C.; Nandi, K.K. The phase of a quantum mechanical particle in curved space-time. Gen. Rel. Grav. 2001, 33,
1459-1487. [CrossRef]

21






symmetry

Article

Spontaneous Lorentz Violation from Infrared Gravity

Fabrizio Illuminati 2, Gaetano Lambiase >? and Luciano Petruzziello

Citation: Illuminati, F.; Lambiase, G.;
Petruzziello, L. Spontaneous Lorentz
Violation from Infrared Gravity.
Symmetry 2021, 13, 1854. https://
doi.org/10.3390/sym13101854

Academic Editors: Chris Fields,
Antonino Marciano and Jerzy

Kowalski Glikman

Received: 7 July 2021
Accepted: 20 August 2021
Published: 3 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,%

Dipartimento di Ingegneria Industriale, Universita degli Studi di Salerno, Via Giovanni Paolo II,

132, 84084 Fisciano, Italy; filluminati@unisa.it

INEN, Sezione di Napoli, Gruppo Collegato di Salerno, Via Giovanni Paolo II, 132, 84084 Fisciano, Italy;
lambiase@sa.infn.it

Dipartimento di Fisica, Universita degli Studi di Salerno, Via Giovanni Paolo II, 132, 84084 Fisciano, Italy
*  Correspondence: lupetruzziello@unisa.it

Abstract: In this paper, we investigate a novel implication of the non-negligible spacetime curvature
at large distances when its effects are expressed in terms of a suitably modified form of the Heisenberg
uncertainty relations. Specifically, we establish a one-to-one correspondence between this modified
uncertainty principle and the Standard Model Extension (SME), a string-theoretical effective field
theory that accounts for both explicit and spontaneous breaking of Lorentz symmetry. This tight
correspondence between string-derived effective field theory and modified quantum mechanics with
extended uncertainty relations is validated by comparing the predictions concerning a deformed
Hawking temperature derived from the two models. Moreover, starting from the experimental
bounds on the gravity sector of the SME, we derive the most stringent constraint achieved so far on
the value of the free parameter in the extended Heisenberg uncertainty principle.

Keywords: extended uncertainty principle; Standard Model Extension; Lorentz violation

1. Introduction

Since the establishment of quantum mechanics and general relativity, there has been a
constantly growing effort to merge quantum and gravitational effects at arbitrary energy
scales in a complete and consistent theoretical framework. This effort has produced several
plausible candidates for a quantum theory of the gravitational interaction, such as string
theory [1,2], loop quantum gravity [3,4], and doubly special relativity [5-7]. The study
of the interplay between quantum and gravitational effects appears to be particularly
important at the currently reachable energies, as this is the regime where we have hope
that physical predictions can factually be probed in tabletop laboratory tests. Therefore, the
analysis of low-energy, infrared (IR) quantum gravitational manifestations may represent a
promising starting point for the possible construction of ultraviolet (UV) complete models
of quantum gravity. In this respect, an additional motivation for the study of IR phenomena
stems from the UV/IR duality discovered for the first time in the context of the AdS/CFT
correspondence [8-10].

In the present paper, we focus on IR gravity to exhibit how Lorentz symmetry is
affected by the non-negligible spacetime curvature at large distances. In a quantum
mechanical setting, such a feature can be incorporated by extending the Heisenberg uncer-
tainty principle (HUP) with the addition of a position-dependent correction that introduces
a non-vanishing minimal uncertainty in momentum [11-15] and provides a form of an
extended uncertainty principle (EUP). Among different versions of the EUP, the best known
one includes a universal modification that is geometric-independent; indeed, such a gen-
eralization of the standard uncertainty relations arises naturally when merging quantum
mechanics and general relativity. In other scenarios, the version of the EUP that is ac-
counted for entails a dependence on the intrinsic geometric properties of the underlying
background curvature; for more details along this direction, see Refs. [16-20]. For the
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sake of completeness, it is worth mentioning that several works inspired by string the-
ory [21-24] also allow for the existence of a momentum-dependent correction to the HUP;
such an extension is known as the generalized uncertainty principle (GUP) (for several
development of this subject, see Refs. [25-38] and therein).

In order to quantify the breakdown of Lorentz symmetry induced by the EUP, we con-
sider a string-theoretical effective field theory according to which any operator appearing
in the Standard Model (SM) Lagrangian is contracted with Lorentz-violating fields [39,40].
This model is known as the Standard Model Extension (SME), and we will focus in par-
ticular on its gravity sector [41,42] in the non-relativistic limit [43]. Specifically, along
the line of Ref. [44], in the following, we establish a one-to-one correspondence between
the predictions of the EUP and of the SME concerning the deformation of the Hawking
temperature for a Schwarzschild black hole:

hed

Ty=-——2 1
H = 8nksGM M

In so doing, we essentially relate the free deformation parameter arising in the frame-
work of the EUP with the Lorentz-violating fields contained in the SME Lagrangian, thereby
explaining spontaneous Lorentz symmetry breaking in terms of large-scale effects. More-
over, by relying on the experimental bounds associated with the SME gravity sector, we
manage to derive novel constraints on the EUP free deformation parameter, which are
more stringent than the previously known ones [15].

The paper is organized as follows: in Section 2, we briefly give an overlook of the main
aspects of EUP together with a heuristic derivation of the modified Hawking temperature.
The same procedure is carried out for the SME in Section 3, whereas Section 4 contains
the theoretical and numerical comparison between the two predictions. Finally, Section 5
contains the concluding remarks and discussion.

2. Extended Uncertainty Principle and Modified Hawking Temperature

Starting from the Heisenberg uncertainty principle
h
AxAp > 5 2)

one can incorporate the influence of spacetime curvature at large distances by adding a
position-dependent term in the r.h.s. of Equation (2), namely [11,13-15]

AxAp > §<1 + (xsz) ) ®)

with a being the inverse of a squared length and aAx? < 1. One possible interpretation of
the free deformation parameter « is to conceive it as a function of the cosmological constant
A in a (anti-) de Sitter space [45]. However, in greater generality, it can simply be seen
as a consequence of the intrinsic spacetime curvature at large cosmological distances that
enforces a limit to the precision with which to resolve the momentum of a point particle [15].
In turn, this fact implies that there exists a minimal uncertainty for p proportional to the
constant &, i.e., Apyi, ~ h\/m . Note that the parameter a does not have to be necessarily
constant; indeed, it may be a function of spacetime position or even a stochastic variable.
Similar considerations have already been addressed in the context of GUP [30,38] and they
equally hold true for the EUP currently investigated.
The above inequality (3) can be straightforwardly derived from the deformed canoni-
cal commutation relation:
[%,P] = in(1+a%?). @)
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From the previous equation, one can deduce a simple representation of X and P in
terms of auxiliary operators £ and p for which the standard canonical commutation relation
holds (i.e., [£, p] = ih). Specifically:

K=z, p= (1+a3€2>ﬁ—2iah£, G)

where the second term in the rh.s. of the second expression ensures that P = P*. The
three-dimensional analysis of the above framework would allow for the emergence of
spatial non-commutativity [11,12], since one can immediately verify that [Xj, X # 0.
Nevertheless, we can safely ignore all the non-commutative corrections associated with the
operators Xj, as they would depend on higher powers of «, i.e.,

X] IJ?]+O((X2), (6)

which, in the present, case are neglected. We refer to Refs. [11,12] for further mathematical
details.

To evaluate the deformed Hawking temperature of a Schwarzschild black hole of
mass M, we follow some simple heuristic considerations as outlined, e.g., in Refs. [27,46].
The starting point is the natural assumption that the position uncertainty of the photons
just after they have been emitted by the black hole is proportional to the Schwarzschild
radius, namely Ax ~ qr,, with v to be fixed by requiring consistency with the standard
picture in the limit &« — 0. Under these circumstances, from Equation (3), we obtain

2 2A/2
Ap =~ e {1+4WGC 72}. @)

Now, we can express the characteristic energy of the emitted photons Apc in terms of
the temperature of the radiation in compliance with the equipartition theorem [27,46], by
virtue of which Apc ~ kpT. Finally, the equation for the a-deformed Hawking temperature
Tgyp reads

hcd G2M?
Teup = 1+4 2|, 8
EUP = o [ taa——7 } ®)

which, in terms of the Hawking temperature T}y, reads:

©)

2012
Teup = Ty |:1 + 16DC7TZG M :|,

A

where we have set ¢y = 27 in order to recover the original Hawking result in the limit
a — 0. For a thorough discussion on the above correspondence, we refer the reader to
Ref. [47].

3. Standard Model Extension and Modified Hawking Temperature

The Standard Model Extension is a generalization of the Standard Model of parti-
cle physics, which predicts both explicit and spontaneous Lorentz symmetry breaking.
Motivated by string-theoretical arguments [39,40], the SME enlarges the SM domain by con-
tracting any SM field with Lorentz-violating operators that give rise to new phenomenology.
Although the Standard Model Extension was originally conceived to extend the Standard
Model only, later on, the gravitational interaction was also added, with the ensuing Lorentz-
violating coefficients.

For our purposes, we are interested in investigating the minimal SME gravity sec-
tor [41-44], which includes exclusively Lorentz-violating operators of mass dimension
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three or four. In particular, by denoting with Sgy and S;; the Einstein—Hilbert and the
matter action, respectively, the minimal SME total gravitational action reads [43]

4 .
S=Spy+Sm+Sw, Sw= 1;% / dtxy/=g(—uR + " RE, + 8701 Cyp ), (10)

where Sy denotes the effective Lorentz symmetry-breaking action derived from string
theory, R is the Ricci scalar, RE,V is the traceless Ricci tensor, Cyy) is the Weyl conformal
tensor, and 1, s*V and P} are the Lorentz-violating effective fields.

In the regime of the post-Newtonian (PPN) approximation [48,49], a Schwarzschild-
like solution of the linearized field equations for the minimal SME can be found [43], and it
is given by

ds? = f(r)c*dt* — J%dﬁ —2d0?, a1
where o
f(l’) =1- 2 [1 + §l]gi]‘(9,¢)] . (12)

In the above, 5/ denote the vacuum expectation values of the fields s’/ and ij(6,¢) are
functions of the angular coordinates, for which the inequality g;;(6, ¢) < 1 holds regardless
of the choice for § and ¢. The absence of 7 in Equation (12) is related to the fact that a non-
vanishing value for such parameter only amounts to a scaling of the PPN metric [43], and
thus it can be set to zero. On the other hand, the disappearance of F#*P* is a typical feature
occurring in the post-Newtonian SME gravitational phenomenology known as “t puzzle”,
and it has been extensively discussed in several works (see, for instance, Refs. [50-56]).

In order to evaluate the deformed Hawking temperature Tsy g arising in the SME
framework, we must compute [44,57,58]

Terre — hic df(r)
s E747rk3 dr

, (13)
r=rg
where rg solves the equation f(rg) = 0, thereby denoting the horizon radius. At this point,
a straightforward calculation yields

Tome = Tu[1 - 5g;(6, )], (14

which has to be compared with Equation (9) derived in the EUP framework. Before
concluding this section, it is worth pointing out that the temperature (14) is anisotropic,
as it explicitly depends on the angular position. However, such an observation does not
undermine the validity of our main goal; indeed, Equation (9) might be anisotropic as well,
since  is not bound to be a constant.

4. Comparison and Consistency Conditions

We will now look at the relations that are required in order to achieve consistency
between the predictions (9) and (14) and thus relate the large-scale effects of spacetime
curvature with spontaneous breaking of the Lorentz symmetry. The comparison of the
deformed Hawking temperatures deduced from the two distinct physical settings shows
that the two are consistent provided that the following identification holds:

4

C i
* = “igmcae’ S0 9) 1s)
for fixed values of § and ¢. Therefore, as already argued, the magnitude of « is not constant,
but it varies with the angular displacement, thus giving rise to an anisotropic T also for the
EUP-corrected Hawking temperature. Since the g;;(6, ¢) can always be taken as positive

quantities [44], the sign of « strictly depends on the sign of the Lorentz-violating coefficients
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5. Additionally, by means of consistency arguments that do not require Lorentz invariance,
it is known that a correctly characterizes an EUP associated with an expanding universe if
and only if « < 0 [13,14,45]. Therefore, to allow agreement with experimental evidence,
assuming g;;(0, ) ~ 1 Vi, j [44], we must necessarily impose

Y§7 >0, (16)
ij

which realizes a novel bound on the admissible values of the Lorentz-violating coefficients.
Of course, by virtue of Equation (15), the bounds holding for the quantities &/ in turn
imply bounds on the EUP free deformation parameter that lead to an extremely significant
improvement with respect to the existing constraints [15] on the possible values of .

In Table 1, we report the known bounds on 5%, the ensuing constraints that they entail
on y/[a] by virtue of Equation (15) and the corresponding experimental frameworks used
to determine each bound.

Table 1. Estimated bounds on the EUP parameter.

Experiments Bounds on |57/ Bounds on +/[«|
M= Moy 59 ] 5 10°3 VAT S 637 <10 2m !
fiviiti 5107 Vil ear
Gravimetry (M = Mg) [59] |5 <1010 \/W $201x10°m™?
L(ﬁa:f\;er) r[ir;%g]g 5] < 10712 V]a] $2.01x 1076 m™!
T?ﬁoj ]lif:;lg;]m |5if| < 1015 V] £637 x 1078 m~1
Per(i;‘/?li"l‘vg‘;c[‘;fﬁio“ lsii] < 107 VI £198x 10710 m-!
o E@fgﬁﬁ?éﬁu lsii| < 1011 VI £7.05 % 10712 m"1
T A <100 VAT S 19810 2!

The bounds on /|| derived from the geodetic effect and Gravity Probe B are similar to
the ones typically encountered in phenomenological works on this topic [15]. Consequently,
we note that all the other results contained in Table 1 considerably strengthen the constraint
on a. Specifically, the inequality v/[a] < 1.98 x 1072 m~! provides the best current bound
on the EUP free deformation parameter «, and further refinement of the experimental
sensitivity may allow for an even more stringent constraint.

It is worth observing that, should one regard a as emergent from a non-vanishing
cosmological constant in de Sitter space, we would have & = —A /3 =~ —3.66 x 107 m~2,
which, in the framework of a near-Earth experiment, would correspond to \5’7 | ~9.06 x 10754,
This is in line with the expectation that Lorentz-violating coefficients should be indeed
extremely small corrections to Lorentz-symmetric physics [43].

5. Concluding Remarks

In this work, we have investigated the consequences of relating large-scale effects as-
cribable to the non-negligible spacetime curvature and the spontaneous Lorentz symmetry
breaking as described by the gravity sector of the Standard Model Extension. The relation
is obtained by requiring consistency between the different modifications of the Hawking
temperature predicted by the SME and by a quantum mechanical model endowed with
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an extended uncertainty principle deformed due to spacetime curvature effects. Inves-
tigating the consequences of the consistency relations imposed between the SME and
the EUP, we have shown how to significantly enhance the existing bounds on the EUP
curvature-induced deformation parameter starting from the experimental constraints on
the Lorentz-violating coefficients that enter the gravity sector of the SME. This simple
comparison points at the possibility, in suitable settings, of probing high-energy quan-
tum physics via low-energy gravitational effects. To some extent, the idea underlying
the present study shares the same philosophy characterizing the well-known AdS/CFT
correspondence [8], as it may potentially provide some further insight towards a full
understanding of the UV /IR duality.
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Abstract: In recent years, the implications of the generalized (GUP) and extended (EUP) uncertainty
principles on Maxwell-Boltzmann distribution have been widely investigated. However, at high
energy regimes, the validity of Maxwell-Boltzmann statistics is under debate and instead, the
Jttner distribution is proposed as the distribution function in relativistic limit. Motivated by these
considerations, in the present work, our aim is to study the effects of GUP and EUP on a system
that obeys the Jiittner distribution. To achieve this goal, we address a method to get the distribution
function by starting from the partition function and its relation with thermal energy which finally
helps us in finding the corresponding energy density states.

Keywords: generalized uncertainty principle; extended uncertainty principle; Jittner distribution

1. Introduction

A general prediction of any quantum gravity theory is the possibility of the existence
of a minimal length in nature, known as the Planck length, below which no other length
can be observed. It is commonly believed that in the vicinity of the Planck length, the
smooth structure of spacetime is replaced by a foamy structure due to quantum gravity
effects [1-3]. Therefore, the Planck scale can be regarded as a separation line between
classical and quantum gravity regimes. There is a general consensus that in the scale
of this minimal size, the characteristics of different physical systems would be altered.
For instance, the introduction of a minimal length scale results in a generalization of the
Heisenberg uncertainty principle (HUP) in such a way that it incorporates gravitationally
induced uncertainty, postulated as the generalized uncertainty principle (GUP) [4]. In fact,
the HUP breaks down for energies near the Planck scale, i.e., when the Schwarzschild
radius is comparable to the Compton wavelength and both are close to the Planck length.
This deficiency is removed by revising the characteristic scale through the modification of
HUP to GUP.

In recent decades, numerous studies on the effects of GUP in various classical and
quantum mechanical systems have been performed [5-30]. Uncertainty in momentum
is also bounded from below and it is proposed that its minimum is non-zero, a proposal
which modifies HUP to the extended uncertainty principle (EUP) [31-35]. In the presence
of EUP and GUP, the general form of modified HUP is proposed as

AxAp > g(l +a(Ax) +(8p) +7), (1)

in which «, 77, and 1y are positive deformation parameters [35,36]. It should be noted that
there is another formulation of GUP and EUP [37], and also that extended forms of HUP
like GUP may break the fundamental symmetries such as Lorentz invariance and CPT [38].

On the other hand, it is known that heavy ions can be accelerated to very high
kinetic energies constituting an ensemble of ideal gas with relativistic velocities in large
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particle accelerators [39]. In such high energy regimes, minimal length effects may appear
and could have their own influences on the statistics of ideal gases. Therefore, particle
accelerators could provide a setting to examine the phenomena related to short-distance
physics [40,41]. Based on minimum observable length, the quantum gravity implications
on the statistical properties of ideal gases have been investigated in many studies, see,
e.g., [42-45] and references therein. In the framework of GUP: (i) deformed density of states
and an improved definition of the statistical entropy have been introduced in [46,47], (ii)
Maxwell-Boltzmann statistics have been investigated in [48], and (iii) employing Maxwell-
Boltzmann statistics, the thermodynamics of relativistic ideal gas has also been analyzed
in [49]. In the same manner, there have been some studies on the deformation of statistical
concepts in the EUP framework [50,51].

Juittner distribution is a generalization of Maxwell-Boltzmann statistics to the rela-
tivistic regimes, which appears in high energy physics. Since quantum gravity is a high
energy physics scenario, its statistical effects may be more meaningful in the framework
of Jiittner distribution function compared to the Maxwell-Boltzmann distribution [52].
Here, our main aim is to study the effects of GUP and EUP on Maxwell-Boltzmann and
Juttner distributions and density of states in energy space. To achieve this goal, we begin
by providing an introductory note on Maxwell-Boltzmann and Jiittner distributions. We
then address a way to find these functions by starting from the partition function of the
system. The effects of GUP and EUP on these statistics are also studied in the subsequent
sections, respectively. The last section is devoted to a summary of the work.

2. The Maxwell-Boltzmann and Jiittner Distribution Functions

We begin by considering an ideal gas composed of non-interacting particles and set
the units so that wy = 27th = 1, where wy denotes the fundamental volume of each cell
in the two-dimensional phase-space. This value of wy originates from the well-known
commutation relation between canonical coordinates x and p, and indeed, it is the direct
result of HUP [22]. Therefore, any changes in HUP can affect wy.

2.1. Non-Relativistic Gas

Let us consider a 3-dimensional classical gas consisting of N identical non-interacting
particles of mass m with E = mv?/2, where E and v denote the energy and velocity of
each particle, respectively. At temperature T, the Maxwell-Boltzmann (MB) distribution
function is given by

2
fmp(v,B) = Zmp exp (* ﬁnzw >, ()

where Z)p is a normalization constant, and p = 1/KgT with Kp being the Boltzmann
constant. In terms of E, we have

s = 479? (E)fuas (0(E), B) 75 = ZaaneE* exp(—BE) ®

in which Z)pE is a new normalization constant and E2 denotes the density of states with
energy E. The normalization constants can be calculated using the normalization constraint

‘/000 fump (v, B)d®v = /:o fup(E, B)dE = 1. @)
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The extremum of fyp(E, B) is located at E = 1/2B = E$}f; or equally at velocity v =

1//pm = v§if. One can also evaluate the partition function of the mentioned gas (with
Hamiltonian H = pz/ 2m) as
NR N
1 (")
L BN xd? p =2 )
Oy N!LIGXP( I xd™ p ==

By ©)

s

where s

QR = / exp(—BH)d*xd’p = V(%) , ©)
denotes the single partition function of a nonrelativistic gas and V refers to the total volume
of the system. In this manner, the corresponding thermal energy per particle (U) takes
the form

[}

unt = / Efus(E, B)dE =
0

oImQMt 3
——=b = = =3Eh. 7
ap 2 TTMB @

Although the use of Equation (7) dates back to before the discovery of special relativity
theory by Einstein, the ultra-relativistic expression of E produces interesting results in this
framework [53].

