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Testing short distance anisotropy
In space

Robert B. Mann*?, Idrus Husin®*, Hrishikesh Patel>*, Mir Faizal®’:®, Anto Sulaksono?® &
Agus Suroso’®

The isotropy of space is not a logical requirement but rather is an empirical question; indeed there is
suggestive evidence that universe might be anisotropic. A plausible source of these anisotropies could
be quantum gravity corrections. If these corrections happen to be between the electroweak scale

and the Planck scale, then these anisotropies can have measurable consequences at short distances
and their effects can be measured using ultra sensitive condensed matter systems. We investigate
how such anisotropic quantum gravity corrections modify low energy physics through an anisotropic
deformation of the Heisenberg algebra. We discuss how such anisotropies might be observed using a
scanning tunnelling microscope.

The fundamental degrees of freedom of quantum gravity are expected to be very different from general rela-
tivity. However any theory of quantum gravity, upon integrating out some degrees of freedom to obtain a low
energy effective action, must yield general relativity. Among other things, this implies that local Lorentz sym-
metry might break due to quantum gravitational effects"?, and emerge only as a low energy effective symmetry
that is not expected to hold at sufficiently high energies. Although Lorentz symmetry is usually broken from
SO(3,1) — SO(3)**, it has been suggested that the Lorentz symmetry can also break from SO(3,1) — SO(2,1)
due to a novel gravitational Higgs mechanism>®. This would break the isotropy of spacetime, with potentially
important measurable consequences. Furthermore, quantum gravity could make spacetime discrete near the
Planck scale”®, a notion employed in loop quantum gravity®-'2. At large scales a continuous isotropic spacetime
with local Lorentz symmetry is anticipated to emerge from this discrete spacetime. However at short distances
we expect this leading order structure to be modified due to an underlying discreteness that is expected to break
the isotropy of spacetime. A similar phenomenon has been observed in condensed matter physics, where isot-
ropy (and local Lorentz symmetry) emerges in graphene when only the nearest-neighbour atom contributions
are considered, whose physics can be expressed via a (2 + 1) dimensional Dirac equation'*'*. Upon taking into
account contributions from next-nearest neighbours a deformation of the Dirac equation is observed!>!¢. This
deformation is consistent with the deformation produced from a generalized uncertainty principle (GUP)7~.
However, unlike the usual GUP, the GUP-like deformation produced in graphene breaks the emergent isotropy
in the Dirac equation. This occurs due to the underlying discrete structure in graphene. Such breaking of isotropy
has also been observed in other condensed matter systems?-2.

Following from this analogy, if spacetime also has a discrete structure (as has been predicted by several
theories of quantum gravity), it is possible that the first order quantum corrections to the emergent continuous
spacetime would also break the isotropy of space. Such corrections can be incorporated using an anisotropic GUP,
where the deformation from quantum gravity depends on the direction chosen, hence breaking the isotropy of
spacetime. Indeed, it is conceivable that observed anisotropies in the Cosmic Microwave Background (CMB)*"?
could be explained by quantum gravitational effects?®*° and could be produced during inflation®'**. Such effects
would modify field theories from their continuum limit formulations, and their leading order corrections could
be expressed by an anisotropic GUP-like deformation. The possibility that an anisotropic GUP might explain
observed CMB anisotropies is one of the major motivations to study the anisotropic GUP.
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Spacetime anisotropy can also arise in string theory. For example, some string-theoretic approaches to
cosmology regard the universe as a brane in a higher dimensional bulk*>?*¢, and anisotropic branes can be
constructed that are dual to a deformation of super-Yang-Mills theory by a position-dependent 6 term*’~4.
It has also been demonstrated that CMB anisotropies can occur in brane world models*"*?. The T-duality of
compact extra dimensions can be used to relate winding modes and Kaluza-Klein modes to such a zero point
length**-%. This has been explicitly demonstrated for string theory compactified on a torus of radius R; the mass
spectrum is invariant under T-duality, R — «/R and k — w (where k is the Kaluza-Klein mode and w is the
winding number). Thus, the information gained from probing length scales below R is exactly identical to that
gained above R; R acts as a zero point length in theory. The GUP can be understood as resulting from a minimal
length manifest as this zero point length in spacetime!’~'°. It is possible for R to be several orders of magnitude
larger than the Planck scale (in models with large extra dimensions)***’, rendering the resultant zero point length
to be between the Planck and electroweak scales**-*.

In short, the existence of a minimal length is a common feature in all approaches to quantum gravity
Consequently, it is possible that GUP corrections due to a minimal length greater than the Planck length will
occur as a universal feature in all approaches of quantum gravity'®'*. Moreover, the minimal length in string
theory as a zero point length due to T-duality, could be related to a minimal length in discrete models of spa-
cetime like loop quantum gravity>®>'. Such a zero point length in string theory and discrete minimal length in
loop quantum gravity (using polymer quantization) predict the same short distance corrections to simple low
energy quantum mechanical systems®2.