2.2. Relativistic Gas

In the relativistic situations, where E = /p2c? 4+ m2c* in which ¢ denotes the light
velocity and m is the rest mass, one can employ Equation (5) to get

Qf = QYR¥(0),
(o) = VI @ ®)
i:

as the partition function of a single particle [52,54,55]. Finally, we obtain the thermal energy

per particle as

1 H' i ?
uR == [1 —ig— 2 o)) _ —=;InQf. ©

H, " (io) B
In the above equations, o = fmc?, H,(1j ) (io) is the n-th order Hankel function of the
j-th kind, and prime denotes a derivative with respect to the argument of the function.
The above results were first reported in 1911 by Jiittner [52], who attempted to calculate
the energy of a relativistic ideal gas using the conventional theory of relativistic statistical

mechanics. According to Jiittner’s results, a comprehensive study of a 3-dimensional
relativistic system requires the Jiittner distribution (fy)

F(1,8) = Zj(7* = 1) yexp(—pm7), (10)

instead of MB distribution (fap) [56-61]. Jiittner distribution is indeed the relativistic
extension of generalized isotropic MB distribution when E(p) = m(p)c?. Here, Z; is the
normalization constant and ¢ = ﬁ refers to the Lorentz factor, where the units have
been set so that ¢ = 1. In terms of E, simple calculations give us Jiittner distribution as

fi(E,B) = Zja;(E) exp(—BE), 11
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where a;(E) = EvV E? — m? denotes the density of states in energy representation, and in
terms of v one finds

in which Zjr and Zjy are new normalization constants [57]. These constants can be
evaluated using the normalization condition

[ (7, Bydy = [ f;(E, B)dE = 1

. . 13
= Ji Fir(0), B) o = [} f1(0,B)P, 49
which clearly states that
1 d
f1(0.8) = 211 (0), B 5 (14)

Itis finally useful to note that the extremum of f;(v, B) islocated atv = {/1 — </3Tm) ? =
v?’” leading to E;”“ = %, a solution which is valid only when gm < 5. There are also other
proposals for Jiittner function (f(, B)) [56-61], but the standard form Equation (11) con-
sidered in this paper is confirmed by some previous studies [58-60]. The corresponding
thermal energy per particle (i.e., (7)) (or equally, the ratio U/N in Equation (12)) can also
be obtained by using f;(7, B), as

uR=m(y) = [ Ef(E,p)E = RN (15)
m p

Although Equations (7) and (15) are simple examples, they confirm that the mean
value of energy (or equally, thermal energy) can be calculated by using either the partition
function or the distribution function. Moreover, employing these equations, one can find
the distribution functions whenever the partition function is known. Indeed, if the phase-
space geometry is deformed, then the partition function will also be modified. Therefore,
one can find the corresponding modified MB and Jiittner distributions by directly using

Equations (7) and (15) for the non-relativistic and relativistic cases, repetitively.

3. Generalized Uncertainty Principle, Partition and Distribution Functions

In the units of h = ¢ = 1, the relation [xy, p;] = iy is the standard commutation
relation between the canonical coordinates x and p. This relation leads to HUP in the
framework of quantum mechanics and is the backbone of calculating wy [48,53]. Thus, the

volume element d>xd>p changes whenever different coordinates (commutation relations)
are used [42-44,48]. For GUP, we have [14,31]

AXAP > % [1 +y(AP)? + .. } (16)

where 77 denotes the GUP parameter and it is based on modified commutation relations

(X, P] =i (6 (1 +yP?) +4'PcDy),
[Pe, Pl =0, , 17)
2n—n'+ (241" )n P
[Xe, Xi] = l%(l’k& - PiXy),
where k,I = 1,2,3 for a 3-dimensional space [43,62]. P and X are generalized coordinates
which are not necessarily equal to the canonical coordinates p and x. In this manner,
assuming 77/ = 0 and 7 is independent of 7, one finds

A#Xdep

BxdPp —» =25~
ERCERTE

(18)
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which must be considered as the volume element in X-P space instead of dxd®p [42-44,48].
This means that the density of states in the X-P phase space is affected by the factor of
(14 17P?) [42]. In this situation, the single particle partition function can also be found as

ABXdp
QPP = / eXP(*ﬁH(P,X))W, (19)

where H(P, X) denotes Hamiltonian in generalized coordinates [42,43,50]. The correspond-
ing thermal energy (U°YP) can be calculated using the relation

0
uGuP — 7@ In Q?UP/ (20)

along with Equation (19), which finally gives

H(P H(P))—®P
LouP _ f eXP —p ( ))(1+;7P2)3 1)

[ exp(—pH(P))—LL

(1-+yp2)°

In obtaining this equation, the fact that H(= E) is independent of X has been used
which cancels integration over d°X. Indeed, the density of states in phase-space is changed
under the shadow of GUP [42,43,48], a result which affects the distribution function.

For a single free particle with H = %, the ideal gas law is still valid, and therefore

NRGUP _ QNRI<2'Z’7 3>, 22)

while the explicit form of the function I ( B ,3) can be followed in [44] and Q{\’R is

introduced in Equation (6). The effects of GUP are stored in I ( B ) and in the limit of
1 — 0, one gets the ordinary single partition function of a free particle. Correspondingly,
the partition function of a single free relativistic particle can also be evaluated using
H? = P2 4+ m? in Equation (19). By doing so one finds

RGUP*/eXp W ) d3XdBPP 23

(147p2)*

for which the solution reads

R,GUP 151
Q; = Q] ( ?ﬁ?)' (24)

when m > % [50].

3.1. Maxwell-Boltzmann Statistics

Bearing in mind the recipe which led to the expression for fyiz(E, B), one can get the
modified MB distribution in the X-P space as

W e0) -0 0 .
cupE} exp(—BE) (29)
MBE (1+2iymE)3

’

where ZGHE denotes the normalization constant in the presence of GUP. The thermal

energy then reads

uetr — [ EfGH" (£, p)aE. 26)
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One can also find the normalization constant Zﬁélé as

. 1
cup _ | [® E2exp(—BE)
ZMBE = {/0 1+ 2gmE) dE} , (27)

which is equal to Zyspr in the limit where 7 — 0. Obviously, the MB distribution fas(E, ),
is recovered through Equation (25) at the appropriate limit of # = 0. For the density of
states in HUP framework we have ay3(E) = v/E. This relation is modified in the presence
of GUP effects and thus, the density of states will take the following form

VE
S5 (E) = , 28
ayp (E) (14 2qmE)’ (28)

which is in agreement with the results of [18]. The extremum of f4%" (E, B) is also located
at

1+ 10myE§iy 14 8miESHy

2
dmi (1+ 10mnyES3h)

ext __

eVip = , (29)

which clearly indicates ¢4, — E$5l; whenever 5 — 0. In Figure 1, the effects of GUP on
the distribution function in MB statistics are shown where the temperature is considered to
be constant ( = 1).

0.50 : T T
5
2 oz0| 1 n=0
g
©°
P I A S BT n=0.01
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o
c? ------ n=0.1
2 ops5t 1
e . - =1
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002k0 o v v v N e S
0.0 05 1.0 1.5 2.0 25 3.0

Energy
Figure 1. Maxwell-Boltzmann (MB) distribution versus energy for 7 = 0.5,1,1.5. The ordinary MB
distribution is denoted by the solid curve. Here, we have set the units so that i = ¢ = Kp = 1.
3.2. Jiittner Statistics

In the relativistic situation, where H = v/ P2 + m2(= E), following the above recipe,
we get the modified Jiittner distribution as

GUP _ cup EVE? —m?exp(—BE)
i (EB) = Zg A+ nE2—m2)? (30)

which recovers fj(E, B) in the limit where 1 — 0. Here, Z]GEUP is also a normalization con-

stant which can be calculated by utilizing the normalization constraint |, :{o f ]G UP(E,B)dE =

1. We also find
VEZ —m2
ofUP(E) = VLTI al
(1+7[E? —m?])
as the density of states in Jiittner statistics in the presence of GUP. Figure 2 shows the
behavior of f ]G UP(E, B) for some positive values of ;7 parameter.
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Figure 2. Behavior of Jiittner distribution against energy for 7 = 0.5,1, 1.5. The solid curve belongs
to the ordinary Jiittner distribution and we have set the units so that h = ¢ = Kz = 1.

4. Extended Uncertainty Principle, Partition and Distribution Functions

The modified Heisenberg algebra in the EUP framework can be recast into the follow-
ing form
[X,‘, P]} = 1(51] + IXXZ‘X]‘), (32)

where « is a small positive parameter known as the EUP parameter. In the limit of « — 0,
the canonical commutation relation of the standard quantum mechanics is recovered. Based
on the commutation relation Equation (32), the HUP is modified by

(AX))(AP;) > %[1 +a(dX;)?+..], 33)

which leads to a non-zero minimum uncertainty in momentum as (AP;),;, = v/&. Here,
we apply the coordinate representation of the operators X; and P; expressed as

Xi = xi,

34
P,‘ = ((5,] +1Xx1'X]‘)p]‘, ( )

where x; and p; satisfy the standard commutation relation of ordinary quantum mechanics.
This representation yields the following commutation relation for the momentum operator

[P, Pi] = ia(xipj — pix;). (35)

In the X-P space, the modified volume element
d3Xd*P 36)
(1+ax2)”

should be considered instead of d®xd®p [20]. We then proceed to consider the consequences
of such a modification in calculating the partition and distribution functions. For a single
particle, the partition function in X-P space can be found as

i BXd3P
QEUP _ / exp(—BH(P, X)) 202 37)
: P(-BH(P, X)) = s
whence we get the corresponding thermal energy as
9
Eur _ _ 9 EUP
UEtP = aﬁmQ1 : (38)
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The above expression can also be combined with Equation (37) to give Equation (21). For
the free non-relativistic and relativistic particles, one finds

3
2 2 V(e r)
Q{“R'E“P:vfffm,r)(%m) = L, (39)
and Vors(a,7)
effl&, T
QIF,EUP _ ffV Qf/ (40)
X

respectively, where we have defined V, % f(tx, r) = ]Or (1537)(2)3 as the effective volume, and
.

in the limit of &« — 0, the usual volume V is recovered. Since Veff(zx, r) is independent of B,
the thermal energy related to EUP is the same as what we obtained in Equations (7) and
(9), respectively. Consequently, EUP does not affect the Maxwell-Boltzmann and Jiittner
distribution functions, because the corresponding effective volume has no dependence on

B.
5. Conclusions

The Jiittner function is the relativistic version of MB distribution and is proper for
studying relativistic (high energy) systems. On the other hand, the minimal length comes
into play in the realms of high energy physics. Hence, compared with MB distribution,
the study of its effects on Jiittner distribution would be more meaningful. Thus, our
attempt in the present work was to address an algorithm with the help of which, one
can get the distribution function, starting from the partition function. Motivated then
by the abovementioned arguments, we studied the effects of GUP and EUP (two aspects
of quantum gravity) on Jiittner distribution and the corresponding density of states in
energy space. We also addressed the consequence of applying our approach to the MB
distribution in order to find the density of states Equation (28) which is in agreement with
previous reports [42,48], a result which confirms our approach. The results of our study are
summarized in Tables 1 and 2 for the non-relativistic and relativistic regimes, respectively.

Table 1. Non-relativistic ideal gas (27t/i = 1).

HUP GUP EUP
The volume of phase 2\ 3 2\3
space element ! (1+7P?%) (14 aX?)
Density of States VE ﬁ VE
i
Single Partition s\ 3 s\ 3 2mn oom\ 3
Function V(T) V(T) 1(7,3) Veff(a,r)<T)

Table 2. Relativistic ideal gas (27th = 1).

HUP GUP EUP
The volume of phase 213 2\3
space element ! (1+7P?) (1+aX?)
Density of States EVE? —m? 7(1fv(§”";)3 EVE? —m?
n(E2—m
3
Single Partition 3 v ( 2mm )2 ¥(o)(1- ,7% L), 3
Function V(%) ) ( wf/th . >>(}; g (o,r) (25) ¥ ()

It is obvious from Figures 1 and 2, that the effects of the existence of a non-zero
minimal length (# # 0) on distribution functions become more sensible as energy increases.
This means that the probability of achieving high energy states when # # 0 is smaller than
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the 7 = 0 case. It is also worth mentioning that though there exist some proposals to test
observable effects of the minimal length [63], the Planck scale is currently far beyond our
reach. Since by comparing the Planck energy (=10'° TeV) [64] to the energy achieved in the
Large Hadron Collider (=10 TeV) [65], or the Planck length (=1073% m) to the uncertainty
within the position of the LIGO mirrors (~10~18 m) [66] or the Planck time (=10~ s) to
the shortest light pulse produced in laboratory(=10~17 s) [67], we observe that we are at
best 15 orders of magnitude away from achieving the Planck scale. In this regard, future
developments within these experimental setups are expected in order to search for the
footprints of GUP effects in nature.

Finally, regarding the results reported in [68] and [69] the usefulness of Tsallis distribu-
tion function in high energy physics is expected. In line with these results, some researchers
study the possibility of describing the distribution of transverse momentum in the Large
Hadron Collider and Relativistic Heavy Ion Collider, employing the Tsallis distribution,
expressed as [70-73]

1
T—

fr(q,B) = Zr[1 = (1 — q)BE]T7. (41)

Here Z7 and g denote the normalization constant and non-extensivity parameter, respec-
tively. Although utilizing our approach to investigate the effects of GUP and EUP on Equa-
tion (41) is straightforward, such a study needs more careful analysis owing to the issues
raised by [38] which states a criterion on the domains of validity of Maxwell-Boltzmann,
Jiittner, and Tsallis distributions as a special high energy phenomenon. Therefore, it can be
considered as an attractive topic for future studies.
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Abstract: We consider a gauge theory of vector fields in 3D Minkowski space. At the free level,
the dynamical variables are subjected to the extended Chern-Simons (ECS) equations with higher
derivatives. If the color index takes n values, the third-order model admits a 2n-parameter series
of second-rank conserved tensors, which includes the canonical energy—-momentum. Even though
the canonical energy is unbounded, the other representatives in the series have a bounded from
below the 00-component. The theory admits consistent self-interactions with the Yang-Mills gauge
symmetry. The Lagrangian couplings preserve the energy-momentum tensor that is unbounded
from below, and they do not lead to a stable non-linear theory. The non-Lagrangian couplings are
consistent with the existence of a conserved tensor with a 00-component bounded from below. These
models are stable at the non-linear level. The dynamics of interacting theory admit a constraint
Hamiltonian form. The Hamiltonian density is given by the 00-component of the conserved tensor. In
the case of stable interactions, the Poisson bracket and Hamiltonian do not follow from the canonical
Ostrogradski construction. Particular attention is paid to the “triply massless” ECS theory, which
demonstrates instability even at the free level. It is shown that the introduction of extra scalar field,
serving as Higgs, can stabilize the dynamics in the vicinity of the local minimum of energy. The
equations of motion of the stable model are non-Lagrangian, but they admit the Hamiltonian form of
dynamics with a Hamiltonian that is bounded from below.

Keywords: higher-derivative theories; extended Chern-Simons; Hamiltonian formalism; stability

1. Introduction

The higher-derivative theories are well known for their better convergency properties
at classical and quantum levels and wider symmetry. In most instances, these advantages
come at the price of dynamic instability, which is the typical problem for the models
in this class. At the classical level, the solutions to the equations of motion demonstrate
runaway behavior (“collapse”). At the quantum level, ghost poles appear in the propagator,
and so the unitarity of dynamics is an issue. These peculiarities follow from a single
fact: the canonical energy is unbounded in every non-singular higher derivative theory.
For a review of the problem, we cite recent articles [1-3] and references therein. The
canonical energy of singular models can be bounded. The examples include f(R)-theories
of gravity [4-7]. These models do not demonstrate instability. The stability problem for
constrained higher-derivative theories is discussed in [8]. In the majority of interesting
(constrained or unconstrained) models, the instability has a special form: the classical
dynamics are regular (no “collapse”), but the canonical energy is unbounded from below.
The Pais-Uhlenbeck oscillator [9], Podolsky [10] and Lee-Wick [11,12] electrodynamics,
ECS theory [13] and conformal gravity [14] are examples. With regard to the current studies,
we refer readers to [15-18] and references therein. In all these models, the quantum theory
is expected to be well defined [2,19], but the application of the canonical quantization
procedure based on the Ostrogradski procedure (The canonical Hamiltonian formalism for
the non-singular higher-derivative theories was first proposed in [20]. Its generalization
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for singular theories was developed in [21]: see also [22]. For recent studies, see [23,24].)
leads to a model with a spectrum of energy that is unbounded from below; that is why the
stability and unitarity of quantum dynamics is the most important issue.

Recently, it has been recognized that the higher-derivative dynamics can be stable at
the classical and quantum levels even if the canonical energy of the model is unbounded.
The articles [25,26] explain the stability of Pais—-Uhlenbeck theory from the perspective
of the existence of the Hamiltonian form of dynamics with a bounded (non-canonical)
Hamiltonian. The quantization of the model with an alternative Hamiltonian leads to a
quantum theory with a well-defined vacuum state with the lowest energy. In [27,28], the
authors use a special PT-symmetry for the construction of stable quantum mechanics in
the higher-derivative oscillator model. In [1-3,29], the authors state that the non-linear
higher derivative models may exhibit well-defined classical dynamics without “collapsing”
trajectories with runaway behavior. In the latter articles, the existence of stable classical
dynamics serves as a necessary prerequisite for the construction of a well-defined quantum
theory. With regard to the studies of field theories, we refer readers to [30,31]. All the
models mentioned in this paragraph have one common feature: they admit alternative
(in contrast to the canonical energy) conserved quantities that are bounded from below.
Quantum stability is achieved if the model admits the Hamiltonian form of dynamics,
with the bounded conserved quantity being the Hamiltonian. This means that the stable
higher-derivative theory is characterized by two ingredients: the bounded conserved
quantity and the Poisson bracket on its phase space that brings the equations of motion to
the Hamiltonian form with a Hamiltonian bounded from below.

In [32], the stability is studied in the class of models of the derived type. At the free
level, the wave operator of the theory is given by a polynomial (characteristic polyno-
mial) in another formally self-adjoint operator of lower order. It has been shown that
each derived theory admits a series of conserved tensors, which includes the canonical
energy—-momentum [33]. The number of entries in the series grows with the order of the
characteristic polynomial. Even though the canonical energy is unbounded, the other
conserved tensors in the series can be bounded from below [33]. The bounded conserved
quantity stabilizes the classical dynamics of the theory. The quantum stability is explained
by the existence of the Lagrange anchor, which relates a bounded conserved quantity
with the invariance of the model with respect to the time translations. (The concept of the
Lagrange anchor was proposed in [34] in the context of the quantization of non-Lagrangian
field theories. Later, it was recognized that the Lagrange anchor connects symmetries and
conserved quantities [35].) In the first-order formalism, the Lagrange anchor defines the
Poisson bracket [36]. The Hamiltonian is given by the conserved quantity in the series and
is expressed in terms of phase-space variables. The linear higher-derivative theory is stable
if a bounded conserved quantity, related to time-translation symmetry, is admitted by the
model [32]. In [37,38], the authors consider the problem of the consistent deformations of
symmetries and conserved quantities that preserve the stability of dynamics in the class of
derived-type models. In all cases, interaction vertices do not come from the least-action
principle with higher derivatives, but the equations of motion admit the Hamiltonian
form of dynamics. The main difficulty of the procedures cited above is that they do not
automatically preserve gauge invariance. This restricts their applications in gauge systems.

The ECS model [13] is the simplest gauge theory of the derived type. In current
studies, it often serves as a prototype of the class of gauge theories with higher deriva-
tives; see, e.g., [39—41]. The stability of the ECS model was first studied in [33]. It has
been observed that the theory of order p admits a p — 1-parameter series of second-rank
conserved tensors, which includes the canonical energy—-momentum. The canonical energy
of the model is always unbounded from below. The other tensors in the series may have a
00-component that is bounded from below. The stability conditions for the theory are deter-
mined by the structure of the roots of the characteristic polynomial [33]. The theory is stable
if all the nonzero roots of the characteristic polynomial are real and different and the zero
root has a multiplicity of one or two. The stability of the ECS theory is confirmed in [42].
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The ECS model was shown to be a multi-Hamiltonian at the free level in [43]. The series of
Hamiltonians includes the canonical (Ostrogradski) Hamiltonian, which is unbounded,
and the other representatives, which are bounded or unbounded depending on the model
parameters. If the Hamiltonian is bounded, this ensures the stability of the model at both
classical and quantum levels. The model admits the inclusion of stable non-Lagrangian
interactions with scalar, fermionic and gravitational fields that preserve a selected repre-
sentative in the series of conserved quantities of free model [38,43,44]. However, the gauge
symmetry is abelian in the sector of the vector field in all these examples.

The concept of the consistency of interaction between the gauge fields was developed
in [45]. The consistent couplings between gauge vectors were studied in [46,47]. It was
shown that the Yang-Mills vertex is unique in the covariant setting. The Lagrangian self-
interactions of the gauge vector multiplet subjected to the ECS equations at the free level
were reconsidered in [42]. The most general consistent non-linear theory has been proven to
have the Yang-Mills gauge symmetry, and the Lagrangian is given by the covariantization
of the free ECS Lagrangian. The interacting model demonstrates Ostrogradski instability at
the non-linear level in all instances, even though the free theory is stable. This result implies
ano-go theorem for stable Lagrangian interactions in the ECS model. The conclusion is not
surprising because the Lagrangian couplings preserve the conservation law of canonical
energy, being unbounded already at the free level. The inclusion of non-Lagrangian
interactions can solve the issue of the dynamic stability at the interacting level, because
such couplings preserve bounded conserved quantities. However, the problem of the
construction of stable and consistent non-Lagrangian (self-)couplings (stable or unstable)
has not been studied in the ECS model in the literature before.

In the current work, we present a class of stable self-interactions in the theory of
vector multiplets. The free fields are subjected to the ECS equations of the third order.
The interaction is (in general) non-Lagrangian. The non-linear equations of motion are
consistent with Yang-Mills gauge symmetry. A selected second-rank conserved tensor
of the free model is preserved by the coupling. Depending on the values of coupling
constants, this can be bounded or unbounded. The Lagrangian interaction vertex in [42] is
unstable. The non-Lagrangian coupling can be consistent with the existence of the bounded
conserved tensor. The equations of motion admit the Hamiltonian form of dynamics. On
the shell, the Hamiltonian density is given by the 00-component of the conserved tensor.
For Lagrangian interactions, the canonical formalism with the unbounded Ostrogradski
Hamiltonian is reproduced. The bounded Hamiltonians do not follow from the Ostrograski
procedure, and thus we find non-canonical Hamiltonian formalism in this case. In all
the instances, the Poisson bracket is a non-degenerate tensor, so the model admits a
Hamiltonian action principle. The quantization of the first-order action with the bounded
Hamiltonian leads to a stable quantum theory with a well-defined vacuum state.

In the case of resonance (multiple roots of a charlatanistic polynomial), the dynamics
of the theory are unstable even at the free level. The inclusion of self-interaction does
not improve the stability properties of dynamics of this model because the conserved
quantities have the same structure in the free and non-linear models. In the current article,
a model with the third-order zero resonance root is of interest. The free field is subjected to
the “triply massless” Chern-Simons (CS) equations. The wave operator of free equations
is given by a cube of the CS operator. To stabilize the dynamics at the non-linear level,
we apply the “Higgs-like” mechanism described in [48]. Introducing an extra scalar, we
generate a coupling such that the energy of the interacting theory obtains a local minimum
for a solution with nonzero values of dynamical variables. The motions of small fluctuations
in the vicinity of this solution are stable because the non-linear theory has no resonance.
The dynamics of fluctuations admit the Hamiltonian form, with the Hamiltonian being
given by the positive definite quadratic form of the fields. This means that the dynamics of
the theory with a resonance can be stabilized by the inclusion of an appropriate interaction.

The article is organized as follows. In Section 2, we consider the third-order ECS
model for a vector multiplet. Particular attention is paid to the structure of symmetries,
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conserved quantities of the theory and the stability of the dynamics. In Section 3, we
propose stable self-interactions between the multiplet of vector fields with the Yang-Mills
gauge symmetry. The general model in the class model preserves a selected conserved
tensor of the free theory, which can be bounded or unbounded from below depending on
the values of coupling constants. The stable interactions are inevitably non-Lagrangian. In
Section 4, we construct the constrained Hamiltonian formalism for the non-linear model.
The density of the Hamiltonian is given by the 00-component of the conserved tensor, being
expressed in terms of the phase-space variables. In Section 5, we consider the issue of the
stability of “triply massless” ECS theory. We propose the class of consistent couplings,
with the scalar field stabilizing the dynamics in the vicinity of equilibrium position. The
equations of motion are non-Lagrangian, but they admit the constrained Hamiltonian form
with a bounded Hamiltonian. The concluding section discusses the potential applications
of the model that are considered in the article.

2. Higher-Derivative Chern-Simons Model

We consider the most general third-order gauge theory of the vector multiplet
AT = A7 ,,(x)dx“, u=0,1,2a=12,...,nin three-dimensional Minkowski space. The
action functional of the model reads

S[A(x)] = % / A% (&g F¥ + 0pG 4 3K )dPx . 1)

where the real numbers &y, #p and a3 are model parameters. Without loss of generality, we
assume that the coefficient at the higher derivative term is nonzero, a3z # 0. The vectors
F%,, G%, and K", denote the (generalized) field strengths of the potential A7,

Fly = upd” A%, G = eupdF®, K = 30" G", @

where the Levi-Civita symbol €, €012 = 1 is antisymmetric with respect to indices. All
the tensor indices are raised and lowered by the Minkowski metric. We use the mostly
positive convention for the signature of metrics throughout the paper. The summation is
implied over the isotopic indices a = 1,...,n repeated at one level unless otherwise stated.
Foraz = &1 =1, ap = 0, n = 1, the action functional Equation (1) was first proposed in the
article [13]. We refer to the model Equation (1) as the ECS theory for a vector multiplet.

The least-action principle for the functional Equation (1) brings us to the following
Lagrange equations for the field Ay:

%E“IF”V+“ZGHV+“3Kﬂl‘:O’ a=1,...,n. 3)

These equations have the derived form [33] because the wave operator is a polynomial

in the CS operator *d. The symbol * denotes the Hodge star operator, and d is the de Rham

differential. For the exposition of differential form theory concepts, we refer readers to

the book [49]. The structure of the Poincare group representation, being described by the
Equation (3), is determined by the roots of the characteristic polynomial

M(;z) = a1z + apz% 4 azz®. 4)

The polynomial M(«;z) follows from Equation (3) after the formal replacement of the
CS operator *d by the complex-valued variable z. The following cases are distinguished in [33].

(1a) & # 0, (a2)? — 4aja3 > 0. The characteristic polynomial has a zero root and two
different nonzero real roots. Equation (3) describes two massive spin-1 self-dual fields.
(The theory of a massive spin-1 field being subjected to the self-duality condition was
proposed in [50]. For the theory of representations of the 3D Poincare group, we refer
readers to [51-53]). A zero root corresponds to the CS mode, which is a pure gauge;
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(Ib) ay # 0, (oQ)2 — 43 < 0. The characteristic polynomial has a zero root and two
complex roots. The case is similar to (1a), but the masses of vector modes are complex.
The Poincare group representation is non-unitary;

(2a) ap # 0,a1 = 0. The characteristic polynomial has multiple two zero roots and a
simple nonzero root. The set of subrepresentations includes a massless spin-1 field
and a massive spin-1 mode subjected to the self-duality condition;

(2b) &y # 0, (a2)% — 4aja3 = 0. The characteristic polynomial has multiple two nonzero
roots and a simple zero root. The subrepresentations describe a “doubly massive” mas-
sive mode and a gauge CS mode. The Poincare group representation is non-unitary;

(3) a1 = ap = 0. The characteristic polynomial has multiple three zero roots. Equation (3)
describes the “triply” massless extended CS theory. The Poincare group representation
is non-unitary.

As we see, the ECS model describes the unitary representation of the Poincare group
if all the nonzero roots of the characteristic equation are different, and the zero root has a
multiplicity of one or two. The dynamical degrees of freedom include the massive spin-1
vector subjected to the self-duality condition and/or spin-1 massless field, meeting the 3D
Maxwell equations. In all instances, the model has two local physical degrees of freedom
(four physical polarizations).

The action function Equation (1) is preserved by the 2n-parameter series of infinitesi-
mal transformations:

5§;ﬁAﬂy = *8;11/06'0(5“11:&{) + ,BQZG’]'D) , a=1,...,n, ()

(no summation in a). The transformation parameters are the constant vector ¢ and real
numbers %, a = 0,...,n, k = 1,2. The series Equation (5) includes the space-time
translations with the independent parameters for the individual vector A, in the multiplet
and higher-order transformations, whose value is determined by ;. The Noether theorem
associates symmetries Equation (5) with the 2n-parameter series of second-rank conserved
tensors, which has the form

n

O (Ba) = ) (B101(x) + 20 (a)), )

a=1

where

1
@M, (0{) _ “S(Ga;llguv 4+ GWFW _ gvaapFap) + Déz(FaVFW _ E(‘g;u/lguplgap)/_ )

@u}wz(lx) _ lX3(Ga”GW _ %g;u/GuPGup) — (FuyFav _ %gyv[_vaplgup) 8)

(no summation in a). The quantities @' and a = 1,...,n Equation (7) represent the
canonical energy-momentum tensors of individual fields in the vector multiplet A%;,. The
tensors ®*; and a = 1,...,n Equation (8) are other conserved quantities. The total
number of independent conserved tensors in the free theory is 21 because each field in the
multiplet admits two different symmetries.

The 00-component of the conserved tensor Equation (6) reads

n . .
@00 /S IX Z {ﬁleg, GuOGaO +GalGa1) +2ﬁ11x3(G”0F“0 GuzFaz)+

!
2 )
+(ﬁ1“2 - ﬁzle)(F”OFﬂO + FﬂfFﬂi)} )
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The summation over the index i = 1,2 repeated at one level is implied. The quadratic
form Equation (9) can be reduced to the principal axes as follows:

“3 XaOXaO + Xme) C(,B”‘tx)(F”OF”O + Pail:ai) }

00( ;
O™ (B;) Z { + T (10)
where Xj, = "1 F", 4+ %Gy, and the following notation is used:
C(B%a) = —(B"2) a1 + B2 102 — (B1)%a3. 11)

In Section 4, we see that X*0X% + X#X* and F*F% 4 F¥*F% depend on different
initial data (See the detailed discussion in [43]). In this case, the 00-component Equation (9)
is bounded from below if the coefficients at squares are positive:

Blanz >0, C(p%a) >0, a=1,...,n. (12)

We ignore the case of the semi-positive quadratic form because the degenerate con-
served quantities do not ensure the stability of dynamics. Relations Equation (12) are
consistent if and only if the model parameters a1, ap, a3 meet conditions (1a) and (2a) of
classification on pages 4-5. In cases (1b), (2b) and (3) of this classification, the conditions
in Equation (12) are inconsistent. This means that the free model Equation (1) is stable if
the wave Equation (3) describes a unitary representation of the Poincare group. This result
is quite natural because the theories that correspond to the unitary representations of the
Poincare group should have stable dynamics.

3. Stable Interactions

In this section, we present an example of stable self-interactions in the model
Equation (1). The interactions are non-Lagrangian. The dynamics of the non-linear the-
ory are determined by the equations of motion. The interactions are associated with the
deformations of free equations of motion that preserve the gauge symmetries and gauge
identities of the free model. The interaction is consistent if the number of physical degrees
of freedom is preserved by coupling. For details of the concept of the consistency of
interaction in the class of unnecessary Lagrangian theories, we refer readers to [54].

We begin the construction of a non-linear theory by assuming that the dynamical fields
take values in the Lie algebra of a semisimple Lie group with the generators t*,a = 1,...,n,

Ay = A% (ottdxt, (18] = e, (1) = o0t (13)

The covariant analogs of the (generalized) field strength vectors Equation (2) are
defined as follows:

Fu= e}“/ﬂ(a Al + 5 [‘Av AT, Gu = e;u/pDV]:p/ Ky = ewpDVQP. (14)

The vectors F,, Gy, Ky lie in the Lie algebra of a semisimple Lie group, and D stands
for the covariant derivative
D;t = ay + [A;u } . (15)

The vector F, represents a dual of the standard Yang-Mills strength tensor. The
generalized field strengths G, and K, are other covariant quantities that involve second
and third derivatives of Ay,.

We consider the interactions that are polynomial in the gauge invariants of Equation (14)
and do not involve the highest derivative in the non-linear part. In this setting, the most gen-
eral self-consistent non-linear theory is determined by the following equations of motion:

T = 043’04 4+ G+ le]“y — etvr [‘31.7:1/ + ,Bzgy,‘Bl]:p + ,Bzgp] =0. (16)

a3
2C(B; )
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We prove the uniqueness of this coupling in Appendix A. The model parameters are
the real numbers ay, k =1,2,3, 8,/ = 1,2 and f”bc, a,b,c =1,...,n. The constants ay, ap
determine the free limit of the Equation (16). The numbers f; and B, distinguish admissible
couplings with the same gauge group. Throughout this section and below, we assume that
C(B; ) # 0. The equations of motion Equation (16) come from the least-action principle if
B1 =1, B2 = 0. In this case, the action functional reads

S[A(x)] = %tr [ Fulwr Ay + 0P + G (17)

This action functional was first derived in [42] (The higher-derivative Yang-Mills
theory with a similar structure of the Lagrangian has been known for a long time [55]). The
same paper tells us that Equation (17) is the most general form of consistent self-interaction
in the gauge theory of vector fields. This means that the most general consistent Lagrangian
coupling Equation (17) is included in the model Equation (16). If the parameter j; is
nonzero, Equation (16) does not follow from the least-action principle for any functional
with higher derivatives. The variational principle with auxiliary fields still exists, even if the
higher-derivative model is non-Lagrangian. In the last case, the theory Equation (16) admits
consequent quantization and the establishment of a relationship between symmetries and
conserved quantities.

The concept of interaction consistency for theories that are not necessarily Lagrangian
has been developed in [54]. This paper tells us that the non-Lagrangian interaction is
consistent if the non-linear theory admits the same number of (i) gauge symmetries, (ii)
gauge identities and (iii) physical degrees of freedom as a free model. All these facts
are easily verified. At first, the equations of motion Equation (16) are preserved by the
Yang-Mills gauge symmetry:

oAy =Dug, 5Ty =[L, T, (18)

where { = ({*(x),a = 1,...,n) is the gauge transformation parameter. The free model
Equation (17) is preserved by the standard gradient gauge symmetry, 6; A", = 9,,(". As re-
quired, the gauge symmetry Equation (18) is given by the deformation of the gradient gauge
symmetry of free model. The important difference is that the gauge symmetry Equation (18)
is non-abelian. Thus, the inclusion of interaction tends towards the model with non-abelian
gauge symmetry. We have an obvious set of gauge identities between the Equation (16),

a3

C(Bu)

Again, the leading term of the gauge identity is given by the free contribution. This
agrees with the concept of interaction consistency. At the final step of analysis, we verify
that the physical degrees of freedom number is preserved by the coupling. Equation (8)
of [54] expresses the number of physical degrees of freedom via the orders of gauge
symmetries, gauge identities and equations of motion in the involutive of dynamics.
The systems Equations (3) and (16) are involutive, and they have equal orders of gauge
symmetries, gauge identities and equations of motion. Thus, they have to possess the same
number of physical degrees of freedom. All the above implies that the non-Lagrangian
interaction Equation (16) is consistent for the general values of the parameters §, «.

The theory Equation (16) admits a symmetric conserved tensor of second rank of the
following form:

D,T* =0, Dy=Du+ [B1Fu + B2Gy, ] - 19)

0" (B;a) = tr{ﬁztxs(g?‘gv _ %gwgpgp) + Bras(GHFY + GV —
(20)
1
—8"GpFP) + (Braz — Bao ) (FHFY — ng_;-p}-p)} )
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where oy, k = 1,2,3 and ), = 1,2 are the model parameters. The divergence of the
quantity ©"(B; a) reads

av®’w = —tr(e}wp(ﬁl]:v + ﬁZgl/)TP) : (21)

Expression Equation (20) is the covariantization of a selected representative in the
conserved tensor series: Equation (6),

B1=p1, B2=PB2, a=1,...,n. 22)

As is seen, the model Equation (16) represents the class of deformations of free ECS
Equation (3) that preserves a selected representative in the series Equation (6) of conserved
quantities at the non-linear level. It is important to note that the other representatives in
the series Equation (20) are no longer conserved in the non-linear theory Equation (16).
This happens because the parameters B, k = 1,2 in the conserved tensor Equation (20) are
unambiguously fixed by the interaction.

As far as stability is concerned, the 00-component of the tensor Equation (20) is
relevant. The latter reads

0"(B:0) = tr{ L a0 (676" + G'G) + ras(0OF + G'F)
3)
1

+5 (Brag = Pam) (FOFO + FIF) |

The conserved tensor is a bilinear form in (generalized) strengths 7, G,. The
application of the quadratic form Equation (23) to the principal axes reveals that the
model is stable if

Boaz >0, C(B;a) > 0. (24)

These conditions can be consistent or inconsistent depending on the values of the
model parameters a;, k = 1,2,3 and B;, | = 1,2. The Lagrangian interaction vertex
Equation (17) does not meet stability requirements. This confirms the instability of the
variational coupling proposed in [42]. The stable interactions in the class of models
Equation (16) are inevitably non-Lagrangian. The similar form of stability conditions
Equation (12), Equation (24) at the free and interacting cases implies that the linear and
non-linear dynamics are stable or unstable simultaneously. In the class of theories of stable
dynamics at the linear level, Equation (16) determines a class of non-linear models that
preserve a selected bounded conserved quantity in the series Equation (6).

Now, we can return to the special case C(; «) = 0, which is excluded in Equation (16).
The conserved quantity Equations (6) and (22) are a degenerate quadratic form of the
initial data. The 00-component of the free conserved tensor can be bounded from below,
but its degeneracy implies the existence of zero vectors. The motion of the system in the
degenerate direction can be infinite, and the corresponding conserved quantity appears
to be irrelevant to stability even at the free level. The formula Equation (16) prevents the
construction of interacting theories that preserve the conserved tensors with a semi-definite
00-component.

4. Hamiltonian Formalism

In this section, we construct a constrained Hamiltonian formalism for the higher-
derivative theory Equation (16).

Let us first explain what we understand by the constrained Hamiltonian formalism for
the system of not necessarily Lagrangian field equations with higher derivatives. A general
fact is that the higher-derivative system can be reduced to the first order by the introduction
of extra fields that absorb the time derivatives of original dynamical variables. The set of
original dynamical variables and extra fields is denoted by { ¢! (x, 1), A% (x, 1)}, where t = x°
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is the time, and x = (xl, xz) stands for space coordinates. The multi-indices A, I label the

phase-space variables. The first-order equations are said to be Hamiltonian if there exists a
Hamiltonian function H (¢!, V¢!, V?¢!, ...) (V stands for derivatives by the space x) and
a Poisson bracket {¢!(x), ¢/ (y)} such that the equations constitute a constrained Hamilto-
nian system; i.e.,

¢'(x) = {9'(x), [Hdy}, 0a(¢'(x),Ve'(x),...)=0;

(25)
H=Ho(¢)(x), V! (x),...) + M (1)0a(9' (x), Vo' (x),..).
where the dot denotes the derivative by time
do!
e
= dx0 " (26)

The system is multi-Hamiltonian if there exists a series of Hamiltonian # and Poisson
brackets {¢!(x), ¢/ ()} p parameterized by constraints By, ..., Bx such that they determine
the same equations of motion for the dynamical fields. The existence of the constrained
Hamiltonian formulation is not guaranteed for a system of general non-Lagrangian equa-
tions of motion. In particular, the Hamiltonian formulation for the ECS theory may not
exist, at least for certain combinations of model parameters.

We begin the construction of the Hamiltonian formalism with the reduction of order of
Equation (16). The space components of the field strength F;,i = 1,2, and generalized field
strength of second order G;,i = 1,2, are chosen as extra fields. By construction, they absorb
the first and second time derivatives of space components of the vector field A;,i = 1,2,

Fi=€ij(Aj— 040 + [Ao, A,
g, = —Ai + aiAO — [Ao,.Ai} — [Ao, A,] + [Ao, A; — ;Ao + [Ao, Ai]]— (27)

—e€ijen0j (O F 1 +1/2[ Ay, All) + ejjer[ Ay, 0 Fr +1/2[Ar, Al -

where €;j, €12 = 11is the 2D Levi-Civita symbol. The Latin indices 7, j run over the values
1,2. Summation over Latin indices repeated at the same level is implied. As can be seen
from the equations, in Equation (27), the fields F; absorb the first time derivatives of space
components of original vector field A;. The vector G; involves the second time derivatives
of A;. The time components Fy, Gy of vectors Equation (27) are functions of Ay, A;, F; and
Gi, with no new combinations of time derivatives being involved:

Fo=e€ij(0i4; + [Ai, Ajl),  Go=€;;(9,:F; + [A;, Gj]) - (28)

In the remaining part of the article, we associate the quantities Fy, Gy with their
expressions in terms of the phase-space variables Ay, A; and F;.

Substituting the extra variables in Equation (27) into Equation (16), we obtain the
first-order equations for the fields A;, F;, G;:

Ai = 0: 4o — [Ao, Ai] — € F; (29)
Fi=0iFo+ [Ai, Fol — [Ao, Fil —€iiGj; (30)

Gi=9;Go + %Ei/gj + %eij]:j + [Ai, Gol — [Ao, Gi] +
3 3 1)
1X32

C(Ba)

+ [B1Fo + B2Go, B1Fi + B2Gil -
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The evolutionary Equations (29)-(31) are supplemented by the constraint

1
0= 61']'(0(13,'./4]' + 0(23,']:]‘ + 06381'(_:/'/' +[A;, E(X].A]' + 0(2.7]' + 0(3(_;]']7

(32)
&3
_m[ﬁl}—i + B2Gi, B1F; + B2Gjl) = 0.
The  Equations  (16), (29)-(32) are  equivalent. Evolutionary

Equations (29) and (30) express the auxiliary fields F; and §G; in terms of time deriva-
tives of the original vector potential .A;. Solving them with respect to the unknown F;,
Gi, we obtain the relations in Equation (27). Equations (31) and (32) represent the space
and time components of the original higher-derivative system in Equation (16), where
all the higher derivatives of the vector potential are expressed in terms of extra variables
Fi, Gi. The left-hand side of Equation (32) does not involve time derivatives, so we have
the constraint ©® ~ 0. The sign ~ means the equality modulo constraint in Equation (32).
Once the time evolution is preserved (see the gauge identity, Equation (19)), no secondary
constraints are imposed on the fields.