Minimal length therefore could be much greater than the Planck length in any theory of quantum gravity,
leading to enhanced GUP corrections. These enhanced GUP corrections can be measured using ultra sensitive
condensed matter systems®*-, thereby forming a probe of anisotropic gravitational effects. In general GUP cor-
rections break Lorentz symmetry; since they are motivated by quantum gravity, this is not unexpected. Indeed
Lorentz symmetry can be broken in various quantum gravitational models, based on loop quantum gravity®’,
discrete spacetime®®, string field theory*, non-commutative geometry®, and even perturbative quantum gravity®'.
However, it is possible to constrain such Lorentz symmetry breaking using current experimental data®%. It may
be noted that as isotropic GUP effects are usually measured using non-relativistic ultra sensitive condensed mat-
ter systems™~>%, the effects of Lorentz symmetry breaking can be neglected for such systems. The aim in this paper
is to analyze the implications of an anisotropic GUP and sketch out some possible pathways to experimentally
test the presence of spacetime anisotropy at short distances. As this can again be done using non-relativistic ultra
sensitive condensed matter systems, we can also neglect the effects of Lorentz symmetry for the anisotropic GUP.

The standard Heisenberg algebra [x', pj] = ihé; is deformed to incorporate minimal length in quantum
gravity'’"!?, and can be written as

48,49

(%, pj] = ih8;(1 + BP*) + 2Bpipj, (1)
where (x;, pj) are the conjugate position/momentum variables if g = 0. The coordinate representation of the
momentum operator is p; = —ihd; but under the deformation becomes p; = —ihd;(1 — h?Bd/ 9;). Thus, we can

write a map between the deformed p;, %/ and the original ones as ¥ = x/ and p; = p;(1 + Bp/p)).

However in this deformation we have assumed that the deformation is the same for all directions, and there
is no fundamental reason for that assumption.

To model anisotropic effects we therefore propose a modification of the commutation relations

(X, pj] = ih8ij (1 4 Bupkpi) + 2ihBikpipis )
to leading order in the components of the full deformation matrix ;. For simplicity we shall henceforth assume

that off-diagonal terms vanish: 8;; = 0 if i # j. Consequently we have a different deformation parameter for

each direction, and by defining Bxx = Bx, Byy = By, B:. = B.> we can now write the position and momentum
commutation relations as

(%, 5j] = ihd; (1 + Pby) + 2ihd i Bipiby» 3)
which results in different minimal lengths in each direction
(AX)min =hy/ Be = V/IphPox

(A7) yin =By By =/ IPT1Boy 4)
(A2)in = hy/Bz = V/IphBoz,

where B; = Boilp/h. The resulting parameter set (Box, oy Boz) describes the anisotropic GUP. The anisotropic
deformation of the momentum operator is

pi= (1 + Pi,BjkPk)Pi = (1 + By + By + ﬂzpﬁ)pi, (5)

Now using (5), the Hamiltonian now can be written
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to first order in the correction term. Although this correction term was motivated from quantum gravity con-
siderations, it universally corrects all low energy quantum mechanical systems. The Hamiltonian (6) for the
anisotropic GUP can be written as

h 2 h* 22
H=—-—V° '+ V+ —BoV
2m m

R? B, -
(_7V2 n V) L g (7)
2m m
=Hy+H,
where we have defined the anisotropic Laplace operator
V2 = B07 + By3) + B0, )

2
and Hy = —f—mvz + V. Now to understand the effects of such a deformation on the behavior of quantum
systems, we need to first analyze its effects on the continuity equation. The probability density and current are

I .
p= WU, = Zlfm(\ww* - w*vw), ©)

and using the Schrodinger equation HY = ihd, ¥ we obtain

dp+V T =p+V.(Jo+Jp)

i [ - (10)
= [Pervie - Pevier],
m
where the additional term in the modified non-local probability current is
I R s . . ey N\
Jp = [0V (20) - W (V207) + (V) Tw - (V2e)Ter). (11)
m

We observe the rather stiking result that the anisotropic GUP violates conservation of probability current,
and hence particle number. Although an anistropic GUP is expected from an underlying anistropic discreteness
of spacetime due to quantum gravity, this situation is quite unlike that of local models on anistropic lattices.
It is due to the intrinsic non-locality of the anisotropic GUP, and has been observed in other situations where
models with non-local terms, such non-local motion of the particles violate the local non-conservation of prob-
ability current®7°. For the anisotropic GUP we are considering, this violation will not occur if x = 8, = 8,
(i.e. isotropy is restored), if the wavefunction is either pure real or pure imaginary, or if its Laplacian vanishes.
However in generic situations it does occur.

We can investigate the global conservation of probability by defining

Q=/pdv, (12)
and writing
dQ a - 2 in’ S22 &2, T2 *
E‘&/ dv——‘/dS-(]o-i—]p)—l—;./ [V2urv2y - PRevier|ar, (13)

Here Q is only conserved if the total flux across the surface due to the local and non-local parts of the probability
current is cancelled by the volume term. If the falloff of the current terms is sufficiently rapid, then the flux term
will vanish and particles will be generated from the volume term.

We expect that this is a generic quantum gravity effect, if quantum gravity does indeed induce an anisotropic
GUP. A fully self-consistent quantum theory of gravity will presumably include additional terms that will yield
particle creation/annihilation effects due to such anisotropic effects. Lacking any such theory at present, the
anisotropic GUP indicates that quantum gravity effects lead to very small (anisotropic) violations of quantum
mechanical probability. However, this situation is not without precedent. Other examples of non-local models
with local non-conservation of probability current are the fractional Schrodinger equation’"?, certain wave
packets in a harmonic potential”, the fractional Feynman-Kac equation for non-Brownian functionals’™, Levy
flights in non-homogeneous media”, vicious Levy flights’®, subrecoil laser cooling”’, hydrodynamic superdiffu-
sion in graphene’®, coupled non-linear Schrédinger equations’, and certain resonant modes®.