We associate the on-shell Hamiltonian H( with the 00-component of the conserved
tensor in Equation (20). In terms of the phase-space variables A;, F; and §;, it reads

Ho = 5te{B20s(0°0° + GG') + 2Braa(@°F0 + G'F) ¢
(33)
+(,B]“2 - ‘320(])(]:0]:0 + ]:l]:l)} )

where the functions F? and G are defined in Equation (28). The on-shell Hamiltonian #g
depends on the free model parameters ay, k = 1,2,3 and coupling constants ;,/ = 1,2.
Off-shell, the Hamiltonian is a sum of the on-shell part of Equation (33) and a linear
combination of constraints. We chose the following ansatz for the total Hamiltonian:

_ C(Bia) _ Popums P ”
=t tr{!32'%2 - 51“3A Baaz — Bras o By — Braz |0, (34)

where B, « are constant parameters. The on-shell vanishing terms included in the Hamil-
tonian do not contribute to the equations of motion of gauge-invariant quantities. The
equations of motion do alter for non-gauge-invariant variables. As we are attempting to
determine the Hamiltonian and Poisson bracket by literally reproducing the first-order
Equation (29)-(32) of Equation (16), the on-shell vanishing contributions are kept under
control in Equation (34).

The Hamiltonian is well-defined if the parameters f and a are subject to the
following conditions:

C(ﬁ;ﬂé) 7& 0, ﬁ]ﬂég} — ﬁzaz 7é 0. (35)

These relations have a clear origin. The first condition in this set ensures that the on-
shell Hamiltonian is a non-degenerate quadratic form of the phase-space variables A;, F;,
G;. This requirement is reasonable because the degenerate Hamiltonian cannot generate the
evolution of all physical degrees of freedom. The second relation of Equation (35) ensures
that the numerical factor at the Lagrange multiplier A is non-singular. This is necessary
to reproduce the correct gauge transformations for all the dynamical variables. We also
note that the obstructions to the existence of the Hamiltonian remain valid in the free
limit. This means that the inclusion of an interaction by the scheme presented in Section 3
does not restrict the class models that admit the Hamiltonian formulation. In other words,
every theory in the class of Equation (16) admitting the Hamiltonian formulation with the
Hamiltonian Equation (34) in the free limit is Hamiltonian at the interacting level. Hereafter,
we assume that the relations in Equation (35) are satisfied. The Hamiltonian is on-shell
bounded from below if the conditions in Equation (24) are satisfied. In this case, we expect
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to construct the constrained Hamiltonian formulation with a bounded Hamiltonian. The
corresponding quantum theory has a good chance to be stable.

Now, let us find the Poisson bracket between the fields A;, F; and G; that leads
Equations (29)-(32) to adhere to the Hamiltonian form Equation (25) with the Hamiltonian
Equation (34). Comparing the right-hand sides of Equations (25), (29)-(31), we obtain the
following system of algebraic equations:

{Ai,/H(y)dy} ~ 01 Ao — [Ao, Ajl — € Fj; (36)
{Fi,/'?-l(y)dy} ~ 0;Fo + [Aj, Fol — [Ao, Fil — €5 (37)

{Gi,/ H(y)dy} ~ 9;Go + %eijgj + %eijﬁ + [Ai, Go] — [Ao, Gi] +
3 3 (39)
0632
C(p;a)
In Equations (36)—(38), the sign ~ means the equality modulo constraint seen in
Equation (32). The Poisson bracket defined by these equations depends on five independent
arguments: the free model parameters a3, x> and a1 and coupling constants 8, and 1. The
bracket has the following form:

+ [B1Fo+ B2Go, B1Fi + B2Gi] -

(90,99} = B2 ’af;gl(";;) Patats o b (x — ) (39)
(T, 0w} = P P s ) (40)
(P40, ()} = (A, 60} = etsend™d @ —y); @)
(A0), 1)} = gt (=) @)

{A%(x), A%(y)} = 0. (43)

where 6@ (x — y) = 8(x! — y1)8(x% — y?) is the 2D d-function in the space coordinates.
The Poisson bracket in Equations (39)-(43) is a covariant generalization of its free analog,
which is derived in [43]. This result is not surprising. The free limit of expressions in
Equations (39)—(43) is determined by the linear model, while the Poisson brackets with
a polynomial dependence on fields contradict the structure of Equation (25). In the last
case, the Poisson bracket with the Hamiltonian involves higher powers of fields than the
right-hand side of first-order Equations (29)-(31).

The Poisson bracket in Equations (39)—(43) is a non-degenerate tensor, so it has an
inverse, being a symplectic two-form. The latter defines a Hamiltonian action functional

_ Pl
Baaz — Pras (44)
><s,~]-(/31]-'i + 52gi)(.31~7:j + ,Bzgj)> — H}dxdt,

_ Ca) oy . VAL
Sh —/{tr(ms,j(alfl,+2a2]-',+21x3g,).A]+

where H denotes the Hamiltonian Equation (34). In the case 2 = 0, ;1 = 1, Equation (44)
reproduces the Ostrogradski action for the variational model Equation (17),
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Sc = / {tr(e,-]-(aq./l,- + 200 F; + 20(3gi)Aj - eij]:ij:j) - Hg}dxdt, (45)
where H. is the canonical Hamiltonian,
He = Ste(a5(G°F0 + GF) + 0o FOF + FIF) + Ag). (46)

In the free case, the Hamiltonian formulation Equation (44) was first proposed in [43].
Later, it was re-derived in [42] by the direct application of the Ostrogradski procedure to
the action functional Equation (1). The comparison of Equations (12) and (35) implies that
the Hamiltonian Equation (34) is on-shell unbounded for all the Lagrangian interactions.
For non-Lagrangian interactions, the Hamiltonian Equation (34) can be on-shell bounded
or unbounded depending on the value of model parameters. If the Hamiltonian is on-shell
bounded, the interacting theory is stable at the quantum level. To our knowledge, the
ECS theory Equation (16) is the first higher-derivative model with a non-abelian gauge
symmetry admitting an alternative Hamiltonian formulation with a bounded Hamiltonian.
This means that the concept of the stabilization of dynamics by means of an alternative
Hamiltonian formalism applies beyond the linear level.

In the free limit, the Hamiltonian Equation (34) and Poisson bracket in
Equations (39)-(43) depend on the parameters 1 and ;, while the equations of motion
in Equations (29)-(32) do not. This means that the free ECS theory Equation (1) is a multi-
Hamiltonian theory. The general representative of the series of Hamiltonian formulations
does not follow from the Ostrogradski procedure. The reason is that the bounded and un-
bounded Hamiltonian cannot be connected by the change of coordinates in the phase space.
The number of entries in the free Hamiltonian series equals 21, where 7 is the number of
color indices. The on-shell Hamiltonian is given by the 00-component Equation (9) of the
conserved tensor Equation (6). The Poisson bracket between the phase-space variables
A%, F*; ,G%; is determined by the formulas Equations (39)—(43), but the parameters 1, B2
are replaced by g%, B, for each field in the multiplet. At the non-linear level, a selected
Poisson bracket, as shown in Equations (39)—(43), is preserved. If the respective Hamilto-
nian is bounded, the Poisson bracket cannot follow from the Ostrogradski construction;
thus, the Hamiltonian formalism for the stable non-linear theories does not follow from the
canonical formulation.

In the conclusion of this section, we present the Poisson brackets between the con-
straints Equations (39)—(43):

{0°(x), 0% (y)} = %ﬂ“@fmm —y). 7)

The Hamiltonian is gauge-invariant,
{0"(x), Ho(y)} =0, a=1,...,n. (48)

As can be seen, the first-order model, Equation (44), is a gauge theory of a special
form in the whole range, Equation (35), of admissible values of the parameters «, f.
Equation (44) determines the least-action principle for the model. The quantization of this
theory can be performed by means of the well-known procedures [56]. In all instances
with a Hamiltonian that is bounded from below, we expect the stability of the model. This
means that Equation (16) determines a higher-derivative theory, which can be stable at the
classical and quantum level. Because of the existence of first-order formalism, the model is
as good as the Lagrangian theories. In particular, this admits consequent quantization and
correspondence between symmetries and conserved quantities. The Hamiltonian serves as
a quantity that is associated to the invariance of the model in Equation (44) with respect to
the time translations. The Hamiltonian Equation (34) is on-shell bounded if the conditions
in Equation (24) are satisfied.
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Ty = up { D' (9% = 1)G + % FIF +

T = {0,0" — (m? - 7

5. Resonance Case

In case of resonance (positions (2b), (3) of classification on pages 4-5), the non-linear
theory Equation (3) admits the Hamiltonian form of dynamics, but the Hamiltonian is
unbounded in all instances (conditions Equation (24) are inconsistent). Thus, the model has
to be considered to be unstable. In this section, we demonstrate that the dynamics of the
theory with resonance can be stabilized by means of the inclusion of an interaction with an
extra dynamical field. We apply the “Higgs-like” mechanism, which was first proposed in
the context of study of the “doubly massless” generalized Podolsky electrodynamics in the
paper [48]. Here, we use it in the theory with non-abelian gauge symmetry for the first time.
We mostly consider the model (Equation (16)) with the third-order resonance. We chose
the following values for the parameters of free theory, Equation (1): &y = ap = 0, a3 = —1.
This choice does not restrict the generality of our work, because the constant a3 accounts
for the possibility of multiplication of equations of motion by an overall factor. The wave
operator of the free model (Equation (3)) appears to be cube of the CS operator, so we have
a sort of “triply massless” extended theory.

We begin the construction of the interaction by extending the set of dynamical variables
by a real scalar field ¢(x). The non-linear theory of the vector multiplet A, (x) and scalar
field ¢(x) is determined by the equations of motion, which have the following form:

(F¢? —1)?
2B42
(B1Fp + B2Gp) (B1 7" + B2GF)
pr’
where the vectors 7, and G, are defined in Equation (2), and the abbreviation 2 = o2 B2/ B1
isused. The constants 3, B1 and -y, m are model parameters and are real numbers. Through-
out this section, we assume that m,y > 0 and B # 0. The option f; = 0 is not admissible
because the self-coupling Equation (16) between the vector fields becomes inconsistent
in this case. The value B, can be an arbitrary real number (positive, negative or zero).
Only positive values of f,, B1 lead to stable couplings. This justifies the notation 7> for
the quantity 7?82/ 1. Without loss of generality, we put a unit coefficient at ¢°-term. An
overall factor at the 3-vertex can be absorbed by the scaling of the scalar field, ¢ — A,

with the appropriate A # 0.

Equation (49) has a clear meaning. The first line of the system in Equation (49)
describes the motion of the vector multiplet. The linear term in the fields in the equations
corresponds to the “triply massless” ECS theory. The coupling includes the self-interaction
term of Equation (16) and an extra contribution involving the scalar field. It is convenient
to think that Equation (49) follows from Equation (16) after the formal redefinition of the
model parameters:

[BIF" + B2GY, B1FP + BoGF] | = 0,
(49)

+¢? g =0.

=0, wm=7%", az=7¢*—1. (50)
The characteristic polynomial in (Equation (4)) for the model reads
M(w;z) = V9?2 + (V¢ - 1)2°. (51)

If the scalar field is set to a nonzero constant from the outset, we obtain Equation (16)
with the second-order resonance for the zero root (case (2a) of classification on pages 4-5).
As explained above, the corresponding model describes a massless spin-1 field and a
massive spin-1 vector subjected to the self-duality condition. It is stable at the classical and
quantum levels. The second equation in the system of Equation (49) describes the motion
of the scalar field. This equation includes ¢3-coupling, which ensures the existence of a
nonzero stationary solution for A, = 0. This means that ¢ serves as the Higgs field in the
model of Equation (49).
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The interaction defined by Equation (49) is consistent. The equations are preserved by
the standard Yang-Mills gauge symmetry in Equation (18). The scalar field is preserved by
the gauge transformation. The gauge identity has a slightly different form:

,724)2 -1
Br?

We note that the gauge generator involves the scalar field explicitly. The model has
the same number of physical degrees of freedom as the free theory because the orders
of equations of motion in Equation (49), gauge identities in Equation (52) and gauge
symmetries in Equation (18) are preserved by coupling. Equations (49) do not follow from
the least-action principle for a function with higher derivatives unless f; = 0. In the case
of Lagrangian coupling, the action principle reads

D,TF =0, Dy =Dy + [B1Fu+B2Gu, ] (52)

Sigp(), A)] = 5 [ {Fu(@+ P02 F) + 0,990 + mg? — S0t }x. ()

The dynamics of the Lagragian theory are unstable. In the case of non-Lagragian
couplings, the dynamics of the model can be stable. In the remaining part of this section,
we address an issue of the construction of the constrained Hamiltonian formalism with
a bounded Hamiltonian for the higher-derivative Equation (49). The existence of such a
formalism implies the classical and quantum stability of the model. To avoid repetition, we
outline the most crucial steps of the construction, while the details are provided above.

We introduce a special notation for the linear combination of generalized strengths
Fyu, Gy entering the free part of Equation (49),

W}, = (72¢2 - 1)gy + 72472-7:14 . (54)

We choose the space components of the vectors F; and W;, i = 1,2 Equation (27)
as variables absorbing the first and second derivatives of the original dynamical field
.A,,. In the sector of the scalar field, we introduce the canonical momentum 7 = ¢. We
consider Wy as a special notation for the combination Equation (54) of the derivatives
of phase-space variables A, F;. In terms of the variables ¢, 7 A, 7;, G;, the first-order
equations eventually read

A; = 340 — [Ag, A — € F; (55)
Fi=0:F0 + [Ai, Fo) — [Ao, Fi] — eijw,- (56)

TP -1
Wi = 0;Wo + [A;, Wol — [Ao, Wil + €;[B2Wo — B1.Fo, 2W; — B1Fjl; (57)
7= {00, - m?+ 72 (P2 = %f;l(ley)\;y “h7 9} (58)
$=r. (59)

The evolutionary Equations (55)—(59) are supplemented by the constraint

1

0= €ij (ain +[A;, W]] + 72‘322

[BaW; = B1LFi 2y — B1Fj]) =0, (60)

The constraint conserves the on-shell property if the identity Equation (52) is taken
into account. The higher-derivative system Equation (49) follows from
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Equations (55)—(57) and (60) if all the extra variables are expressed in terms of the deriva-
tives of original dynamical fields ¢, A.
The model in Equation (49) admits a second-rank symmetric conserved tensor:

242
0 (gi0) = t{ L (8177 1 Jo0") (BT + BaG") = 38" (Fp 4 Gp) (77 + 9°))

ﬁ; (f’*]-‘” g’“/fp]-‘ﬂ)}+a"¢av¢+gﬂ”(f a,,(papcp— SmP? + 47)

(61)

0,0" (B; o) = —tr(e"P(B1.Fy + B2Gy)Tp) +0"¢p - T. (62)

The Hamiltonian is given by a sum of the 00-component of the conserved ten-
sor and is expressed in terms of variables ¢, 7, Ay, F;, W; Equations (27) and (54)
and a constraint term:

WO — B, FO WO — B F0 Wi _ B, Fi Wi _ B Fi
24— tr{ (B2 B1F") (B2 2/3(1’?2(;;:(1!3)252 B1F") (B2 B1 )+

2’5;3 (FOFO+ FUF) — (Ao — prFo + B2W0)O |+ ©3)
b5+ 99) — Jmg + 14t

where the quantities Fo, Wj denote abbreviations of Equations (28) and (54), and the
numbers 1, v are model parameters. The Hamiltonian is on-shell bounded if

P2 —-1>0, B >0. (64)

These conditions involve the scalar field ¢. Once the initial value of ¢ is a Cauchy
datum for Equation (49), the Hamiltonian cannot be globally bounded. However, the
Hamiltonian is given by a positive definite quadratic form in the variables F, G in the
range |7¢| > 1 of values of the scalar field. This corresponds to the case of a stability island.

The Poisson bracket between the fields ¢, 7, Aﬂ, Fiand G; is determined by the
following system of equations:

Aj, /H(y)dy} ~ 0; Ao — [Ao, Ai] — € Fj; (65)
W, — 2 2]:,
fi,/H(y)dy} ~ 0iFo + [Ai, Fo] — [Ao, Fi] — 617'%; (66)
{G,,/ H(y)dy} ~ 3 Wo + [A, Wo| — [40,Gi] + /3 2 [BaWo — B1Fo, BaW; — B F}) . 67)
~ 2.9 ~ (ﬁzwy —51]:;1)(/52)/\/” _ﬁl}—ﬂ) .
{r [Hway} = o9+ (m? - 7 e ~9%)¢; (68)
{9 [ )y} ~ . (69)

All the equalities are considered modulo terms that remove the modulo constraint of
Equation (60). The solution for Equations (65)—(69) reads

(W00, W)} = {F7(x), WPi(y)} = {A%(x), A ()} = 0; (70)
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-1)B2

LA (), WE ()} = —{F7(x), Fi(y)} = %ww (x—v); 1)
(A% (x), o ()} = /féeus“%s (x—9); 72
{9p(x), 7(y)} = 6D (x — y). 73)

All the Poisson brackets between ¢, 1 and A;, F; and G; vanish. The relations of
Equations (70)—(72) can be obtained from Equations (39)—(42) after the substitution of
Equation (50). We note that the Poisson bracket between the fields .A;, F;, W; is constant,
even though the theory involves extra fields 7, ¢.

Now, we can demonstrate the phenomenon of dynamic stabilization by means of the
“Higgs-like” mechanism proposed in [48]. Equation (49) admits a nonzero stationary solution:

A(x) = F(x) =G(x) =0, t(x) =0, P(x) = £m. (74)

Introducing the notation ¢*(x) = ¢(x) F m and expanding Equation (49) in the vicinity
of this vacua, we obtain the linearized equations for the fields

Ty = (m*y* = DKy +m**G,+...=0,
(75)
= (0,0" +5m*)¢" +... = 0.

The dots denote the terms that are at least quadratic in the fields. As we see, the
dynamics of the field A are described by the higher-derivative of Equation (3) with
w3 = m2§? — 1, ap = m?9?, a1 = 0. In this case, the system has a second-order resonance
for the zero root, which does not affect the stability of the dynamics, at least at the free
level. The on-shell Hamiltonian reads

(BV! = BF) BV = BrF?) + (BaV' = P1F) (B2 V' = B 7))+

f,é (]:0]:0+]_-1]:1) (Ao*ﬁ1f0+ﬁ2W0)®}+ (76)

+%(7r7‘[ + 010 " + 5m* (p*)?) + ...

The dots denote the terms that are at least cubic in the fields. The quadratic part of the
Hamiltonian is on-shell bounded if my > 1. This means that the dynamics of small
fluctuations in the vicinity of vacua in Equation (74) are stable. Once local stability is
sufficient for the construction of stable quantum theory, the “Higgs-like” mechanism
can stabilize the dynamics of the non-linear theory of Equation (16) with the third-order
resonance.

6. Conclusions

The results of the article demonstrate that the inclusion of non-Lagrangian couplings
can solve the problem of the inclusion of stable interactions in higher-derivative models.
Equation (16) introduces a two-parameter series of couplings in the theory of vector
fields with Yang-Mills gauge symmetry. The dynamics of the model are stable if the
coupling parameters meet the conditions in Equation (24). To our knowledge, Equation (
16) represents a first example of a stable non-linear higher derivative model with non-
abelian gauge symmetry whose canonical energy is unbounded from below in the free
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limit (Here, we mean the class of models that demonstrate the Ostrogradski instability
at the free level. In the f(R)-theories of gravity [4,5], the canonical energy is bounded
from below in the free approximation). The stable couplings do not follow from the least-
action principle, but they admit the Hamiltonian form of dynamics with a Hamiltonian
that is bounded from below. The presence of the Hamiltonian action principle allows the
consecutive construction of quantum theory, which is expected to be free of ghosts. The
model Equation (16) can be considered as the stable 3D generalization of the conventional
higher derivative Yang-Mills symmetry [55]. The theory admits the inclusion of stable
interactions with the scalar, spinor and gravitational fields in a similar manner to [38,43,44].
The constructed models can serve as the 3D higher-derivative generalizations of scalar
electrodynamics, quantum chromodynamics and gravity with higher-derivative matter.
These theories can mimic the actual 4D models that describe the real world. Finally, the
procedure of the inclusion of non-Lagrangian couplings can be generalized to the case
of arbitrary space-time dimensions. This will lead to the construction of new models of
fundamental interactions with the non-Lagrangian equations of motion for the fields. In
future studies, these models can be applied to unsolved problems such as the physics
beyond the standard model [57] or dark matter [58].