The full empirical implications of non-conservation of probability current for the anisotropic GUP remain
an interesting subject for future investigation. Here we consider one such implication, namely that local ani-
sotropic non-conservation of probability current causes an anisotropic non-local motion of the particle. Since
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such non-local anisotropic corrections can occur universally in low energy quantum mechanical systems, we will
investigate this issue of non-conservation and its practical implications using a concrete example. We consider
in particular the motion of a particle (tunneling) through a potential barrier in a scanning tunneling microscope
(STM) experiment. We expect that the anisotropy would render the transmission coefficient to be direction
dependent and such directional behavior could then be experimentally observed.

To calculate the anisotropic GUP corrections consider the potential barrier

Vo 0<x<a
V= (14)

0 otherwise,
where
X =xcos0 + ysin6,y = —xsinf + y cosb, (15)

with 6 parametrizing the angle of the barrier relative to the preferred x-axis.
If the particle is moving in the ¥ direction the wave function is given by ¥ = W (x'), and we obtain
2 nt R 92w nt
— VAW VW + — B}V = — — —— L VW + — B3]V = EW, (16)
2m m 2m 9x? m

for the one dimensional anisotropic Schrédinger equation, with 97 =09/9x*, and

B1 = B1(0) = By cos? 6 + By sin? f—the GUP parameter is now a function of the angle 6. Solving the equa-
tions in each potential region above, we obtain the tunneling coefficient

1
~ ~\2 ~
n <k%+k%)~sinh22 (kzu) R (17)
(Zklkz)
with anisotropic GUP corrected wave-numbers kiand k,
ki =ki(1— Boul3k}), ko = ko (1 + Borl3K2), (18)

where k; and k; are the usual wave-numbers

2mE 2m(Vy — E
b= k2=\/%. (19)

The interpretation of Eq. (17) is a bit subtle. Consider an experiment emitting particles toward a barrier, with
a detector on the other side of the barrier. If the GUP were isotropic, there would be no change in the transmis-
sion coefficient (17) as the entire experiment is rotated through 2. By contrast, the anisotropic GUP predicts
that the transmission coefficient will change as the experiment is rotated about the z-axis, violating local Lorentz
invariance.

A scanning tunneling microscope (STM) could be an ideal system for measuring (or constraining) this effect.
If we consider anisotropic GUP corrections to the STM experiment, then we would expect that the tunneling
(transmission) probabilities differ as the experiment is rotated. These differences in probabilities depend on
several parameters ( like 8o, k and k3), and so we need to make some assumptions that will simplify our calcula-
tions while still adhering to most practical aspects of such a system.

If anisotropy exists (Box # Poy) then, without loss of generality, we can assume, Box < Boy, which in turn
would imply Box < Bo1 < Boy. Furthermore, we can also assume for simplicity that k; = k», which is physically
feasible. Under these assumptions, we get

T =

1
T = =
1 + Z sinh?(kza) (20)
where
1+ B2 14k 2
= 7’3‘; p2 (1)
1— ﬂml;k2

parameterizes the effect of the anisotropic GUP.
At present the value of B is constrained to be about fy; < 10>!"%, Given this bound, the constraints on
the experimental parameters is rather extreme in the case of tunnelling of electrons (where k; = k;). Writing

€= ﬁgll‘%k‘z1 fore << 1, we have Z = ((1 +€)/(1 — €))? = (1 + 4¢). In order to be able to empirically probe

such effects, we must have k, > €'/4//Bolp ~ 10%3€!/4 cm™, implying extremely high energies are necessary.
Furthermore, the potential well will have to be extremely narrow a &~ 1022 in order for the sinh? (ka) term
to not fully suppress T. We illustrate in Fig. 1 how the transmission coefficient varies as a function of angle for
parameter choices in this range.

Such extreme parameter choices make the feasibility of any experiments enormously challenging. We can
ameliorate such extremities by going to another limit, with k; >> k. This brings the transmission coefficient T
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Figure 1. Variation of Transmission coefficient with angle due to anisotropic corrections. Parameter:
ki = ky = 10%,a = 1072, By, = 10%, By, = 10%°.

close to 1, making measurement of anisotropy more feasible. A computational algorithm can be used to find the
optimal set of parameters in the high dimensional parameter space for observing the effect.

In this letter, we have proposed an anisotropic GUP, which breaks the isotropy of space at short distances. We
have observed that this anisotropic GUP causes an effective non-local motion of quantum particles, and which
in turn causes a local non-conservation of probability current. As this deformation was proposed to occur due
to low energy consequences of quantum gravitational effects, it affects all quantum mechanical systems. We have
proposed that it can be detected using ultra precise measurements of quantum mechanical systems. In fact, we
have explicitly proposed that STM can be used as such a system to detect this anisotropic GUP.

We close by commenting on the implications of our results for Lorentz covariance. In the isotropic GUP
there is an intrinsic minimal length without a minimal time, breaking spacetime covariance'”"". Such break-
ing has been constrained from present observations®"#2. It may be noted that such effects are not important as
GUP deformation is usually studied for high precision and low energy non-relativistic quantum mechanical
system553’56. However covariant formulations of the GUP exist that contain an intrinsic minimal time, and this
does not break Lorentz symmetry>%,

However unlike the isotropic GUP, it is not possible to incorporate additional structure in the anisotropic
GUP to restore Lorentz symmetry. This means that Lorentz-symmetry breaking is a generic prediction of the
anisotropic GUP, and must be either determined or constrained from experiment, similar to what is done in
DSR®#¢ and Horava-Lifshitz gravity®”*®. Investigating such constraints for the anisotropic GUP would be inter-
esting as there is an abundance of relevant experiments, including gravitational waves®, ultrahigh-energy cosmic
rays®, lunar laser ranging®’, frequency differences between Zeeman masers®?, and radio-frequency spectroscopy
of atomic dysprosium®.