The study of the “triply massless” ECS provides a new insight into the well-known
problem of the stability of Pais-Uhlenbeck-type theories with equal frequencies [9,28].
Even though the theories with resonance are usually considered as unstable even at the
free level, our results propose a constructive procedure of the stabilization of dynamics
by the inclusion of coupling with an extra field. Equations of motion of the model are
given in Equation (49). The dynamics are metastable in the vicinity of the energy minimum,
while global stability in the model with resonance is impossible. A similar phenomenon
is observed in higher-derivative gravities [31]. The ECS model provides a simple setting
for the study of the metastability phenomenon of dynamics in the class of gauge theories.
The conclusions of the study can be applied to gravity models of interest. We also mention
that the inclusion of an interaction in the model with resonance does not change the gauge
symmetry of vector fields, which remains of the Yang-Mills form. The gauge symmetry-
preserving deformations of equations of motion are known as “gaugings” [59,60]. The
results of this article tell us that the “gaugings” are essential in the context of the stabiliza-
tion of higher-derivative dynamics with resonance. This application of this special type of
interactions has never been considered before. Further studies will allow the construction
of a new class of stable vector-scalar models with higher derivatives.

Author Contributions: Conceptualization, D.S.K. and S.L.L.; methodology, D.S.K. and S.L.L.; valida-
tion, D.S.K,, S.L.L. and O.D.N.; investigation, D.S.K. and O.D.N.; writing—original draft preparation,
D.S.K. and O.D.N,; writing—review and editing, D.S.K.; supervision, S.L.L.; All authors have read
and agreed to the published version of the manuscript.

Funding: The part of the work concerning the construction of stable interactions in the ECS
model (Sections 2 and 3) is supported by the Ministry of Science and Higher Education of the
Russian Federation, Project No. 0721- 2020-0033. The construction of the Hamiltonian formalism
(Sections 4 and 5) was conducted with the support of the Russian Science Foundation grant 18-72-
10123 in association with the Lebedev Physical Institute of RAS. The work of SLL was partially
supported by the Foundation for the Advancement of Theoretical Physics and Mathematics “BASIS”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank A.A. Sharapov for valuable discussions regarding this work.
We also benefited from the valuable comments of three anonymous referees that helped us to improve
the initial version of the manuscript.

59



Symmetry 2021, 13, 1004

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

CS Chern-Simons
ECS Extended Chern-Simons

Appendix A. Uniqueness of Consistent Interaction Vertex

In this Appendix, we demonstrate the fact of the uniqueness of the interaction vertex in
Equation (16) in the class of Poincare-covariant couplings that are polynomial in the
invariants F,, G, without higher derivatives. We apply the method of the inclusion of not
necessarily Lagrangian consistent interactions in [54].

Let us first explain the concept of interaction consistency in the class of non-Lagrangian
field theories. The dynamics of the theory are determined by a system of partial differential
equations (equations of motion) imposed onto the dynamical fields ¢ (x):

Tu((pl(x),atpl(x),az(pl(x),. ..)=0. (A1)

The equations of motion do not necessarily follow from the least-action principle for
any functional S[¢(x)], so I and a may run over different sets. For the free model, the
left-hand side of Equation (A1) is supposed to be linear in the fields. The interactions
are associated with the deformations of system Equation (A1) by non-linear terms. The
equations of motion for the theory with coupling are polynomial in the fields

T, =T, +TW, +T®, +... = 0. (A2)

where T, T() and T® are linear, quadratic and cubic in the dynamical variables.
Throughout the section, the system Equation (A1) (or, equivalently, Equation (A2)) is
supposed to be involutive. The concept of involution implies that Equation (A1) has no dif-
ferential consequences of lower order (hidden integrability conditions). The ECS Equation
(16) is involutive.

The defining relations for gauge symmetries and gauge identifies in the system of
partial derivative Equation (A1) read

bep’ = RIue®,  6eTalp—g =0; (A3)

L°4T, = 0. (A4)

where R/, L? 4 are certain differential operators. For non-Lagrangian equations, the gauge
symmetries and gauge identities are not related to each other, so the multi-indices A, x are
different. In the perturbative setting, the gauge symmetry and gauge identity generators
are supposed to be polynomial in fields

Rly=ROI, + ROI + RO ., Lg=L00, 1 LW, 4 1@, 4 - (A5)

where R(O), L(O, R(l), LM and R<2>, L@ are field-independent, linear and quadratic in the
dynamical variables. The interaction is consistent if all the gauge symmetries and gauge
identities of the free model are preserved by the deformation of equations of motion.
Equation (8) of paper [54] provides a simple formula for the computation of the number of
physical degrees of freedom based on the orders of derivatives involved in the equations
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of models, gauge symmetries and gauge identities. The free and non-linear theory must
have the same number of physical degrees of freedom.

Relations in Equations (A3) and (A4) imply the following consistency conditions for
T®, R®, L® and k = 0,1,2,...:

RO 5,7, =0; (A6)
RO 3, TM, + RMI 5,7, =0; (A7)
RO13,1@), + RW!3, T, + R®1,9,T), = 0 (A8)

(where the symbol 9; denotes a variational derivative with respect to the field ¢);

LOa, 70, =0, (A9)
L@, M, + LMW, 1), =0; (A10)
LOa, 7@, 4 [Wa, 71, 1 @a, 0, —¢, (A11)

Equations (A6) and (A9) determine the gauge symmetry and gauge identity generators
RO, L) of the free theory. These quantities are usually given from the outset. Relations in
Equations (A7) and (A10) determine the first-order corrections to the equations of motion
T(l), gauge symmetry generators RM and gauge identity generators L(). Relations of
Equations (A7) and (A10) determine the second-order corrections to the equations of
motion T(?), gauge symmetry generators R and gauge identity generators L(2). The
procedure of interaction construction can be extended to the third and higher orders.
Once the most general covariant ansatz is applied for TM, k=1,2,... the procedure of
Equations (A6)-(Al1), ... allows a complete classification of consistent interactions in
a given field theory. An important subtlety of this procedure is that some lower-order
couplings can be inconsistent at the higher orders of perturbation theory. The first critical
step is the extension of the first-order (quadratic) interaction vertex to the second order of
perturbation theory.

Equation (3) determines the left-hand side of the free ECS equations T(0);

T(O)”y =Yy + D(zGay + D¢3Ka]4 =0. (A12)

The gauge symmetries and gauge identities are defined by the gradient and
divergence operators:

RO, =0, LOr=3r (A13)

The free gauge identity of Equation (A6) and free gauge transformation read
,TO" =0,  6.A", =9,°, (A14)

where ( values are gauge transformation parameters. We consider the Poincare-covariant
interactions that are expressed in terms of gauge covariants 7, G, K, Equation (14) with
no higher-derivative terms being included in the coupling. In this case, the equations of mo-
tion are automatically preserved by the Yang-Mills gauge symmetry (Equations (A6)-(A8)
are satisfied). Consistent interaction vertices of first and second orders are selected by the
conditions in Equations (A10)-(A11). We elaborate on this problem below.
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We assume that the equations of motion are polynomial in gauge covariants F, G,
Ky The linear term is given by the covariantization of the free Equation (3). The most
general covariant first-order interaction vertex without higher-derivatives reads

']1*(0)}[ + ']1*(1)}[ -

1 1 (A15)
=01 Fu +wGu + a3y + eup (Ekl [FY, FPl + ko[ FY, GP] + §k3[gv, gﬂ) ,

where k;, I = 1,2,3 are constants. The covariant divergence of equations of motion reads

1
D;JTH = _*[kZ}—y + k3gy/TV]+
*3 (A16)
1
+“—3(¢x32 — azky + aoky — arks)[F, G + (k5 — kska)epp[F*, [F, G°1] .
The gauge identity is satisfied in the first-order approximation in Equation (A10) if
the coefficients k;, | = 1,2, 3 satisfy the relation

w32 — asky + aky —aqks = 0. (A17)

The general solution to this equations reads

2.2 2 242
. e S L S A . A SN T

RNErTy Cia) C(pin)
where B1, B2, B3 are coupling parameters. The parameters 31, B> determine the coupling
vertex of Equation (16) (two constants determine a single coupling because the ratio
B1/ B2 is relevant). The constant f3 is responsible for another interaction vertex, which is
consistent at the first order of perturbation theory. The interaction vertex of Equation (16)
is self-consistent, with no higher-order corrections required for the equations of motion.
The other coupling needs cubic corrections to the equations of motion in the fields. To
prove the uniqueness of the interaction of Equation (16), we should demonstrate that the
ansatz of Equations (A15) and (A18) is inconsistent at the second order of perturbation
theory for B3 # 0.
The most general second-order covariant interaction vertex reads

T®, = L4[Fy, [Fu, FI + L[Fy, (G FVI] + B[ Fy, [Fu 6V11+
(A19)
+l4[g1// []:;lr gv” + l5[g1// [g],u -7:1/” + lé[gv/ [gyr gv” ’

where I, p = 1,6 are constants. The covariant divergence of equations of motion reads
(only cubic terms are written out)

1 1 1
D;tT’l = @eyvp [S]w’ TP] + EC] (k;l)g;wp[]'—yz [‘Fvl gP” + Ecz(k}l)g;u/p [gy/ [gvr ]:p”+

I
+5 [Fu [Fo, DVFY 4 DVFH)] +

s 1 21— 1
521Gy, [Fo, DVFY + DY FH)| 4+ =22 [Fy [y, DMFY + DY FH])+

(A20)

506y, (60, DUF* 4+ D' F1) 4 1, 17, DFGY + DGH) + B (F G, DrGY

+D'GH]] +

2

20y —Is
2

Gy, [F, DFGY + DYGM] + lg[gy, Gy, D*GY + DVG]].
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Here, the following notation is used:

Cilkl) =k —kiks =3 — L1y = s~ Spg (k1) = 3 + I — 215 — ~Ll; (A21)
&3 X3 a3 X3 a3
S = LIFF[FY 4+ LGH [FY 0+ 16[G7, 1GY, ] = W[ FY, FY), 1=
(A22)
—I5[[F",G"],-] = l[[G", G"], -]

The interaction is consistent at the second order of perturbation theory if the right-hand
side of this expression causes the modulo free Equation (3) to vanish. The critical observa-
tion is that the expressions of the form [}, [V, D' 2V 4 D" ZV]], where Yy, Z,, Yy = Fu

or G, represent on-shell independent combinations of fields and their derivatives. Once
they are made to vanish, we conclude

ko> —ksky =0, 1,=0, p=16. (A23)

The general solution to these equations has the form (A18) with B3 = 0. Taking
account of this fact, the interaction (16) is unique in the class of covariant couplings without
higher derivatives.

References

1. Pavsic, M. Pais-Uhlenbeck oscillator and negative energies. Int. J. Geom. Meth. Mod. Phys. 2016, 13, 1630015. [CrossRef]

2. Smilga, A.V. Classical and quantum dynamics of higher-derivative systems. Int. |. Mod. Phys. A 2017, 32, 1730025. [CrossRef]

3. Boulanger, N.; Buisseret, F.; Dierick, F.; White, O. Higher-derivative harmonic oscillators: stability of classical dynamics and
adiabatic invariants. Eur. Phys. ]. C 2019, 79, 60. [CrossRef]

4. Sotiriou, T.P; Faraoni, V. {(R) theories of gravity. Rev. Mod. Phys. 2010, 82, 451-497. [CrossRef]

5. Felice, A.D.; Tsujikawa, S. f(R) theories. Living Rev. Rel. 2010, 13, 3. [CrossRef] [PubMed]

6.  Tomboulis, E.T. Renormalization and unitarity in higher derivative and nonlocal gravity theories. Mod. Phys. Lett. A 2010, 30,
1540005. [CrossRef]

7. Belenchia, A.; Letizia, M.; Liberati, S.; Casola, E.D. Higher-order theories of gravity: diagnosis, extraction and reformulation via
non-metric extra degrees of freedom-a review. Rept. Prog. Phys. 2018, 81, 036001. [CrossRef]

8. Chen, T; Fasiello, M.; Lim, E.A ; Tolley, A.]. Higher derivative theories with constraints: exorcising Ostrogradskis ghost. JCAP
2013, 1302, 042. [CrossRef]

9.  Pais, A.; Uhlenbeck, G.E. On field theories with non-localized action. Phys. Rev. 1950, 79, 145-165. [CrossRef]

10. Podolsky, B. A generalized electrodynamics. Part —non-quantum. Phys. Rev. 1942, 62, 68-71. [CrossRef]

11.  Lee, T.; Wick, G. Negative Metric and the Unitarity of the S Matrix. Nucl. Phys. B 1969, 9, 209-243. [CrossRef]

12.  Lee, T.; Wick, G. Finite theory of quantum electrodynamics. Phys. Rev. D 1970, 2, 1033-1048. [CrossRef]

13.  Deser, S.; Jackiw, R. Higher derivative Chern-Simons extensions. Phys. Lett. B 1999, 451, 73-76. [CrossRef]

14.  Weyl, H. Gravitation und Elektrizitat. In Fortschritte der Mathematischen Wissenschaften in Monographien; Vieweg+Teubner Verlag:
Wiesbaden, Germany, 1923; pp. 147-159.

15. Lu, H.; Pang, Y.; Pope, C.N. Conformal Gravity and Extensions of Critical Gravity. Phys. Rev. D 2011, 84, 064001. [CrossRef]

16. Nogueira, A.A ; Palechor, C.; Ferrari, A.FE. Reduction of order and Fadeev-Jackiw formalism in generalized electrodynamics. Nucl.
Phys. B 2019, 939, 372-390. [CrossRef]

17. Manavella, E.C. Quantum field formalism for the higher-derivative nonrelativistic electrodynamics in 1 + 1 dimensions. Int. J.
Mod. Phys. A 2019, 34, 1950050. [CrossRef]

18.  Dai, J. Stability and consistent interactions in higher derivative matter field theories. Eur. Phys. ]. Plus 2020, 135, 555. [CrossRef]

19. Smilga, A.V. Benign vs. malicious ghosts in higher-derivative theories. Nucl. Phys. B 2005, 706, 598-614. [CrossRef]

20. Ostrogradski, M.V. Memoires sur les equations differentielles relatives au probleme des isoperimetretres. Mem. Acad. St.
Petersburg 1850, 6, 385-517.

21. Gitman, D.M.; Lyakhovich, S.L.; Tyutin, I.V. Hamilton formulation of a theory with high derivatives. Sov. Phys. J. 1983, 26, 61-66.
[CrossRef]

22.  Buchbinder, I.L.; Lyahovich, S.L. Canonical quantisation and local measure of R? gravity. Class. Quantum Grav. 1987, 4, 1487-1501.
[CrossRef]

23. Kluson, J.; Oksanen, M.; Tureanu, A. Hamiltonian analysis of curvature-squared gravity with or without conformal invariance.
Phys. Rev. D 2014, 89, 064043. [CrossRef]

24.  YOhkuwa; Ezawa, Y. On the canonical formalism of f(R)-type gravity using Lie derivatives. Eur. Phys. J. Plus 2015, 77, 130.
[CrossRef]

25.  Bolonek, K.; Kosinski, P. Hamiltonian structures for Pais-Uhlenbeck oscillator. Acta Phys. Polon. B 2005, 36, 2115.

63



Symmetry 2021, 13, 1004

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42,
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

60.

Damaskinsky, E.V.; Sokolov, M.A. Remarks on quantization of Pais-Uhlenbeck oscillators. . Phys. A Math. Gen. 2006, 39, 10499.
[CrossRef]

Bender, C.M.; Mannheim, P.D. No-ghost theorem for the fourth-order derivative Pais-Uhlenbeck oscillator model. Phys. Rev. Lett.
2008, 100, 110402. [CrossRef]

Mostafazadeh, A. A Hamiltonian formulation of the Pais-Uhlenbeck oscillator that yields a stable and unitary quantum system.
Phys. Lett. A 2010, 375, 93-98. [CrossRef]

Avendaco-Camacho, M.; Vallejo, J.A.; Vorobiev, Y. A perturbation theory approach to the stability of the Pais-Uhlenbeck oscillator.
J. Math. Phys. 2017, 58, 093501. [CrossRef]

Gibbons, G.W.; Pope, C.N.; Solodukhin, S. Higher Derivative Scalar Quantum Field Theory in Curved Spacetime. Phys. Rev. D
2019, 100, 105008 [CrossRef]

Salvio, A. Metastability in Quadratic Gravity. Phys. Rev. D 2019, 99, 103507. [CrossRef]

Kaparulin, D.S.; Lyakhovich, S.L.; Sharapov, A.A. Classical and quantum stability of higher-derivative dynamics. Eur. Phys. ]. C
2014, 74, 3072. [CrossRef]

Kaparulin, D.S.; Karataeva, 1.Y.; Lyakhovich, S.L. Higher derivative extensions of 3d Chern-Simons models: conservation laws
and stability. Eur. Phys. ]. C 2015, 75, 552. [CrossRef]

Kazinski, P.O.; Lyakhovich, S.L.; Sharapov, A.A. Lagrange structure and quantization. JHEP 2005, 507, 076. [CrossRef]
Kaparulin, D.S.; Lyakhovich, S.L.; Sharapov, A.A. Rigid symmetries and conservation laws in non-Lagrangian field theory.
J. Math. Phys. 2010, 51, 082902. [CrossRef]

Kaparulin, D.S.; Lyakhovich, S.L.; Sharapov, A.A. BRST analysis of general mechanical systems. . Geom. Phys. 2013, 74, 164-184.
[CrossRef]

Kaparulin, D.S.; Lyakhovich, S.L.; Sharapov, A.A. Stable interactions via proper deformations. J. Phys. A Math. Theor. 2016, 49,
155204. [CrossRef]

Abakumova, V.A.; Kaparulin, D.S.; Lyakhovich, S.L. Stable interactions in higher derivative field theories of derived type. Phys.
Rev. D 2019, 99, 045020. [CrossRef]

Sararu, S5.C.; Tinca, M. Quantization of the higher derivative Maxwell-Chern-Simons-Proca model based on BFT method. Mod.
Phys. Lett. A 2016, 31, 1650205. [CrossRef]

Ghasemkhani, M.; Bufalo, R. Noncommutative Maxwell-Chern-Simons theory: One-loop dispersion relation analysis. Phys. Rev.
D 2016, 93, 085021. [CrossRef]

Avila, R.; Nascimento, ].R.; Petrov, A.Y.; Reyes, C.M.; Schreck, M. Causality, unitarity, and indefinite metric in Maxwell-Chern-
Simons extensions. Phys. Rev. D 2020, 101, 055011. [CrossRef]

Dai, J. BRST deformations and stability in the higher derivative Chern-Simons gauge theory. Class. Quantum Grav. 2020, 37,
245011. [CrossRef]

Abakumova, V.A.; Kaparulin, D.S.; Lyakhovich, S.L. Multi-Hamiltonian formulations and stability of higher-derivative extensions
of 3d Chern-Simons. Eur. Phys. ]. C 2018, 78, 115. [CrossRef]

Kaparulin, D.S.; Karataeva, 1.Y.; Lyakhovich, S.L. Third order extensions of 3d Chern-Simons interacting to gravity: Hamiltonian
formalism and stability. Nucl. Phys. B 2018, 934, 634-652. [CrossRef]

Henneaux, M. Consistent interactions between gauge fields: the Cohomological approach. Contenp. Math. 1998, 219, 93.
Barnich, G.; Brandt, F.; Henneaux, M. Local BRST cohomology in gauge theories. Phys. Rep. 2000, 338, 439. [CrossRef]
Bizdadea, C. On the cohomological derivation of topological Yang-Mills theory. EPL 2000, 49, 123-129. [CrossRef]

Kaparulin, D.S.; Lyakhovich, S.L.; Nosyrev, O.D. Resonance and stability of higher derivative theories of derived type. Phys. Rev.
D 2020, 101, 125004. [CrossRef]

Flanders, H. Differential Forms with Applications to the Physical Sciences; Mathematics in Science and Engineering 11; General
Publishing Company: Toronto, ON, Canada, 1963.

Townsend, PK; Pilch, K.; van Nieuwenhuizen, P. Self-duality in odd dimensions. Phys. Lett. B 1984, 136, 38—42. [CrossRef]
Binegar, B. Relativistic field theories in three dimensions. J. Math. Phys. 1982, 23, 1511-1517. [CrossRef]

Grigore, D.R. The projective unitary irreducible representations of the Poincare group in (1 + 2)-dimensions. . Math. Phys. 1993,
34, 4172-4189. [CrossRef]

Grigore, D.R. Free fields for any spin in (1 + 2)-dimensions. . Math. Phys. 1994, 35, 6304-6331. [CrossRef]

Kaparulin, D.S.; Lyakhovich, S.L.; Sharapov, A.A. Consistent interactions and involution. JHEP 2013, 1, 097. [CrossRef]
Faddeev, L.D.; Slavnov, A.A. Gauge Fields: An Introduction to Quantum Theory; The Benjamin-Cummings Publishing Company:
San Francisco, CA, USA, 1980.

Henneaux, M.; Teitelboim, C. Quantization of Gauge Systems; Princeton U.P.: Princeton, NJ, USA, 1992.

Nagashima, Y. Beyond the Standard Model of Elementary Particle Physics; Wiley: Weinheim, Germany, 2014.

Clegg, B. Dark Matter and Dark Energy: The Hidden 95% of the Universe; Icon Books Limited: London, UK, 2019.

Barnich, G.; Boulanger, N.; Henneaux, M.; Julia, B.; Lekeu, V.; Ranjbar, A. Deformations of vector-scalar models. JHEP 2018, 2,
064. [CrossRef]

Barnich, G.; Boulanger, N. A note on local BRST cohomology of Yang-Mills type theories with free Abelian factors. J. Math. Phys.
2018, 59, 052302. [CrossRef]

64



symmetry

Communication

Holographic Foam Cosmology: From the Late to the

Early Universe

Yee Jack Ng

Citation: Ng, Y.J. Holographic Foam
Cosmology: From the Late to the
Early Universe Symmetry 2021, 13,
435. https://doi.org/10.3390/
sym13030435

Academic Editor: Chris Fields

Received: 19 February 2021
Accepted: 3 March 2021
Published: 8 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the author
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Physics and Astronomy, Institute of Field Physics, University of North Carolina,
Chapel Hill, NC 27599, USA; yjng@physics.unc.edu

Abstract: Quantum fluctuations endow spacetime with a foamy texture. The degree of foaminess is
dictated by black hole physics to be of the holographic type. Applied to cosmology, the holographic
foam model predicts the existence of dark energy with critical energy density in the current (late)
universe, the quanta of which obey infinite statistics. Furthermore, we use the deep similarities
between turbulence and the spacetime foam phase of strong quantum gravity to argue that the early
universe was in a turbulent regime when it underwent a brief cosmic inflation with a “graceful”
transition to a laminar regime. In this scenario, both the late and the early cosmic accelerations have
their origins in spacetime foam.

Keywords: spacetime foam; holography; dark energy; cosmic inflation; infinite statistics; turbulence

1. Introduction

There are two cosmic accelerations that we are aware of: a brief inflationary acceler-
ation [1-5] in the early universe and the present (“late” universe”) acceleration [6,7] that
is attributed to dark energy. Normally they are treated independently and separately;
but there are also some works [8,9] that consider both regimes of accelerated expansions.
We think it is conceptually necessary and aesthetically pleasing to trace both cosmic accel-
erations to a common cause in fundamental theory. Following Wheeler [10-12], we believe
that space is composed of an ever-changing geometry and topology called spacetime foam
and that the foaminess is due to quantum fluctuations of spacetime. We argue for a scenario
in which spacetime foam is the origin of both cosmic accelerations.

The outline of this paper is as follows. We begin with a brief review of the holographic
spacetime foam model. In Section 2, we use the quantum uncertainty principle coupled
with black-hole physics to show that spacetime is indeed foamy and the degree of foaminess
is consistent with the holographic principle; we further argue that there necessarily exists
a dark sector in the universe. In Section 3, we apply the holographic spacetime foam
to cosmology (with the corresponding cosmology called holographic foam cosmology
(HFC) [13-16]) and argue for the existence of dark energy with critical energy density
in the present universe and its quanta obey infinite statistics, also known as quantum
Boltzmann statistics. In Section 4, we use the deep similarities between the physics of
turbulence and the universal geometric properties of the holographic spacetime foam
to heuristically argue that the early universe was in a turbulent phase during which
the universe underwent a brief cosmic inflationary acceleration. Section 5 contains our
concluding remarks, especially with respect to the naturalness and inevitability of inflation
in the early universe.

We will use the subscript “P” to denote Planck units (with, e.g., Ip = (hG/ c3)1/ 20
10~ cm being the Planck length). Furthermore, for simplicity, 7, ¢, and the Boltzmann
constant kg are often put equal to unity.
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2. Holographic Spacetime Foam

One manifestation of spacetime fluctuations is in the induced uncertainties in any
distance measurement. Consider the following gedanken experiment [17] to measure
the distance / between a clock at one point and a mirror at another. By sending a light
signal from the clock to the mirror in a timing experiment, we can determine the distance.
The quantum uncertainty in the positions of the clock and the mirror introduces an inac-
curacy dl. Let us concentrate on the clock (of mass m). If it has a linear spread 4/ when
the light signal leaves the clock, then its position spread grows to 1 + fil (mcél) ~* when
the light signal returns to the clock, with the minimum uncertainty at 6 = (hl/mc)/2.
Hence one concludes that 51 > % One can supplement this requirement with a limit from
general relativity [18,19], viz., ] must be larger than the Schwarzschild radius Gm/ c2 of the
clock, yielding 61 2 Cé;" (henceforth we will neglect multiplicative constants of order unity),
the product of which with the bound from quantum fluctuations finally gives [18,20,21]

1/3
ol = (133 = Ip <i> ) 1)

This bound on éI can also be derived by the following method which provides ad-
ditional valuable insights. Consider a spherical volume of radius I/ over the amount of
time T = 2/ /c it takes light to cross the volume. One way to map out the geometry of this
spacetime region [22] is to fill the space with clocks, exchanging signals with other clocks
and measuring the signals’ times of arrival. This process of mapping the geometry is a sort
of computation; hence the total number of operations is bounded by the Margolus-Levitin
theorem [23], which stipulates that the rate of operations for any computer cannot exceed
the amount of energy E that is available for computation divided by 7#1/2. To avoid
collapsing the region into a black hole, the total mass M of clocks must be less than Ic? /2G,
corresponding to the upper bound on energy density

p~ lf—f = (llp) 2. )

Together, these two limits imply that the total number of operations that can occur in
a spatial volume of radius ! for a time period 2!/c is no greater than ~(I/1p)2. (Here and
henceforth we set ¢ = 1 = 7). To maximize spatial resolution, each clock must tick only
once during the entire time period. Furthermore, if we regard the operations partitioning
the spacetime volume into “cells”, then on the average each cell occupies a spatial volume
no less than ~I3/(12/13) = 113, yielding an average separation between neighboring
cells no less than 11/ 3112,/ 3. This spatial separation is interpreted as the average minimum
uncertainty in the measurement of a distance /, that is, 5 2 | L/ 31123/ 8 , in agreement with the
result Equation (1) obtained above.

We can now heuristically derive the holographic principle. Since, on the average, each
cell occupies a spatial volume of (51)3 < 113, a spatial region of size I can contain no more
than 13/(113) = (1/1p)? cells. Thus, this spacetime foam model corresponds to the case of
maximum number of bits of information [2/12 in a spatial region of size , that is allowed
by the holographic principle [24-27]. Accordingly, we will refer to this spacetime foam
model (corresponding to o1 > I/ 31123/ %) as the holographic spacetime foam model.

3. From Spacetime Foam to Dark Energy

As a corollary to the above discussion, we can now give a heuristic argument [13,22,28]
on why the universe cannot contain ordinary matter only. Start by assuming the universe
(of size [) has only ordinary matter. According to the statistical mechanics for ordinary
matter at temperature T, energy scales as E ~ I3T* and entropy goes as S ~ [3T2. Black
hole physics can be invoked to require E < é = é Then it follows that the entropy S and

hence also the number of bits I (or the number of degrees of freedom) on ordinary matter
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are bounded by < (I/1p)?/?. We can repeat verbatim the argument given in Section 2 to
conclude that, if only ordinary matter exists, 5/ > (W) R 211/ which is much
greater than /1/ 31123/ 3, the result found above from our analysis of the gedanken experiment
and implied by the holographic principle. Thus, there must be other kinds of matter/energy
with which the universe can map out its spacetime geometry to a finer spatial accuracy
than is possible with the use of only conventional ordinary matter. We conclude that a dark
sector necessarily exists in the universe!

The above discussion leads to the prediction of dark energy. To see that, let us now
generalize this discussion for a static spacetime region with low spatial curvature to the
case of the recent/present universe by substituting [ by 1/H, where H is the Hubble

2
parameter [13,28]. Equation (2) yields the cosmic energy density p ~ (ﬂ) ~ (Rylp) 2 ~

Ip
10*120M;17 with Ry being the Hubble radius. Next, recall that we have also shown that
the universe contains I ~ (Rp/Ip)? bits of information (~10'%° for the current epoch) [13].
Hence the average energy carried by each of these bits or quanta is pR3, /I ~ R;Il. These
long-wavelength bits or “particles” (quanta of spacetime foam) carry negligible kinetic
energy. (Alternatively one can interpret these quanta as constituents of dark energy,
contributing a more or less uniformly distributed cosmic energy density and hence acting
as a dynamical effective cosmological constant A ~ H2.) Note: Such long-wavelength
quanta can hardly be called particles. We will simply call them “particles” in quotation
marks. Since pressure (energy density) is given by kinetic energy minus (plus) potential
energy, a negligible kinetic energy means that the pressure of the unconventional energy
is roughly equal to minus its energy density, leading to accelerating cosmic expansion, in
agreement with observation [6]. This scenario is very similar to that of quintessence [29,30],
but it has its origin in the holographic spacetime foam [15,31].

How do these long-wavelength quanta differ from ordinary particles? Consider
N ~ (Ry/Ip)? such “particles” in volume V ~ R}, at T ~ R;l, the average energy carried
by each “particle”. If these “particles” obey Boltzmann statistics, the partition function
Zn = (N)"H(V/A3)N gives the entropy of the system S = N[In(V/NA3) +5/2], with
thermal wavelength A ~ T~1 ~ Ry. However, then V ~ A3, so S becomes negative unless
N ~ 1 which is equally nonsensical. A simple solution is to stipulate that the N inside
the log in S, i.e, the Gibbs factor (N!)~! in Zy, must be absent. (This means that the N
“particles” are distinguishable!) Then the entropy is positive: S = N[In(V/A3) +3/2] ~ N.
Now, the only known consistent statistics in greater than 2 space dimensions without the
Gibbs factor is the quantum Boltzmann statistics, also known as infinite statistics [32-34].
Thus, we conclude that the “particles” constituting dark energy obey infinite statistics,
rather than the familiar Fermi or Bose statistics [28,35]. For completeness, let us list some
of the properties of infinite statistics [32-34]. A Fock realization of infinite statistics is given
by agaf = 6. It is known that particles obeying infinite statistics are distinguishable, and
importantly their theories are non-local [34,36] (to be more precise, the fields associated
with infinite statistics are not local, neither in the sense that their observables commute at
spacelike separation nor in the sense that their observables are pointlike functionals of the
fields). Their quanta are extended (consistent with what we show above for dark energy).
The number operator and Hamiltonian, etc., are both nonlocal and nonpolynomial in the
field operators. This property of non-locality will be useful later in the discussion of the
early universe. However, we should note that TCP theorem and cluster decomposition still
hold; and quantum field theories with infinite statistics remain unitary [34].

4. From Spacetime Foam and Turbulence to Cosmic Inflation

To date, we have applied HFC to the present and recent cosmic eras (with p ~
107120M%). However, what about the early universe (with p ~ 1078M$)? Actually the
discussion in the preceding section has already given us some helpful hints [13] especially
with respect to inflation [1-5] in the early universe. For example: (1) The flatness prob-
lem is largely solved because, according to HFC, the cosmic energy is of critical density.
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(2) Tt is quite possible that HFC provides sufficient density perturbation as the model
contains the essence of a k-essence model. (Furthermore, the horizon problem may also
be solved since spacetime foam physics is essentially quantum black hole physics and
thus is closely related to wormhole physics which can be used [37] to solve the horizon
problem.) Nevertheless one important aspect of the early universe appears to be missing in
HFC. It is connected to the expectation (supported by Wheeler’s insight [38]) that, due to
quantum fluctuations, spacetime, when probed at very small scales, as is the case for the
early universe, will appear very complicated—something akin in complicity to a chaotic
turbulent froth. So, was spacetime turbulent in the early universe? To this question we
now sketch a positive response.

First let us show the deep similarities between the problem of quantum gravity and tur-
bulence [39,40]. The connection between them can be traced to the role of diffeomorphism
symmetry in classical gravity and the volume preserving diffeomorphisms of classical
fluid dynamics. In the case of irrotational fluids in three spatial dimensions, the equation
for the fluctuations of the velocity potential can be written in a geometric form [41] of a
harmonic Laplace-Beltrami equation: \/a—gaﬂ(\/—igg"b dp¢) = 0, where the effective space
time metric has the canonical ADM form ds? = %0 [c?dt? — (5,']-(dxi — vidt) (dxf — vjdt)}, with
c being the sound velocity. In this expression for the metric, it is apparent that the velocity
of the fluid o' plays the role of the shift vector N’ in the canonical Dirac/ ADM treatment of
Einstein gravity: ds?> = N2dt? — hij(dxi + Nidt)(dx/ + Nidt). Hence in the fluid dynamics
context, N' — ¢/, and a fluctuation of v' would imply a fluctuation of the shift vector
(and hence a fluctuation of the spacetime metric) and vice versa.

Next, recall that the onset of turbulence can be predicted by the dimensionless
Reynolds number Re = Lv/v, where v is the velocity field, L is a characteristic scale
and v is the kinematic viscosity which is given by the product of the mean free path [
and an effective velocity factor . At low Reynolds number, fluid flow is laminar, i.e.,
smooth; at high Reynolds number, the flow becomes turbulent. A characteristic signature
for turbulence is the formation of eddies at various scales. The energy cascades from
large-scale structures to smaller scale ones. The scale at which molecular diffusion becomes
important and viscous dissipation of energy transpires is the Kolmogorov length which we
will denote as /. Let us note that, in fully developed turbulence in three spatial dimensions,
Kolmogorov scaling specifies the behavior of n-point correlation functions of the fluid

velocity. The scaling [42,43] follows from the assumption of constant energy flux, 2 g,
where v stands for the velocity field of the flow, and the single length scale ¢ is given
as £ ~ v - t. This implies that v ~ (e£)1/3 , consistent with the experimentally observed
two-point function (v (£)v/(0)) ~ (e £)?/36 (the famous two-thirds law, which yields, via
a one-dimensional Fourier transformation, the energy scaling E (k) ~ k~%/3, Kolmogorov’s
seminal “5/3” law for the energy distribution in the turbulent fluid.) Now recall our
discussion above on distance fluctuations 8¢ ~ ¢1/ 36%,/ 3 and define the velocity as v ~ ‘f—f,
since the natural characteristic time scale is t, ~ %P, then it follows that v ~ c(é)lm.
(The implication is that at short distance, the spacetime is a chaotic and stochastic fluid in a
turbulent regime with the Kolmogorov length I. The energy cascades are a property of the
spacetime foam.) It is now obvious that a Kolmogorov-like scaling [42,43] in turbulence has
been obtained. This interpretation of the Kolmogorov scaling in the quantum gravitational
setting implies that the quantum fluctuation phase of strong quantum gravity in the early
universe could be governed by turbulence.

The discussion above is for the case of very large Reynolds number. However, was
Re actually large enough in the early universe to set off turbulence? For the purpose of
comparison and illustration, let us recall that, in conventional cosmology at time, say,
107 s, vL in the numerator of Re is roughly given by the product of v ~ 10~2¢c and
L ~ 1081p [44-46]. For HEC close to Planckian time, the denominator of Re is given by v ~
clp since, in that regime, momentum transport could only be due to Planckian dynamics.
For the discussion to follow, let us note that, relatively speaking, the effective velocity factor
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¥ in v is not that different from the v factor in the numerator of Re. The onset of turbulence
was due to the smallness of the length scale (which plays the role of an effective mean free
path) in the denominator of Re, viz., [ = Ip << L ~ 10%Ip that was mainly responsible for
yielding a large Re in the (very) early universe.

There remains one crucial hurdle to overcome. If, as we suggest, turbulence in the
early universe was related to inflation, we have to confront the “graceful” exit problem:
How to get a small enough Re to transit to the laminar phase and to end inflation in the
process? It is here the nonlocality property enjoyed by the quanta of spacetime foam (due to
the fact that they obey infinite statistics) came to the rescue since the length scale [ in v
would naturally and eventually extend to the order of L. (Compare with the case of dark
energy discussed in Section 3.) This would yield a small enough Re to suppress turbulence
and to naturally end inflation.

5. Conclusions

We have sketched a scenario in which both the late and the early cosmic accelerations
have a common origin and can be traced to spacetime foam. The case for dark energy in
the current/recent (“late”) universe was proposed before [13,28], while the case for cosmic
inflation in the early Univerese is the main focus of this paper. One attractive feature of our
present proposal is that the scheme is very economical, involving no arbitrary or fine-tuned
parameters. It is also natural in that inflation was inevitable as turbulence set off by the
Planckian dynamics was inevitable in the early universe. The scheme also provides a
rationale for why inflation lasted only briefly (say, ~10733 s) as the turbulent phase was
quickly terminated due to the nonlocal (extended) property of the quanta of spacetime
foam. Of course it is important to check if this scenario is supported by more quantitative
arguments and calculations. In passing we should also mention that it will be of great
interest to see if our scenario for inflation discussed above can at least mitigate some of the
criticism [47,48] against the inflation paradigm.

We conclude with two observations the first of which involves the crucial question of
whether our approach yields enough e-folds of inflation to solve the myriad of cosmological
problems. The following heuristic argument would seem to say probably there were. Let us
follow the folklore: at the end of inflation, the energy stored in the quanta of spacetime foam
would be converted into hot ordinary particles (as well as dark matter). Since the Grand
Unification era is around ~10~3* s, which, as an order-of-magnitude estimate, should also
mark the end of inflation, giving enough (say 2 65) e-folds of inflation. This argument may
be strengthened, if, as has been proposed [49], quantum gravity can actually be the origin
of (ordinary-) particle statistics, and that infinite statistics (the statistics obeyed by quanta
of spacetime foam) is the underlying statistics. In that case, ordinary particles that obey
Bose or Fermi statistics are actually some sort of collective degrees of freedom of “particles”
of infinite statistics. (See [50] for a discussion of such a construction.) Thus, arguably,
at the end of inflation, quanta of spacetime foam could be converted into ordinary particles
as required.

We end this paper with our second observation. Our aesthetically pleasing scenario
can be compared to a recent model [8] of quintessential inflation based on the assumption
that the slow roll parameter has a Lorentzian form as a function of the number of e-folds.
Its form corresponds to the vacuum energy both in the inflationary (with p ~ 10*8M‘I%)
and the dark energy (with p ~ 10~120 M‘,l,) epochs which are treated symmetrically. In this
model the inflationary scale is exponentially amplified while the dark energy scale is
suppressed, producing a curious cosmological see-saw mechanism. In the present work,
the two cosmic accelerations are also attributed to a single mechanism; but they are related
by some sort of turbulent-laminar duality (or chaotic-smooth complementarity). It would
be interesting to see if our scheme can be approximated by an effective theory in which
a similar ansatz for the slow roll parameter naturally arises as in the see-saw model [8].
However, a full investigation may require a non-perturbative treatment of quantum gravity,
involving a truly non-local field theory of “particles” obeying infinite statistics. (We note
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that when the see-saw model is realized in the context of a single scalar field, the extracted
potential of the scalar field is fairly complicated. Can this complication be a reflection of
non-perturbative quantum gravity involving non-local quanta of spacetime foam?)
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Abstract: Any interaction between finite quantum systems in a separable joint state can be viewed as
encoding classical information on an induced holographic screen. Here we show that when such
an interaction is represented as a measurement, the quantum reference frames (QRFs) deployed to
identify systems and pick out their pointer states induce decoherence, breaking the symmetry of
the holographic encoding in an observer-relative way. Observable entanglement, contextuality, and
classical memory are, in this representation, logical and temporal relations between QRFs. Sharing
entanglement as a resource requires a priori shared QRFs.

Keywords: black hole; contextuality; decoherence; quantum error-correcting code; quantum refer-
ence frame; system identification; channel theory

1. Introduction

The holographic principle (HP) states, in its covariant formulation, that for any finite
spacelike boundary B, open or closed, the classical, thermodynamic entropy S(L(B)) of
any light-sheet L(B) of B satisfies:

S(L(B)) < A(B)/4, M

where A(B) is the area of BB in Planck units [1]. The HP was motivated by the Bekenstein
bound on the thermodynamic entropy of a black hole (BH), and has traditionally been in-
terpreted as a bound on the thermodynamic entropy of, and hence the classical information
encodable on, an independently-defined surface B, e.g., the stretched horizon of a BH [2,3];
see [1,4] for reviews.

We can, however, also view (1) from a more general perspective, as a fundamental
principle of information geometry that associates a (finite) minimal surface B with any bit
string of (finite) entropy S, and hence with any classical channel of width S bits. Such a
channel can be constructed, without loss of generality, as follows: Let U = AB be a finite,
closed quantum system, assume separability, |AB) = |A)|B) over any time interval of
interest, and write the interaction:

N
Hap = BksT* Lot MY, @
i

where k = A or B, the Mf‘ are N Hermitian operators with eigenvalues in {—1,1}, the
k
N €

; [0,1] are such that Z,N zxﬁ‘ = 1, kg is Boltzmann’s constant, Tk is k’s temperature,
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and B > In 2 is an inverse measure of k’s thermodynamic efficiency that depends on the
internal dynamics Hy. At each time step, A obtains exactly N bits of information about B
from this channel and vice versa, entirely independently of the internal dynamics H4 and
Hpg. With this construction, we can state the following generalized holographic principle
(cf. [5] Thm. 1):
GHP: If but only if a pair of finite quantum systems A and B have a separable
joint state |[AB) = |A)|B), there is a finite spacelike surface B3, with area A(BB) >
A(B)yin = 4In2N73, N the dimension of Hsp and Ip the Planck length, that
implements Hyp as a classical channel.