One interesting avenue of study is an analysis of the cosmological and astrophysical implications of the
anisotropic GUP. For example, CMB anisotropies?”*® could be due either to anisotropies in the electromagnetic
field or gravitational waves or both. It is possible to obtain corrections to Maxwell’s equations from the GUP, by
requiring GUP deformed matter fields to be invariant under U(1) gauge symmetry®*. This approach can also be
extended to non-abelian gauge theories?, and even other fields like gravity (as it can be considered as a gauge
theory of the Lorentz group)®®. Furthermore, it has been demonstrated that this formalism can be used to obtain
corrections to these fields under other deformations of the Heisenberg algebra®®*’. A similar program could be
carried out for the anisotropic GUP to see what its experimental implications are.

Received: 21 November 2020; Accepted: 15 March 2021
Published online: 02 April 2021

References

1. Murase, K. Ultrahigh-energy photons as a probe of nearby transient ultrahigh-energy cosmic-ray sources and possible lorentz-
invariance violation. Phys. Rev. Lett. 103(8), 081102. https://doi.org/10.1103/PhysRevLett.103.081102 (2009).

2. Thomas, P. S. Detecting lorentz violations with gravitational waves from black hole binaries. Phys. Rev. Lett. 120(4), 041104. https://
doi.org/10.1103/PhysRevLett.120.041104 (2018).

3. Moffat, J. W. Quantum gravity, the origin of time and time’s arrow. Found. Phys. 23, 411437. https://doi.org/10.1007/BF01883721
(1993).

4. Moffat, J. W. Lorentz violation of quantum gravity. Classical Quant. Gravity 27(13), 135016. https://doi.org/10.1088/0264-9381/
27/13/135016 (2010).

5. Faizal, M. & Das, S. Dimensional reduction via a novel Higgs mechanism. Gen. Rel. Grav. 50, 87. https://doi.org/10.1007/s10714-
018-2409-x (2018).

6. Vagenas, E. C,, Das, S. & Faizal, M. Renormalizing gravity: A new insight into an old problem. Int. J. Mod. Phys. D. 27(14), 1847002.
https://doi.org/10.1142/50218271818470028 (2018).

Scientific Reports |

(2021) 117474 | https://doi.org/10.1038/s41598-021-86355-3 nature portfolio


https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1007/BF01883721
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1142/S0218271818470028

www.nature.com/scientificreports/

10.

11.

12.
13.

14.

15.
16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

. Bombelli, L. et al. Space-time as a causal set. Phys. Rev. Lett. 59(5), 521-524. https://doi.org/10.1103/PhysRevLett.59.521 (1987).
. Brightwell, G. et al. Observables in causal set cosmology. Phys. Rev. D 67(8), 084031. https://doi.org/10.1103/PhysRevD.67.084031

(2003).

. Rovelli, C. & Smolin, L. Spin networks and quantum gravity. Phys. Rev. D 52(10), 5743-5759. https://doi.org/10.1103/PhysRevD.

52.5743 (1995).

Loll, R. Volume operator in discretized quantum gravity. Phys. Rev. Lett. 75(17), 3048-3051. https://doi.org/10.1103/PhysRevLett.
103.0811020 (1995).

Ezawa, K. Nonperturbative solutions for canonical quantum gravity: An overview. Phys. Rep. 286(5), 271-348. https://doi.org/10.
1103/PhysRevLett.103.0811021 (1997).

Baez, J. C. Spin foam models. Classical Quant. Gravity 15(7), 1827-1858. https://doi.org/10.1103/PhysRevLett.103.0811022 (1998).
Castro Neto, A. H. et al. The electronic properties of graphene. Rev. Mod. Phys. 81(1), 109-162. https://doi.org/10.1103/PhysR
evLett.103.0811023 (2009).

Gusynin, V. P, Sharapov, S. G. & Carbotte, J. P. AC conductivity of graphene: From tight-binding model to 2 + 1-dimensional
quantum electrodynamics. Int. J. Mod. Phys. B. 21(27), 4611-4658. https://doi.org/10.1103/PhysRevLett.103.0811024 (2007).
Torio, A. et al. Generalized dirac structure beyond the linear regime in graphene. Int. J. Mod. Phys. D 27(8), 1850080 (2018).
Torio, A. & Pais, P. Generalized uncertainty principle in graphene. J. Phys. Conf. Ser. 1275, 012061. https://doi.org/10.1103/PhysR
evLett.103.0811025 (2019).

Kempf, A., Mangano, G. & Mann, R. B. Hilbert space representation of the minimal length uncertainty relation. Phys. Rev. D 52(2),
1108-1118. https://doi.org/10.1103/PhysRevLett.103.0811026 (1995).

Das, S. & Vagenas, E. C. Universality of quantum gravity corrections. Phys. Rev. Lett. 101(22), 221301. https://doi.org/10.1103/
PhysRevLett.103.0811027 (2008).

. Pikovski, I. et al. Probing Planck-scale physics with quantum optics. Nat. Phys. 8, 393397. https://doi.org/10.1103/PhysRevLett.

103.0811028 (2012).

Zhang, Y.-C. et al. Two-fluid theory for a superfluid system with anisotropic effective masses. Phys. Rev. A 99(4), 043622. https://
doi.org/10.1103/PhysRevLett.103.0811029 (2019).

Pastukhov, V. Infrared behavior of dipolar Bose systems at low temperatures. J. Low Temp. Phys. 186, 148162. https://doi.org/10.
1103/PhysRevLett.120.0411040 (2017).

Pastukhov, V. Beyond mean-field properties of binary dipolar Bose mixtures at low temperatures. Phys. Rev. A 95(2), 023614.
https://doi.org/10.1103/PhysRevLett.120.0411041 (2017).

Zhang, Y.-C. et al. Zitterbewegung effect in spin-orbit-coupled spin-1 ultracold atoms. Phys. Rev. A 87(2), 023612. https://doi.org/
10.1103/PhysRevLett.120.0411042 (2013).

Liu, C.-F. et al. Circular-hyperbolic skyrmion in rotating pseudo-spin-1/2 Bose-Einstein condensates with spin-orbit coupling.
Phys. Rev. A 86(5), 053616. https://doi.org/10.1103/PhysRevLett.120.0411043 (2012).

Ji, A. C., Xie, X. C. & Liu, W. M. Quantum magnetic dynamics of polarized light in arrays of microcavities. Phys. Rev. Lett. 99(18),
183602. https://doi.org/10.1103/PhysRevLett.120.0411044 (2007).

Liang, Z. X., Zhang, Z. D. & Liu, W. M. Dynamics of a bright soliton in Bose-Einstein condensates with time-dependent atomic
scattering length in an expulsive parabolic potential. Phys. Rev. Lett. 94(5), 050402. https://doi.org/10.1103/PhysRevLett.120.
0411045 (2005).

Land, K. & Magueijo, J. Examination of evidence for a preferred axis in the cosmic radiation anisotropy. Phys. Rev. Lett. 95(7),
071301. https://doi.org/10.1103/PhysRevLett.120.0411046 (2005).

Land, K. & Magueijo, J. The axis of evil revisited. Month. Not. R. Astronom. Soc. 378(1), 153-158. https://doi.org/10.1103/PhysR
evLett.120.0411047 (2007).

Kiefer, C. & Kramer, M. Quantum gravitational contributions to the cosmic microwave background anisotropy spectrum. Phys.
Rev. Lett. 108(2), 021301. https://doi.org/10.1103/PhysRevLett.120.0411048 (2012).

Bini, D. et al. On the modification of the cosmic microwave background anisotropy spectrum from canonical quantum gravity.
Phys. Rev. D 87(10), 104008. https://doi.org/10.1103/PhysRevLett.120.0411049 (2013).

Talebian, A., Nassiri-Rad, A. & Firouzjahi, H. Stochastic effects in anisotropic inflation. Phys. Rev. D 101(2), 023524. https://doi.
org/10.1007/BF018837210 (2020).

Fujita, T. & Obata, I. Does anisotropic inflation produce a small statistical anisotropy?. J. Cosmol. Astropart. Phys. 2018(01), 049.
https://doi.org/10.1007/BF018837211 (2018).

Easther, R. et al. Imprints of short distance physics on inflationary cosmology. Phys. Rev. D 67(6), 063508. https://doi.org/10.1007/
BF018837212 (2003).

Easther, R. et al. Inflation as a probe of short distance physics. Phys. Rev. D 64(10), 103502. https://doi.org/10.1007/BF018837213
(2001).

Randall, L. & Sundrum, R. Large mass hierarchy from a small extra dimension. Phys. Rev. Lett. 83(17), 3370-3373. https://doi.
org/10.1007/BF018837214 (1999).

Randall, L. & Sundrum, R. An alternative to compactification. Phys. Rev. Lett. 83(23), 4690-4693. https://doi.org/10.1007/BF018
837215 (1999).

Mateos, D. & Trancanelli, D. Anisotropic N=4 Super-Yang-Mills plasma and its instabilities. Phys. Rev. Lett. 107(10), 101601.
https://doi.org/10.1007/BF018837216 (2011).

Mateos, D. & Trancanelli, D. Thermodynamics and instabilities of a strongly coupled anisotropic plasma. J. High Energy Phys.
2011, 7. https://doi.org/10.1007/BF018837217 (2011).

Mansoori, S. A. H. et al. Holographic complexity of anisotropic black branes. Phys. Rev. D 100(4), 046014. https://doi.org/10.1007/
BF018837218 (2019).

Avila, D. et al. Thermodynamics of anisotropic branes. J. High Energy Phys. 2016, 11. https://doi.org/10.1007/BF018837219 (2016).

. Koyama, K. Cosmic microwave background radiation anisotropies in brane worlds. Phys. Rev. Lett. 91(22), 221301. https://doi.

0rg/10.1088/0264-9381/27/13/1350160 (2003).

Tsujikawa, S. & Liddle, A. R. Constraints on braneworld inflation from CMB anisotropies. J. Cosmol. Astropart. Phys. 03, 1475.
https://doi.org/10.1088/0264-9381/27/13/1350161 (2004).

Fontanini, M., Spallucci, E. & Padmanabhan, T. Zero-point length from string fluctuations. Phys. Lett. B 633(4), 627-630. https://
doi.org/10.1088/0264-9381/27/13/1350162 (2006).

Spallucci, E., Smailagic, A., & Padmanabhan, T. String theory T-duality and the zero point length of spacetime. https://doi.org/10.
1088/0264-9381/27/13/1350163 (2003).