This GHP is a purely information-theoretic principle that makes no reference to any
spatial embedding of A or B. We show in [5] that it holds for any spatial embedding of
A and B allowed by special relativity. As B is ancillary to the interaction H,p, we will
be unconcerned with the spatial scale of 53; in systems with low energy densities, we can
expect A(B) > A(B)pin-

The form of the Hamiltonian (2) has two immediately-apparent symmetries. First, the
number N of transferred bits is fixed; hence Equation (2) is symmetric as a channel. The
holographic screen B “looks the same” and encodes the same information, N bits, from
either A’s or B’s perspective. Second, the terms a¥ M¥ of Equation (2) can be re-arranged in
any order. If we view 3 as implemented by an ancillary array of non-interacting qubits as
in [5,6], these qubits can be permuted arbitrarily; hence the state of 3 is invariant under the
symmetric group Sy.

Here we consider the system A to be an “observer” of B, and study apparent, observer-
relative symmetry breaking on 3 induced by the implementation of one or more quantum
reference frames (QRFs) by the internal Hamiltonian H,. The role of reference frames
in physical theory is to allow observations made at different times and/or places to be
compared. While in classical physics reference frames are often treated in abstracto,
in quantum theory they must be considered to be physically implemented, and hence as
QRFs; meter sticks, clocks, and gyroscopes are canonical examples [7]. Sharing an external
QRE e.g., a Cartesian frame, across either space or time requires the observers involved to
implement an equivalent internal QRF [8]; hence all QRFs deployed by A can, without loss
of generality, be considered to be implemented by H4 (cf. [9,10]).

We begin in Section 2 below by briefly reviewing some consequences of separating
systems A and B by a holographic screen B; such separation prevents, in particular,
measurements by A of the entanglement entropy of B. We then introduce in Section 3 an
explicit, fully general, and semantically-rich category-theoretic formalism with which to
specify the QRFs deployed by any observer, focussing first on QRFs employed for system
identification (Section 3.1) and then considering QRFs employed for pointer measurements
(Section 3.2). We show that sequential pointer measurements break the Sy symmetry of
the screen B3, inducing decoherence (Section 3.3). For illustration, we turn to the particular
case of measuring Hawking quanta from a BH, showing explicitly that no experiment
can demonstrate entanglement between a BH and a distant free quantum of radiation
(Section 3.4). We close this section by showing that the free-energy costs of deploying a
QRF induce coarse-graining (Section 3.5). These results provide the background required
to prove, in Section 4, that sharing entanglement as a resource requires a priori shared,
entangled QRFs, and then to prove, in Section 5, that whether two observers share QRFs is
finite Turing undecidable. We close in Section 6 by showing that writing classical memories
to a screen B creates phase correlations that further disrupt the Sy symmetry of the screen.
These results together suggest that, far from being “an apparent law of physics that stands
by itself” [1], the HP in its generalized GHP form is central to quantum information theory.

2. Instantaneous Interactions across 13

To write the Hamiltonian (2), we require the joint state |AB) to be separable; it is this
separability that makes 5 a classical channel. Distinguishing the classical entropy (S) from
the entanglement entropy (S),we can restate the GHP in summary form as:
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a)

Lemma 1. If systems A and B are separated by a finite holographic screen BB, the entanglement
entropy of the joint state S(|AB)) = 0.

Proof. By the definition of ; see [5], Thm. 1 showing that any finite-bandwidth classical
communication channel can be represented as a finite holographic screen for details. [

Lemma 1 immediately rules out transfers of quantum information across 5; hence A
has access to neither the internal Hamiltonian Hj or the entanglement entropy S(B) =g
max(S(|B1By))) over tensor-product decompositions By B, = B. It is clear, moreover, that
Equation (2) can hold only if the Hilbert space dimensions dim(H 4), dim(Hg) > N, where
equality holds only if A and B contain no “hidden” degrees of freedom that do not, over any
time interval under consideration, contribute to H4p. Hence A cannot place upper limits
on either the dimension din(#p) or the entanglement entropy S(B) of B. We will assume
in what follows that B is “large,” dim(Hg) > N, and has near-maximal entanglement
entropy S(B) ~ dim(Hp)/2; this is effectively the assumption that H,p only minimally
perturbs | B). As with this assumption the full state |B) is not observable by A, we will use
the notation |B)4 to indicate the “observed” (by A) partial state of B that is encoded on B.
By (2), this observed state |B)# is an eigenstate of Hp with dimension N.

2.1. Example: Scattering

Consider a scattering process mediated by a gauge boson, as shown in Figure 1a.
Both incoming and outgoing joint states are asymptotically separable, so the exchanged
information is encoded on a holographic screen B. Ignoring charge and spin, the encoded
information specifies a classical momentum transfer Ap. No quantum information is
transferred across B; in particular, the scattering processes transfers no information about
the entanglement entropy S(B) to A (Figure 1b).

b)

Figure 1. (a) A gauge boson transfers asymptotically-classical momentum information across a holographic screen B.

(b) The scattering process transfers no information about the entanglement entropy S(B).

Writing the Hamiltonian as in (2) requires the dimension N of the observed state |B)4
to be finite and hence the momentum transfer Aj to be discrete. Discrete values of Aj
reflect the discrete cost of information in units of /. In a experimental setting in which
Ap is measured at some asymptotically-distant location, the dimension N, and hence the
number of (ancillary) qubits required to represent B as a channel, is set operationally
by the resolution of the detector. In this case Ap is the measured pointer value, and a
full description of the interaction requires specification of the QRF employed for system
identification as discussed in Section 3 below.
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2.2. Example: Hawking Radiation

For an asymptotic observer A, coupled pair annihilation and production near a
holographic screen B, with one positive- and one negative-energy mode transiting the
screen (Figure 2a) is indistinguishable from a scattering event at 3 (Figure 2b). Hence far
from a black hole (BH), Hawking radiation from the BH is indistinguishable from scattering
from the stretched horizon of the BH. Lemma 1 forbids any modes detectable by A from
carrying information about the entanglement entropy S(B) as discussed above; hence the
only observable entropy of B is the classical, thermodynamic entropy S(L(B)) given by
Equation (1).

a) b)

AN
/

B B

Figure 2. (a) Hawking pair annihilation-production near a BH is asymptotically indistinguishable
from (b) symmetric scattering from the stretched horizon.

The distinction between the thermodynamic entropy S(L(B)) and the entanglement
entropy S(B) for B a BH, and hence B the stretched horizon, has been recently clarified
from a number of perspectives [11-14], showing in particular that preserving unitarity does
not require a firewall [15] to prevent detection of excess entanglement. Considering the
outgoing states to be measured by some observer requires specifying a QRF as noted above;
we consider this issue in the particular case of Hawking quanta further in Section 3.4 below.

2.3. Symmetry across B Corresponds to “Free Choice” of QRFs

A QRF deployed by A, i.e., implemented by H,, corresponds to a set of observables
held fixed while other observables are allowed to vary [6,8] as discussed more explicitly
in Section 3 below. It thus corresponds to a subset of the M#. Associative groupings of
the M# in Equation (2) are clearly independent of associative groupings of the M?; hence
choices of QRF by A have no bearing on choices of QRF by B or vice versa. Equivalently,
swapping the labels A and B has no effect on Equation (2).

This “free choice” of QRFs corresponds to a the absence of superdeterminist correla-
tions between A and B. Such correlations implement entanglement [16,17] so are forbidden
if |AB) = |A)|B). We discuss the effects of locally breaking this free-choice symmetry in
Section 4 below.
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3. Reference Frame Induced Decoherence
3.1. QRFs for System Identification

From A’s perspective, the partial state |B)# encoded on B is pure: it encodes all of the
information about B that is accessible, even in principle, to A. Mixed or decoherent states
(we will use these terms interchangeably), in contrast, always indicate a lack of access to
information that is in principle accessible: a state p° of S is decoherent if there is some
non-null system E such that p5 = TrgpSF = Trg|SE)(SE|. In this case, E is the purifier or
“environment” of the S and |SE) is the purification of p® by E (see [18-20] for extended
discussions). That such a purifying E exists physically, not just formally, for any mixed p°
is a fundamental assumption of quantum theory [21,22], sometimes stated as an explicit
axiom [23]. From an operation perspective, E comprises degrees of freedom that interact
with those of S but that cannot be, or at least are not observed when p is measured. If p%
is, for example, the state of a particle beam, E would include the degrees of freedom of the
ion source, the magnetic fields, the ambient vacuum in the beam lines, etc.

The minimal setting employed here avoids the circularity that arises when a system-
environment decomposition B = SE is stipulated a priori [24-27] by forcing S to be
identified by some QRF implemented by A. As shown in [6], any QRF can be specified by
a cocone diagram (CCD), a category-theoretic construction comprising a hierarchical ar-
rangement of Barwise-Seligman Information Flow binary classifiers/classifications A, [28]
as depicted in Figure 3. These classifiers represent observables in context; namely, each
classifier is a conceptual representation A, = (eventy, (condition, context)y, valuationy)
(essential details of the concepts and constructions are recalled in Appendix A, and in
particular Appendix A.1 for the latter concept) (More generally, these classifiers can be seen
as a triad of: (i) events (atomic, observed or experienced, imposition of boundaries, etc.);
(ii) conditions/contents/influences as paired with contexts/measurements/detectors; and
(iii) valuation. Again see Appendix A.1 for the formal details). Each classifier A, is valued
in {—1,1} in accordance with its associated operator M2 implementing “yes/no questions”
as intrinsic to Equation (2) ([6], Section 3.2). In this sense, A, may be alternatively regarded
as an eigen-classifier for MZ.

To construct the CCD, we select a subset {M{,... M{'} of measurement operators
and assign to each a binary classifier Ay, ..., A, respectively, with each requiring a fixed
value, +1 or —1, from the corresponding operator; the Ay ... A, thus specify a fixed bit
string as input to the CCD. Further binary classifiers, each of which can be thought of as a
classical logic gate, are added to form “hidden layers” C; the maps between classifiers are
“infomorphisms” as defined in [28] that satisfy the diagram-commutativity requirements
for a cocone (see [29,30] for general category-theoretic definitions, Reference [31] for dis-
cussion of the cocone as a general representation of complex conditionals, Reference [32]
for applications, examples, and discussion of the obvious analogy with artificial neural
networks, and [6] for summaries of the relevant definitions as they apply in the current
context). As shown in [6], a CCD exists over a subset Ay ... A, of classifiers if and only if
the corresponding subset { M}, ... M2} of binary-valued operators all mutually commute
(see [33] for a formal proof). The colimit C of the CCD encodes the classical “output” of the
QOREF as a bit string. As formulated in [33], the CCD then becomes manifestly a scale-free
context-dependent architecture. Operationally, it can be thought of as a “deep” neural
network with re-entrant connections [32]. In the general case these connections are imple-
mented by quantum processes (i.e., by H,); the intermediate classifiers at each layer C then
implement measurements, with the general form of (2), of the outcomes of these processes.

The channel implemented by the qubits g;...qy is free of classical noise by definition:
there is no external system to provide a noise source [6,8]. It is evident in Figure 3, however,
that this channel transmits a fixed classical bit string, e.g., (1,1, 1, ..., 1) from B to A if but
only if A and B share a z axis. Hence we have:

>A
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System A MA1 | > é C :MB1 System B
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A M > CMB"H
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Figure 3. A cocone diagram (CCD) is a commuting diagram depicting maps (infomorphisms) f;;
between (eigen-)classifiers A; and A, maps gy from the Aj to one or more channels C; over subsets
of the A;, and maps /; from channels C; to the colimit C (cf. Equation (6.7) of [32]). Such a CCD
can be associated (double-headed arrows) with any subset of binary operators M{...M{! provided
that these operators all mutually commute. The CCD specifies, in this case, a classical algorithm
implemented by H4. The complete set of operators M,A and MIB in (2) together with the array of
mutually noninteracting qubits g1...qy (i.e., the screen B) implement the classical channel between A
and B. Free choice of QRFs by A and B corresponds to independent, free choice of z axis by A and B at
each qubit. Note that should the CCD fail to commute (in which case the colimit becomes undefined),
then the A; are considered as “non-co-deployable” (observables), and their corresponding distributed
system exhibits intrinsic contextuality ([33], Section 7).

Lemma 2. The channel implemented by a holographic screen between A and B is free of quantum
noise if and only if A and B share QRFs.

Proof. If A and B share QRFs, each channel qubit is prepared and then measured in the
same basis. As the preparation—measurement cycle is effectively instantaneous, prepared
and measured outcomes must be the same up to measurement resolution. If A and B do
not share QRFs, the preparation and measurement bases for each channel qubit may be
arbitrarily different, introducing arbitrary phase rotations, i.e., quantum noise, between B’s
preparation and A’s measurement. [

Shared QRFs correspond to einselection of a preferred basis for decoherence [18,22] at
B. We show in Section 4 below that Lemma 2 strongly restricts classical communication,
and hence execution of local operations, classical communication (LOCC) protocols [7,34]
by spacelike separated observers.
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3.2. Reference and Pointer Measurements

The CCD in Figure 3 has a natural physical interpretation: it specifies the hierarchy
of logical constraints that must be satisfied to identify the outcome values produced by
the operators M,’(“ ... M}, and hence the components k... 1 of the pure state |B)4, as the
observed (effective or virtual) state ps of an observed (effective or virtual) system S. The
state p° of any such S has by convention two components, a time-varying pointer state
pP that is of interest as a measurement outcome, and the remaining reference state pR
that by remaining fixed over the macroscopic time required for multiple cycles of pointer
measurements enables the re-identification of the single, fixed system S with pointer state
p. The pointer state p” here includes not just the traditional “pointer(s)” of S, but also
any adjustable “settings” of S that may vary during a sequence of measurements. The
reference state p®, in contrast, specifies the fixed properties of the system S that fix its
identity and hence allow re-identification over time. If S is a macroscopic item of apparatus,
for example, these include both the exterior size, shape, color, brand name, and location
required to pick the apparatus out, e.g., by visual search, from the cluttered background of
the laboratory as a whole, as well as the internal structural and functional properties that
enable it to serve as a measurement device, i.e., as a QRF [10].

Following the notation of [6], we indicate by {M!} and {M]R} the disjoint subsets of

M{ ... M2 that measure p” and pR, respectively. Call the dimensions of these components
NP 4+ NR = NS. As pR serves as a fixed reference, clearly Vi, j, [MF, M]R] = 0. Pointer
state measurements, however, generically do not commute; adjustable apparatus settings,
in particular, are useful only to the extent that they do not commute with pointer readings.
Hence generically, 3i,j, [M?, M]P | # 0. Call the set of mutually-commuting subsets of

{MP}, and hence of classifiers A", {P;}; in this case a state p} is computed by a CCD over
RP;. This decomposition is shown in a simplified notation in Figure 4. Clearly under these
conditions the joint state p°> must be separable as pRp", i.e., the system components R and
P must be mutually decoherent.

System A

”

Figure 4. A cocone diagram (CCD) computing an effective (or virtual) “system state” p> comprises
classifier channels computing an effective pointer state 0P and an effective reference state p® (cf. [6]).
These channels define the effective “subsystems” R and P; comprising S. The CCD acts on the
pure physical state |B)# encoded by H4p on the holographic screen B (blue) separating A from B.

The computation represented by the CCD is implemented by the internal dynamics H 4.

3.3. Sequential Pointer Measurements Induce Decoherence

State transitions G;; : piS (t) = p]S(t + At), although associative and invertible, in gen-
eral do not commute, and have a set of multiple identities; hence they can be represented
as elements of a groupoid [35,36] ({G;;},0) such that Gjj o G; # Gj; 0 G;; if and only if
(MP, M]P ] # 0[6]. The action of ({Gi;}, ) on this set of system states, indexed by a macro-
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scopic discrete time T, is illustrated in Figure 5 (for the formal definition of the action of a
groupoid on a set, see, e.g., ([36], Section 10.4)).

Gij Gik Gi+1 GLu
RP; PRF; pRE, R P

; t { Zf
pR pR p P

R P
vty m* M M L M My

Figure 5. A sequence of CCDs identifying R (blue triangles) and measuring pointer components
Py, Pj, Py... P. Transitions between CCDs are implemented by groupoid elements, e.g., G;; and
labeled by discrete macroscopic times 7;. The operators MlP can equally well be generalized to
subsets {M"}; of mutually-commuting pointer-state observables.

A reference state pR computed by a CCD R from the outcome values of a set of
operators M]R is, effectively, a logical constraint on the identities of the qubits g; that the

M]R measure. Hence we have:

Lemma 3. In any system AB characterized by (2), fixing a reference state pR over a macroscopic
time interval T locally breaks the Sy symmetry of the holographic screen BB encoding the eigenvalues

OfHAB.

Proof. Suppose the M]R measure the states of Nk = n — k qubits as shown in Figure 3;
we can neglect P and assume that the other qubits constitute the environment and are
swap-symmetric. Holding pR fixed for 7 is holding the NR outcomes of the MJR fixed for
T; V), M]R|q/-(t)> = |1) or | — 1) for t within 7. This cannot be guaranteed if g; is swapped
for some environmental g; with an unconstrained state; hence any such swap must be
forbidden by a “selection rule.” This breaks the Sy symmetry on 5. [

Lemma 3 is in fact obvious: the CCD R assigns each of the physical degrees of freedom
g; a specific role in the computation of ok, one that an arbitrary qubit in an arbitrary
state cannot satisfy. The qubits g; are classically phase-locked by R, while the phases of
the environmental qubits can vary freely, preserving their swap symmetry. The CCD R
effectively divides B into two (not necessarily simply connected) regions, one in which
the qubits are classically phase-correlated and the other in which they are not. Any such
division induces decoherence between non-swap-symmetric and swap-symmetric qubits.
These conditions equally hold for any CCD measuring a pointer state p'.

Lemma 3 associates decoherence with system identification as a necessary prerequisite
of pointer-state measurement. As Zurek emphasized ([22] p. 1794),

[T]he formulation of the measurement problem and its resolution through the
appeal to decoherence require a universe split into systems. Yet, it is far from
clear how one can define systems given an overall Hilbert space ‘of everything’
and the total Hamiltonian.

Subsequent work demonstrated that no preferred decomposition of an overall Hilbert
space or its Hamiltonian could legitimately be assumed a priori [37,38], rendering all
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formulations of decoherence that assumed an a priori B = SE decomposition circular
(see [24-27] for relevant discussion). By characterizing all observations as mediated by
a holographic screen B, the GHP localizes the B = SE decomposition to the observer’s
QRFs [5,6]. All systems S and states ps are, therefore, virtual in the precise sense of compu-
tational processes implemented on underlying, observationally inaccessible hardware [39]:
the observer A itself with its Hamiltonian H 4.

3.4. Example: Mass and Hawking radiation QRFs for a BH

Suppose A employs a local QRF Rpp (e.g., a local sample of the ambient photon field)
to measure both the position x and the mass M of a distant BH B and a particle detector R,
to measure the momentum p of one or more quanta of radiation. Her task, familiar from
discussions of horizon complementarity [40] and the firewall paradox [15], is to determine
whether her local quantum r is a Hawking quantum ry from B (see [11-14] for relevant
discussion). As illustrated in Figure 6, answering this question requires a QRF Ry that
associates j with an identified Hawking quantum.

Figure 6. Identifying a local quantum of radiation as a Hawking quantum ry from a distant BH
requires a local Hawking QRF Rp. Lemma 3 rules this out.

Lemma 3 shows that the required Ry cannot be implemented, even in principle:
determining that the BH has lost information requires observation over macroscopic time,
inducing decoherence on B. Hence not only is A prevented by B from obtaining information
about the BH entanglement entropy S(B) (Lemma 1); she cannot obtain entanglement
information about identified systems if distinct QRFs are required for their identification.
The entanglement entropy S(|B > |r >) is, in particular, experimentally inaccessible even
in principle. Horizon complementarity is, therefore, not required to prevent observations
of no-cloning violations by Hawking quanta; such observations cannot be made because
the QRF needed to identify an observable BH as the source of the quanta is unavailable.
Thought experiments in which observers measure entanglement entropies before and after
falling into a BH, as employed in, e.g., [15], are unrealizable even in principle.

The limitation imposed by Lemma 3 generalizes, via the ER = EPR hypothesis, to any
system with a spatially-distributed purifier, e.g., an “octopus” BH topologically connected
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to its entangled Hawking quanta by ER bridges [11,41]. The complete system state is pure
but unobservable in principle, as the QRFs required to localize the spatially-distributed
components would induce decoherence separately on each component. This problem
of QRF-induced decoherence in spatially-distributed purifiers is similarly relevant to
treatments of potential entanglement effects surviving the inflationary epoch, e.g., [42-45].
Bell-type communication protocols, e.g., [46—-49], circumvent this problem by employing
classical communication, treated as an a priori preferred QRF, to provide localization
information as discussed in Section 4 below.