Kothawala, D. et al. Path integral duality modified propagators in spacetimes with constant curvature. Phys. Rev. D 80(4), 044005.
https://doi.org/10.1088/0264-9381/27/13/1350164 (2009).

Arkani-Hamed, N., Dimopoulos, S. & Dvali, G. The hierarchy problem and new dimensions at a millimeter. Phys. Lett. B 429,
263-272. https://doi.org/10.1088/0264-9381/27/13/1350165 (1998).

Antoniadis, I. et al. New dimensions at a millimeter to a fermi and superstrings at a TeV. Phys. Lett. B 436, 257-263. https://doi.
0rg/10.1088/0264-9381/27/13/1350166 (1998).

Minimal length scale scenarios for quantum gravity. Living Rev. Relat. 16, 1. https://doi.org/10.1088/0264-9381/27/13/1350167
(2013).

Scientific Reports | (2021) 11:7474

https://doi.org/10.1038/s41598-021-86355-3 nature portfolio


https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1103/PhysRevD.67.084031
https://doi.org/10.1103/PhysRevD.52.5743
https://doi.org/10.1103/PhysRevD.52.5743
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.103.081102
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1103/PhysRevLett.120.041104
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1007/BF01883721
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/1350163
https://doi.org/10.1088/0264-9381/27/13/1350163
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016

www.nature.com/scientificreports/

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

Tawfik, A. N. & Diab, A. M. A review of the generalized uncertainty principle. Rep. Progr. Phys. 78(12), 126001. https://doi.org/
10.1088/0264-9381/27/13/1350168 (2015).

Thiemann, T. The LQG string-loop quantum gravity quantization of string theory: I. Flat target space. Classical Quant. Gravity
23(6), 1923-1970. https://doi.org/10.1088/0264-9381/27/13/1350169 (2006).

Markopoulou, E & Smolin, L. Nonperturbative dynamics for abstract (p, q) string networks. Phys. Rev. D 58(8), 084033. https://
doi.org/10.1007/s10714-018-2409-x0 (1998).

Majumder, B. & Sen, S. Do the modified uncertainty principle and polymer quantization predict same physics?. Phys. Lett. B717(4),
291-294. https://doi.org/10.1007/s10714-018-2409-x1 (2012).

Ali, A. F, Das, S. & Vagenas, E. C. Proposal for testing quantum gravity in the lab. Phys. Rev. D 84(4), 044013. https://doi.org/10.
1007/s10714-018-2409-x2 (2011).

Pedram, P, Pouria, N. K. & Taheri, S. H. The effects of minimal length and maximal momentum on the transition rate of ultra
cold neutron in gravitational field. J. High Energy Phys. 3, 1029. https://doi.org/10.1007/jhep03(2011)093 (2013).

Bosso, P. et al. Amplified transduction of Planck-scale effects using quantum optics. Phys. Rev. A 96(2), 023849. https://doi.org/
10.1007/s10714-018-2409-x3 (2017).

Villalpando, C. & Modak, S. K. Indirect probe of quantum gravity using molecular wave-packets. Classical Quant. Grav 36(21),
215016. https://doi.org/10.1088/1361-6382/ab421 (2019).

Brahma, S. et al. Linking loop quantum gravity quantization ambiguities with phenomenology. Phys. Rev. D 95, 4. https://doi.org/
10.1103/physrevd.95.044005 (2017).

’t Hooft, G. Quantization of point particles in (2 + 1)-dimensional gravity and spacetime discretenes. Classical Quant. Gravity
13(5), 1023-1039. https://doi.org/10.1088/0264-9381/13/5/018 (1996).

AlanKostelecky, V. & Samuel, S. Spontaneous breaking of Lorentz symmetry in string theory. Phys. Rev. D 39(2), 683-685. https://
doi.org/10.1007/s10714-018-2409-x4 (1989).

Carroll, S. M. et al. Noncommutative field theory and Lorentz violation. Phys. Rev. Lett. 87(14), 141601. https://doi.org/10.1103/
PhysRevLett.87.141601 (2001).

Faizal, M. Spontaneous breaking of Lorentz symmetry by ghost condensation in perturbative quantum gravity. J. Phys. A Math.
Theor. 44(40), 402001. https://doi.org/10.1088/1751-8113/44/40/402001 (2011).

Mattingly, D. Modern tests of Lorentz invariance. Living Rev. Relat. 8, 1. https://doi.org/10.12942/Irr-2005-5 (2005).

Gomes, Y. M. P. & Helayel-Neto, J. A. Limits on non-minimal Lorentz violating parameters through FCNC and LFV processes.
Eur. Phys. . C 80, 3. https://doi.org/10.1140/epjc/s10052-020-7848-3 (2020).

Maccione, L. et al.y-ray polarization constraints on Planck scale violations of special relativity. Phys. Rev. D 78(10), 103003. https://
doi.org/10.1103/PhysRevD.78.103003 (2008).

Parker, S. R. et al. Cavity bounds on higher-order Lorentz-violating coefficients. Phys. Rev. Lett. 106(18), 180401. https://doi.org/
10.1103/PhysRevLett.106.180401 (2011).

Modanese, G. Time in quantum mechanics and the local non-conservation of the probability current. Mathematics 6, 9. https://
doi.org/10.3390/math60901 (2018).

Bisquert, J. Fractional diffusion in the multiple-trapping regime and revision of the equivalence with the continuous-time random
walk. Phys. Rev. Lett. 91(1), 010602. https://doi.org/10.1103/PhysRevLett.91.010602 (2003).

Wei, Y. Comment on fractional quantum mechanics and Fractional Schrodinger equation. Phys. Rev. E 93(6), 066103. https://doi.
org/10.1103/PhysRevE.93.066103 (2016).

Laskin, N. Reply to comment on ‘Fractional quantum mechanics’ and ‘Fractional Schrédinger equation. Phys. Rev. E 93(6), 066104.
https://doi.org/10.1103/PhysRevE.93.066104 (2016).

Lenzi, E. K. et al. Solutions for a Schrodinger equation with a nonlocal term. J. Math. Phys. 49(3), 032108. https://doi.org/10.1063/1.
2842069 (2008).

. Laskin, N. Fractional Schrédinger equation. Phys. Rev. E 66(5), 056108. https://doi.org/10.1142/502182718184700284 (2002).
. Laskin, N. Fractional quantum mechanics. Phys. Rev. E 62(3), 3135-3145. https://doi.org/10.1142/502182718184700285 (2000).
. Zhang, Y. et al. Propagation dynamics of a light beam in a fractional Schrodinger equation. Phys. Rev. Lett. 115(18), 180403. https://

doi.org/10.1103/PhysRevLett.115.180403 (2015).

Turgeman, L., Carmi, S. & Barkai, E. Fractional Feynman-Kac equation for non-brownian functionals. Phys. Rev. Lett. 103(19),
190201. https://doi.org/10.1103/PhysRevLett.103.190201 (2009).

Brockmann, D. & Geisel, T. Lévy flights in inhomogeneous media. Phys. Rev. Lett. 90(17), 170601. https://doi.org/10.1103/PhysR
evLett.90.170601 (2003).

Goncharenko, I. & Gopinathan, A. Vicious Lévy flights. Phys. Rev. Lett. 105(19), 190601. https://doi.org/10.1103/PhysRevLett.
105.190601 (2010).

Bardou, E. et al. Subrecoil laser cooling and Lévy flights. Phys. Rev. Lett. 72(2), 203-206. https://doi.org/10.1142/502182718184700
289 (1994).

Egor, I. K. & Schmalian, J. Flights and hydrodynamic superdiffusion on the dirac cone of graphene. Phys. Rev. Lett. 123(19), 195302.
https://doi.org/10.1103/PhysRevLett.123.195302 (2019).

Soljaci¢, M. et al. Collisions of two solitons in an arbitrary number of coupled nonlinear Schrédinger equations. Phys. Rev. Lett.
90(25), 254102. https://doi.org/10.1103/PhysRevLett.90.254102 (2003).

Zhang, Y. et al. Resonant mode conversions and Rabi oscillations in a fractional Schrédinger equation. Opt. Express 25, 32401-
32410. https://doi.org/10.1364/OE.25.032401 (2017).

Lambiase, G. & Scardigli, F. Lorentz violation and generalized uncertainty principle. Phys. Rev. D 97(7), 075003. https://doi.org/
10.1103/PhysRevLett.59.5213 (2018).

da Cruz, C. N. Lorentz violation with an invariant minimum speed as foundation of the uncertainty principle in Minkowski, dS
and AdS spaces. Mod. Phys. Lett. A 34(26), 1950212. https://doi.org/10.1142/S0217732319502122 (2019).

Faizal, M., Khalil, M. M. & Das, S. Time crystals from minimum time uncertainty. Eur. Phys. J. C 76, 1434. https://doi.org/10.1140/
epjc/s10052-016-3884-4 (2016).

Faizal, M., Ali, A. E & Nassar, A. Generalized uncertainty principle as a consequence of the effective field theory. Phys. Lett. B 765,
238-243. https://doi.org/10.1016/j.physletb.2016.11.05 (2017).

Magueijo, J. & Smolin, L. Lorentz invariance with an invariant energy scale. Phys. Rev. Lett. 88(19), 190403. https://doi.org/10.
1103/PhysRevLett.88.190403 (2002).

Magueijo, J. & Smolin, L. Generalized Lorentz invariance with an invariant energy scale. Phys. Rev. D 67(4), 044017. https://doi.
org/10.1103/PhysRevLett.59.5216 (2003).

fava, P. H. Quantum gravity at a Lifshitz point. Phys. Rev. D 79(8), 084008. https://doi.org/10.1103/PhysRevLett.59.5217 (2009).
Sotiriou, T. P, Visser, M. & Weinfurtner, S. Phenomenologically viable Lorentz-violating quantum gravity. Phys. Rev. Lett. 102(25),
251601. https://doi.org/10.1103/PhysRevLett.102.251601 (2009).

Mewes, M. Signals for Lorentz violation in gravitational waves. Phys. Rev. D 99(10), 104062. https://doi.org/10.1103/PhysRevLett.
59,5219 (2019).

Galaverni, M. & Sigl, G. Lorentz violation for photons and ultrahigh-energy cosmic rays. Phys. Rev. Lett. 100(2), 021102. https://
doi.org/10.1103/PhysRevLett.100.021102 (2008).