3.5. Computation and Memory Costs Induce Coarse-Graining

Provided their intermediate states are not recorded to a persistent, classical memory,
logically reversible computations can in principle be performed without net energetic cost;
logically irreversible computations, in contrast, cost at least In2 kT per bit [50,51]. What
is of interest in practice, however, is the incremental cost of computation, including the
cost of writing intermediate states to a classical memory, even if the computational step
is to be reversed later. An observation can only be considered to have been “made” if the
result is written to a classical memory from which it can later reported, e.g., classically
communicated to another observer [52]. A system S can, in particular, only be regarded
as “observed” at a time ¢ if its reference state pR(t) is written to a classical memory from
which it can be reported. System identification over macroscopic T clearly requires writing
to and reading from such a memory as discussed further in Section 6 below.

The free energy required to fund the incremental cost of computing and recording
must be supplied by what Landauer [50] called the “non-information-bearing degrees of
freedom” of the computer and/or its environment, even if this free energy is repaid in part
later. Viewed on the output side, i.e., in terms of A’s action on B, these non-information-
bearing degrees of freedom exhaust the waste heat generated by the computing and
recording processes. This distinction between information-bearing and non-information-
bearing degrees of freedom breaks Sy symmetry as discussed above. As shown in [6],
this symmetry breaking can be expressed thermodynamically as the requirement that
BR, B > BE > 1In 2, where BE is the efficiency of the operators ME acting on E. The
environment E provides, in other words, the incremental free energy required to irreversibly
identify R and measure P. The fuel value 8FkpT is independent of the bit value (+1 or —1)
of the outcome; hence these outcomes are “non-information-bearing” for the computation
implemented by H 4. They therefore retain full permutation symmetry, justifying the trace
over their joint state.

Any classical computation can be performed reversibly, e.g., with Toffoli gates, and
any reversible computation can be performed with some unitary operator [46]. The only
obligate classical steps in computing either pR or p¥i are, therefore, the initial step of
writing the “input” outcomes of the M]R and the selected M! onto the relevant classifiers

and the final step of writing the time-stamped joint state specification oRPi on a classical
memory. The criterion of classicality for the memory is operational: the time-stamped
state specification must be reportable at any later time without disturbing other processes.
For a perfectly efficient system, the free energy required to write each (Reference, Pointer)
outcome pR%i to memory is, therefore:

AH; > In2(N® + NP + NP + N7)kgT, €

where NR ++ N” is the number of bits required to record the inputs, N¥ is the number of
bits required to record pR%i, N7 is the number of bits required to record the timestamp.
This incremental AH; must be supplied by E during each interval 7j, so (3) places a lower
limit NE > NR + NP + NP 4 N7 on the number of qubits of E and therefore on the total
area A(B) of the holographic screen BB. In any realistic system thermodynamic efficiency is
less than ideal; hence B > In2 and A(B) is correspondingly larger.
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As NR 4+ NP remains fixed, AH; is minimized as N° + N© — 0, i.e., as classical
memory is coarse-grained relative to B. We can, therefore, generically expect QRFs to
encode high redundancy over states |B)4 mapped to the same pR7, i.e., we can expect
any CCD implementing a QRF to include logical OR gates and hence to lose information.
Optimal coarse-graining jointly minimizes the cost of memory and the cost of redundancy.
Furthermore, any QRF that is coarse-grained engenders redundancy and can be considered
as a quantum error correcting code (QECC) [46]. This is relevant to the discussion in
Section 3.4 above: a QEEC can be used to reconstruct local effective field theory observables,
which as pointed out in [53], are applicable to BH states whose entanglement entropy falls
short of saturating the Bekenstein-Hawking bound. Such local observables are designed
to protect coherence in the Hilbert space of codes by correcting errors due to the emission
of Hawking quanta, by entangling radiation within other regions of Hilbert space and
inducing entanglement swaps that increase the entanglement entropy of the BH interior
over time. As discussed in Section 3.4 above, such postulated entanglement swaps are
unobservable even in principle.

4. Reference Frame Induced Entanglement

Communication protocols that employ shared entanglement depend on shared QRFs,
e.g., shared z-axis QRFs for s, measurements [8]. This suggests that the shared entan-
glement is in fact induced by the shared QRFs, a suggestion consistent with the general
observer-dependence of entanglement [37,38].

Consider a Bell protocol described in the lab frame, as shown in Figure 7. An entangled
state is distributed from a source to Alice and Bob, who remain spacelike-separated through-
out the protocol’s operation. They are free to adjust their detector settings during the interval
Atger. Following data processing (the interval Atpyoc), Bob sends his classically-encoded
measurement outcomes to Alice via a classical channel. Alice can then compute the joint
statistics, obtaining a Bell-inequality violation and hence an observation of entanglement
at tyeqs. Alice’s ability to compute the joint statistics, and hence to observe entanglement,
critically depends on two assumptions. First, Alice must know the code that Bob employs to
encode his results; effectively, they must “speak the same language”. Second, the communi-
cation from Bob to Alice must be classical, i.e., must not involve a quantum measurement [7].
If the communication is not considered classical, i.e., if Bob sends Alice a QRF with which he
is entangled, Alice must identify the transmitted QRF in order to measure its state, inducing
decoherence as discussed in Section 3.4 above. These two assumptions are operationally
equivalent: Alice scrambling Bob’s message by decohering a transmitted quantum state has
the same effect as Alice scrambling Bob’s classical coding scheme by employing, e.g., an
obsolete one-time pad. In either case, Alice does not “understand” Bob’s encoded results
and her subsequent statistical analysis is meaningless [33].

The assumption of classical communication is, effectively, the assumption of a pre-
ferred pointer measurement that returns the content of the communicated message without
requiring prior identification, via a separate measurement, of the physical medium, i.e., the
QRE, via which the message has been transmitted. Alice, in other words, does not have to
identify Bob to receive his message, just as Wigner does not, in his famous thought experi-
ment, have to identify his friend to receive his friend’s observational outcomes [54]. Hence
assuming classical communication is assuming an a priori shared QRF [8]. This breaks
the free-choice symmetry across B as discussed in Section 2.3 above; if B is considered a
qubit array as in Figure 3, the assumption of classical communication is the assumption
that A and B use identical z-axis QRFs on a subset of qubits as confirmed by Lemma 2
above. Call this subset of qubits message; the observed states |message)” and |message)®
are superdeterministically correlated. Choosing a decomposition that identifies the shared
QRFs shows that |message) = |message)?P is a single pure state. That such a pure state
exists is the operational meaning of the requirement that Alice and Bob “share a language”
for classical communication.
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Figure 7. A typical Bell protocol described in the lab frame. Sharing of measurements results via
a classical channel is required to observe a Bell-inequality violation. If Alice’s interaction with
Bob’s message is viewed as an ordinary quantum measurement, the entanglement disappears as in
Section 3.4 above.

Redescribing the Bell protocol in the frame of the entangled state, as illustrated in
Figure 8, makes both the shared QRF and its entangled state manifest. Hence we have:

Theorem 1. Sharing entanglement requires shared entanglement.

Proof. Spacelike-separated Alice and Bob can observe entanglement only if they can
compare their observational outcomes. By Lemma 2, this requires an a priori shared QRF.
Classical transfer of a QRF also requires an a priori shared QRF [8]; hence the shared QRF
can only be shared as an entangled state. [J

Superdeterminist correlations, i.e., absence of free choice of QRFs, is a general feature
of LOCC communication protocols. In the Bell protocol, Alice’s response to the bit string
received from Bob is predetermined by the requirement of a shared QRF. Other proto-
cols superdetermine the “choices” made during At,,, and hence the outcomes observed.
Entanglement-enabled secure communication protocols, for example, require Alice and
Bob to deploy QRFs and execute measurement on an otherwise-uncharacterized qubit in
the order specified by the protocol. These protocols avoid decoherence, and hence enable
quantum communication, by rendering Alice’s and Bob’s QRFs effectively entangled for
the duration of the protocol. Here again, avoiding decoherence is equivalent, operationally,
to sharing a language in which, e.g., protocol instructions are classically communicated.
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Figure 8. (a) A Bell protocol in the frame of the entangled state (yellow circle). Alice and Bob collide
at tyeq5, at which time they share, and together measure, the entangled state. (b) This is equivalent to
Alice and Bob sharing an entangled QRF that reports consistent pointer outcomes to each observer.

The special role played by classical communication in LOCC protocols has been in-
vestigated previously in extended Wigner’s friend experiments in which the outcomes of
classical communication between pairs of “observers” and “friends” are contrasted with
the outcomes of quantum measurements of “friends” by “observers” [55,56]. These experi-
ments have been interpreted as showing, subject to an assumption of no superdeterminism,
that observed events cannot be regarded as observer-independent. By treating all observed
events as relative to observer-implemented QRFs, we show here that the assumption of
classical communication between observers, widely regarded as physically inconsequential
prior to [55,56], is to enforce local superdeterminism.

5. Reference Frame Induced Contextuality

Contextuality and entanglement are conceptually equivalent [57]. For a fixed P,
switching between QRFs over M]R and MkT, where [M]R, MkT | # 0 for at least one pair
j, k induces contextuality, i.e., no non-contextual probability distribution consistent with
the Kolmogorov axioms and hence with Dutch-book coherence can be defined over the
combined set of outcomes [6,33].

Consistent with the findings of [55,56], no Kolmogorov-consistent, non-contextual
probability distribution can be defined over the combined outcomes of Alice’s and Bob’s
observations unless it can be demonstrated, for the relevant P, and for R and T the QRFs
deployed by Alice and Bob, respectively, that Vj, k, [M]R, MkT} = 0. This cannot, however,
be demonstrated by any observer of Alice and Bob, as no such observer has, by Lemma 1,
access to the internal Hamiltonians H pjjce Or Hpgp-

This result can be stated in more formal terms of undecidability.
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Theorem 2. Whether arbitrarily-chosen QRFs R and T compute the same function f is finite
Turing undecidable.

Proof. Let f designate the function computed by R, i.e., the function computed by the
CCD representing R; we then ask whether T computes this same f. Whether an arbitrarily
chosen computer computes any non-trivial function f cannot, however, be decided by any
finite Turing machine [58]. Hence whether T computes f is finite Turing undecidable. [

As shown in [33], contextuality induced by non-commuting QRFs renders the Frame
problem, the problem of circumscribing the degrees of freedom that do not change their
values as the result of an action, e.g., a measurement [59] unsolvable even in domains with
small numbers of degrees of freedom (cf. [60]).

Theorems 1 and 2 have as an obvious corollary:

Corollary 1. Whether two observers share an entangled state is finite Turing undecidable.

Hence whether Alice and Bob have successfully completed a quantum communication
protocol is finite Turing undecidable.

6. Writing and Reading Classical Memories

As noted earlier, a sequence of observations made over macroscopic time is only
reportable at some later time if the observations have been recorded on a classical memory.
Distinguishing measurements made at different times requires, moreover, some method
of distinguishing the memories. We therefore assume that the bit string composing each
memory record includes a substring encoding a time stamp 7;, which we take to be generated
by the groupoid action of the G;;. Considering this classical memory to be implemented
by H4 would prima facie require internal decoherence, i.e., disrupt the purity of |A). This
can be avoided if A is regarded as writing all classical memories on B. As the result to be
written to memory is coarse-grained compared to the input from which it was generated
(Section 3.5), only a relatively small number of qubits on B need be devoted to memory.

Reversing the arrows in a CCD yields the dual construction, a cone diagram (CD)
with the single source classifier the limit over the bottom-level classifiers [32]. A CD can
be constructed to encode any finite bit string on an underlying bit array, i.e., to write any
finite bit string to memory. Regarding each memory bit as a preparation instruction for a
corresponding qubit on B3, we can represent a memory-write operation to B as in Figure 9.

Figure 9. A CD Wj; (green triangle) specifies a memory-write operation of the time-stamped state
(oRD, 7;) to B. The timestamp 7; is generated by the groupoid action Gj;.
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Reading the memory reverses the arrows on the memory-write CD Wjj toa CCD, i.e.,
a QREF for retrieving the time-stamped value (oR, 7;). Writing readable memory records
on B imposes phase correlations across time on B; such correlations obviously further
disrupt the Sy symmetry of B. Reading and rewriting memory records also imposes an
energetic cost as in Section 3.

7. Conclusions

We have investigated, in this paper, a generalization of the HP in which interactions
H 4p between finite quantum systems A and B that maintain a separable joint state are
represented as exchanges of information across a holographic screen 5. While the role of B
is ancillary to the action of H 4, the permutation symmetry of 3 is broken when the internal
Hamiltonian H 4 is considered to implement QRFs that identify “systems” and measure
their states. This symmetry breaking induces decoherence of identified systems by forcing
the “environment” that remains to serve as both free energy source and waste heat sink.
Observable entanglement, contextuality, and classical memory are, in this representation,
logical and temporal relations between QRFs implemented by Hy,.

It is natural to interpret the holographic screen B not merely as ancillary, but as a
“physical” space, i.e., a stretched horizon, separating A from B. In this context, broken
permutation symmetries on 3 become broken exchange symmetries between points in the
2 + 1 spacetime defined by (B, ), T a characteristic “macroscopic” time scale for Hp as
above (see [61] for details). From A’s observational perspective, exchange-inequivalent
regions of (B, T) correspond to coarse-grained, decoherent “systems” while exchange-
symmetric regions are “empty space” that supplies free energy and exhausts waste heat.
That the GHP itself forces these virtual decoherent systems to obey gauge symmetries is
shown in [61].

It is tempting to speculate that a third spatial dimension is induced when, but only
when, A implements QRFs capable of identifying single systems across time while varying
pointer observables such as size, shape, and color, and that inertial mass is a QRF rep-
resenting the observable response of an identified system to actions by A. Whether the
fundamental symmetries of space, time, and matter, or even all of physics can be completely
reconstructed “within” an observer A, and hence viewed as a computation implemented
by Hy, remains to be determined. The fact that physics is done by physicists, systems that
appear to interact with their environments via a Hamiltonian of the form (2), suggests that
such a reconstruction is possible; possible routes forward are discussed in [62-64].

It is, finally, increasingly being suggested that the entropic structure of a BH may be
more than a phenomenological correlate of its mass, possibly providing a route toward
defining mass [65], specifying nontrivial internal topological structure [11], or even gener-
ating the phenomenology of dark energy or dark matter [66]. Theoretical investigation of
the QRFs implemented by a BH may, therefore, offer exciting future developments.
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Abbreviations

The following abbreviations are used in this manuscript:

BH Black Hole

CCD Cocone Diagram

CD Cone Diagram

EPR Einstein-Podolsky-Rosen

ER Einstein-Rosen

GHP Generalized Holographic Principle

LOCC  Local Operations, Classical Communication
QECC  Quantum Error-Correcting Code

QRF Quantum Reference Frame

Appendix A. The Basics of Channel Theory Information Flow and Context Dependency

The Channel Theory of [28] introduces the idea of a “classifier” (or “classification”) as
accommodating a “context” in terms of its constituent “tokens” in some language and the
“types” to which they belong.

Definition Al. A classifier A is a triple (Tok(.A), Typ(A), =) where Tok(A) is a set of “to-
kens”, Typ(.A) is a set of “types”, and |= 4 is a “classification” relation between tokens and types.

Note that this definition specifies a classifier/classification as an object in the category
of Chu spaces [67-69] where ‘I= 4’ is realized by a satisfaction relation valued in some set
K (with no structure assumed). The arrows (morphisms) between classifiers are specified
by the following:

Definition A2. Given two classifiers A = (Tok(.A), Typ(.A), |=4) and B = (Tok(B), Typ(B), =5
), an infomorphism f : A — B is a pair of maps f : Tok(B) — Tok(A) and f : sz(./l) -
Typ(B) such that Vb € Tok(B) and Va € Typ(A), f (b) Faaifandonly ifb =5 f (a).

Information is inherently a physical mode of distinctions and relationships between
them, and not simply a reduction to a quantity of bits as it would be for Shannon infor-
mation that passively neglects the substance of reasoning. Rather, it instead conforms to
the set of logical constraints as imposed by Definition A2. An infomorphism as a mapping
between classifiers provides the basic building blocks towards constructing multi-level,
quasi-hierarchical classification systems. Such a framework of information transfer is
indicative of causation, which itself may be viewed as a form of computation in view of
the regular relations in a distributed system [70]. References [6,32,33] bring to the forefront
many examples, and applications of the above concepts that include probability distribu-
tions, Bayesian belief networks, event space structures, formal concept analysis, and fuzzy
relationships (as further relevant to this issue, let us point out that the Sorkin model of
spacetime causal sets [71,72] has been interpreted in terms of classifiers (Chu spaces) in [73]
(reviewed in [32])). In particular, Reference [33] focuses on orders of contextuality with
ramifications to active inference and to the Frame Problem.

The specifics of transmitting information via classifiers and infomorphisms lead,
in [28], to defining the idea of an information channel over classifiers, the most general of
which leads to the categorical notion of a cocone with the core C the colimit of all possible
upward-going structure-preserving maps from the classifiers .A;. Such a colimit core, when
it exists, can be regarded as a classifier which embraces the totality of information that is
common to the component classifiers .4;. The resulting structure is a cocone diagram (CCD)
as exemplified Figure 3. Within such a framework, the means by which channels encode
sets of mutual constraints between classifiers is regulated by a local logic as presented
formally in ([28], Ch. 12) (reviewed in [32,33]). Basically, the idea is that the types of a
(regular) theory specify the logical structure of a given situation. A local logic is essentially
a classifier having a (regular) theory along with a subset of tokens that satisfy all constraints
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of the theory as specified by a sequent (a sequent M =4 N of a classifier A is a pair of
subsets M, N of Typ(.A) such thatV x € Tok(A), x =4 M = x =4 N). An infomorphism
preserving this additional logical structure is then promoted to a logic infomorphism.
In short then, a local logic “identifies” the token(s) satisfying all of the types, the logic
infomorphisms are those infomorphisms that transfer token-identification information
between local logics, and the channels comprise sets of (logic) infomorphisms encoding
mutual constraints that assemble multiple identified tokens. As demonstrated in [74], a
sequent of a theory can be weakened to a conditional probability such that a CCD becomes a
network of hierarchical Bayesian inference, as reviewed and formulated in [32,33] (cf. [75]),
and whose structure is compatible with the variational free energy principle as the latter
is fundamental to the precision of perceptual inference [76] (the sequent relation can be
weakened by requiring only that if x =4 M, there is some probability Prob(N|M) that
x =4 N. Essentially it is how a conditional probability interprets the logical implication
“="[77]).

Appendix A.1. Example: Observables in Context

One fundamental example incorporating “context”, instrumental in [33] has the fol-
lowing Chu space ingredients: Consider the following countable (in practice, finite) sets:

(i) Aasetof “events” (in the general sense of the term, e.g., as observed value combina-
tions or atomic), as related to
(ii) a set B of conditions specifying “objects/contents” or “influences,” and

(iii) a set R of contexts (or, in certain instances, a set of “detectors”, “measurements” or
“methods”).

The set B can be decomposed as B = BM U B¢ (disjoint union), where BM contains
“objects/contents” or “degrees of freedom” that are observed or measured in some event
a € A, and BC contains what is not observed in the events in A. This leads to defining a
‘large” space,

X:=BxR=(BMUB®) xR, (A1)

in assuming that A, B and R are subsets of the same (even larger) probability space P
(We do not make any assumptions about corresponding types of probability distributions
(e.g., discrete versus continuous) in relationship to P. Neither do we specify the nature
of random variables, nor the possible orders of “connectedness” (of distributions)). Thus,
based on this data we consider the classifier,

A= (A X [Fa), (A2)

’

as comprising observables in context, where as in Section 3, the classification relation ‘=4
is realized by the Chu space valuation in the set K = {—1,1}. Notably, in [33], ‘= 4" can
be realized for an inferential process by the conditional probability p(a|x) = p(a|{b,c}),
whenever defined, fora € A,b € B and c € R, and which for suitable indexing, leads to an
information flow of hierarchical Bayesian inference within a CCD [33]. The background to
the results in Section 5 here can be found in ([33], Section 7). In particular, ([33], Th. 7.1)
states the criteria for intrinsic contextuality (non-co-deployable observables) in terms of
noncommutativity of a CCD. Note that the above classifier (Chu space) formulism of
contextuality is very general. Special cases of the set X = B x R are the sets of binary
random variables labelled by a measurement (contents-context) system as basic to the
theory of Contextuality-by-Default [78,79]. Much amounts to the question of determining
the nature of an empirical model e relative to how a probability distribution can be obtained
as the marginals of a global probability distribution on the outcomes to all measurements.
For example, e is said to be contextual in [80] if the corresponding probability distribution
cannot be obtained by such global means. This has a compatible interpretation in terms
of the non-existence of a global section of a sheaf defined relative to a “measurement
cover” in [81]. These methods of studying contextuality are also very general, and as
for those of [33], can extend beyond quantum theory to such disciplines as linguistics
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and psychology. To see the explicit connections between these various approaches would
indeed be a worthwhile undertaking.
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