Scientific Reports | (2021) 11:7474

https://doi.org/10.1038/s41598-021-86355-3 nature portfolio


https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1088/0264-9381/27/13/135016
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/jhep03(2011)093
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1088/1361-6382/ab421
https://doi.org/10.1103/physrevd.95.044005
https://doi.org/10.1103/physrevd.95.044005
https://doi.org/10.1088/0264-9381/13/5/018
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1007/s10714-018-2409-x
https://doi.org/10.1103/PhysRevLett.87.141601
https://doi.org/10.1103/PhysRevLett.87.141601
https://doi.org/10.1088/1751-8113/44/40/402001
https://doi.org/10.12942/lrr-2005-5
https://doi.org/10.1140/epjc/s10052-020-7848-3
https://doi.org/10.1103/PhysRevD.78.103003
https://doi.org/10.1103/PhysRevD.78.103003
https://doi.org/10.1103/PhysRevLett.106.180401
https://doi.org/10.1103/PhysRevLett.106.180401
https://doi.org/10.3390/math60901
https://doi.org/10.3390/math60901
https://doi.org/10.1103/PhysRevLett.91.010602
https://doi.org/10.1103/PhysRevE.93.066103
https://doi.org/10.1103/PhysRevE.93.066103
https://doi.org/10.1103/PhysRevE.93.066104
https://doi.org/10.1063/1.2842069
https://doi.org/10.1063/1.2842069
https://doi.org/10.1142/S0218271818470028
https://doi.org/10.1142/S0218271818470028
https://doi.org/10.1103/PhysRevLett.115.180403
https://doi.org/10.1103/PhysRevLett.115.180403
https://doi.org/10.1103/PhysRevLett.103.190201
https://doi.org/10.1103/PhysRevLett.90.170601
https://doi.org/10.1103/PhysRevLett.90.170601
https://doi.org/10.1103/PhysRevLett.105.190601
https://doi.org/10.1103/PhysRevLett.105.190601
https://doi.org/10.1142/S0218271818470028
https://doi.org/10.1142/S0218271818470028
https://doi.org/10.1103/PhysRevLett.123.195302
https://doi.org/10.1103/PhysRevLett.90.254102
https://doi.org/10.1364/OE.25.032401
https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1142/S0217732319502122
https://doi.org/10.1140/epjc/s10052-016-3884-4
https://doi.org/10.1140/epjc/s10052-016-3884-4
https://doi.org/10.1016/j.physletb.2016.11.05
https://doi.org/10.1103/PhysRevLett.88.190403
https://doi.org/10.1103/PhysRevLett.88.190403
https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1103/PhysRevLett.102.251601
https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1103/PhysRevLett.59.521
https://doi.org/10.1103/PhysRevLett.100.021102
https://doi.org/10.1103/PhysRevLett.100.021102

www.nature.com/scientificreports/

91. Bourgoin, A. et al. Testing Lorentz symmetry with lunar laser ranging. Phys. Rev. Lett. 117(24), 241301. https://doi.org/10.1103/
PhysRevLett.117.241301 (2016).

92. Cang, E et al. Bound on Lorentz and CPT violating boost effects for the neutron. Phys. Rev. Lett. 93(23), 230801. https://doi.org/
10.1103/PhysRevLett.93.230801 (2004).

93. Hohensee, M. A. et al. Limits on violations of lorentz symmetry and the einstein equivalence principle using radio-frequency
spectroscopy of atomic dysprosium. Phys. Rev. Lett. 111(5), 050401. https://doi.org/10.1103/PhysRevLett.111.050401 (2013).

94. Kober, M. Gauge theories under incorporation of a generalized uncertainty principle. Phys. Rev. D 82(8), 085017. https://doi.org/
10.1103/PhysRevD.67.0840314 (2010).

95. Kober, M. Electroweak theory with a minimal length. Int. J. Mod. Phys. A 26(24), 4251-4285. https://doi.org/10.1142/50217751X1
1054413 (2011).

96. Faizal, M. & Kruglov, S. I. Deformation of the dirac equation. Int. J. Mod. Phys. D 25(01), 1650013. https://doi.org/10.1142/S0218
271816500139 (2016).

97. Faizal, M. & Majumder, B. Incorporation of generalized uncertainty principle into Lifshitz field theories. Ann. Phys. 357, 49-58.
https://doi.org/10.1016/j.a0p.2015.03.02 (2015).

Acknowledgements

R.B.M. was supported in part by the Natural Sciences and Engineering Research Council of Canada and by
AOARD Grant FA2386-19-1-4077. LH. and Ag.S. were supported in part by Riset ITB 2020 and PDUPT DIKTI
2020.

Author contributions

R.B.M and M.E were responsible for manuscript preparation and formulating the initial motivation in pursuing
the research. L.H., H.P, Ag. S., An. S. were responsible for the calculations in the paper. In particular, I.H., Ag. S.,
An. S. were responsible for the quantum mechanical calculations in the paper and H.P. analyzed the experimental
viability of the result and also contributed in manuscript preparation.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 117474 | https://doi.org/10.1038/541598-021-86355-3 nature portfolio


https://doi.org/10.1103/PhysRevLett.117.241301
https://doi.org/10.1103/PhysRevLett.117.241301
https://doi.org/10.1103/PhysRevLett.93.230801
https://doi.org/10.1103/PhysRevLett.93.230801
https://doi.org/10.1103/PhysRevLett.111.050401
https://doi.org/10.1103/PhysRevD.67.084031
https://doi.org/10.1103/PhysRevD.67.084031
https://doi.org/10.1142/S0217751X11054413
https://doi.org/10.1142/S0217751X11054413
https://doi.org/10.1142/S0218271816500139
https://doi.org/10.1142/S0218271816500139
https://doi.org/10.1016/j.aop.2015.03.02
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Testing short distance anisotropy in space
	References
	Acknowledgements


