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Twisted light carries orbital angular momentum (OAM) and can drive excitations of
confined, interacting electrons that are dark to uniform dipolar probes. Here, we show how
this “beyond-Kohn’s-theorem” optical channel can become a concrete control primitive for
quantum computing. Correlation sectors in few-electron quantum dots—characterized by
the relative angular momentum quantum number—form a tunable ladder of many-body
states that are robust in the limited sense of symmetry-protected selection rules and
persistent chiral spectroscopic fingerprints; full topological gap protection requires three
or more electrons. A twisted-light pulse with prescribed OAM index and polarization
provides fast optical write, read, and scalable addressing of these sectors via the selection
rule A|lm| = (I + o). In the analytically solvable Calogero (1/r?) interaction limit, both
the energy spectrum and the twisted-light matrix elements are closed-form functions
of the interaction strength, allowing gate parameters (Rabi frequency, qubit frequency,
anharmonicity, and leakage rates) to be written down explicitly. We map these results
onto a universal single-qubit gate set, propose a concrete two-qubit entangling mechanism
via state-dependent Coulomb coupling between adjacent dots, and identify the dominant
decoherence channel (quadrupolar charge noise). A semianalytic N = 3 extension using
the 1/N expansion provides a design-level scaffold for the topological roadmap, includ-
ing quasihole sector addressing. The central operational message is that twisted light
enables WRITE (pulse-create a correlation sector), READ (spectroscopically diagnose
correlations), and SCALE (optical addressing via spatial light modulator) in a unified
photonic control layer. Throughout, screened and Coulomb interactions preserve the same
qualitative chiral fingerprints established in the solvable limit.

DOI: 10.1103/f4qc-3ckt

I. INTRODUCTION

Ultrafast chiral spectroscopy is often formulated through polarization and dipole selection rules.
Twisted light (TL) adds chirality via orbital angular momentum (OAM) and can address internal
(relative-motion) excitations that remain dark to spatially uniform dipolar driving [1-3]. In mag-
netized quantum dots, these internal excitations are precisely where strong correlations live: They
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organize the “magic-number” angular-momentum spectrum and (for larger particle number N) they
connect continuously to fractional quantum Hall effect (FQHE) states [4—6].

The motivation for quantum computing is twofold.

First, topological many-body states offer a route to hardware-level robustness: A gap and sym-
metry structure can suppress certain local error channels [7,8]. Even before true topological order
sets in (which requires N > 3), few-electron “Laughlin-like” correlation sectors provide sharply
distinct wave functions with different correlation holes and different spatial structure.

Second, twisted light provides an optical control layer: The same OAM selection rules that
make certain transitions visible also make them addressable. This suggests a “photonic control
bus” concept in which a spatial light modulator (SLM) steers and sets the beam’s OAM so that
(1) beam position selects the dot, while (2) vorticity selects the transition. This optical addressing
can, in principle, scale without dense on-chip wiring.

The underlying physics channel is established in our recent work on twisted-light chiral spec-
troscopy of interacting electrons in nanostructures under magnetic field [9]. In that setting, twisted
light breaks the (generalized) Kohn theorem by coupling to the relative coordinate, opening
interaction-enabled “dark” lines that are absent for uniform dipole probes [9]. Here, we recast those
exact selection rules and matrix elements in the language of quantum information: They define
a natural qubit encoding, a universal single-qubit gate set, and suggest a concrete path toward
entangling two-qubit gates.

II. TWO-ELECTRON QUANTUM DOT UNDER MAGNETIC FIELD: WHY N = 2 MATTERS
A. Center-of-mass versus relative motion and Kohn theorem protection

Two electrons of effective mass m* in a two-dimensional (2D) parabolic confinement (frequency
wp) under perpendicular magnetic field B are described by a Hamiltonian that separates exactly into
center-of-mass (CM) and relative parts (see Fig. 1). Defining complex coordinates z; = x; + iy;,
and

T
=5
the noninteracting problem becomes two independent Fock-Darwin oscillators with frequencies

B
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FIG. 1. Schematic representation of the system. A twisted-light pulse is incident on two interacting charged
electrons confined in a two-dimensional harmonic quantum dot, under a perpendicular magnetic field B. The
chiral operators ag and a;, destroy right- and left-circular orbital quanta of the relative motion, respectively.
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and (in ladder-operator form) right/left-circular modes with wg = w + w./2 and w;, = © — w./2.
The generalized Kohn theorem states that a spatially uniform dipolar probe (I = 0) excites
only the CM degree of freedom in a parabolic dot, independent of interactions [6]. Hence, dipole
absorption cannot diagnose the internal correlated spectrum.
Twisted light changes this: Because its field has spatial structure (nonzero OAM index /), it can
carry multipole components that couple directly to the relative coordinate. The resulting absorption
therefore fingerprints correlations rather than just the CM mode [9].

B. Correlation sectors as “Laughlin-like” states at finite N

In the lowest Landau level (LLL) language, the two-electron antisymmetric polynomial is (z; —
22), and the Laughlin-like family is

_ (1 Pl 2
\P;N_Z)(Zl, ) =(z1 —2)le (z1*+z2| )/(4%)’ g odd. 3)

For N = 2, calling ¢ = 3 a “v = 1/3 Laughlin state” is algebraically correct but physically thin:
It has the correct correlation hole but not the topological features (anyon statistics, edge theory,
degeneracy) that require N > 3 [5]. Nevertheless, the ladder g =1 — 3 — 5 — --- is a sharp,
exactly defined set of correlation sectors. This is precisely the structure that twisted light can address
selectively.

II1. TWISTED-LIGHT COUPLING AND SELECTION RULES

A twisted-light mode is characterized by OAM index [ and helicity o = %1 (circular po-
larization). The fotal angular momentum transferred per absorbed photon is s =/ + o. For the
parabolic-dot geometry, the internal (relative-motion) coupling takes a compact ladder-operator
form [9]. For example, for the quadrupolelike case (I = 1 with o = +1, hence s = 2) one obtains

A=Y = hwgagar + hopalar + Ve (F) + i€ f()le T @} + ar)* — e (ag +a})*1,  (4)

with a coupling amplitude & (an energy scale) set by the beam amplitude and waist, and f(z)

2
the pulse envelope. This dimensionless light-matter coupling strength is & = ok byer using the

notation of Ref. [9] to which we refer for definition of the parameters. The key point is the selection
rule:

Alm|==%s, s=I1+o, o)

so that, for/ = 1, 0 = +1, twisted light drives A|m| = %2 transitions between odd-|m/| correlation
sectors. In the left-chiral convention appropriate to the LLL branch for B > 0, the physical states
have m < 0 and we use |m| = —m as a nonnegative sector label; then absorption that increases |m/|
corresponds to m — m — .

With this convention in place, the correlated ground-state structure can be summarized in
a two-parameter color map spanning the reduced magnetic field w./wy and the dimensionless
interaction strength « (Fig. 2). The colored regions indicate which angular-momentum (correlation)
sector m hosts the lowest relative energy E.(n = 0, m) at each point in parameter space, while
the boundaries between regions mark level crossings where the ground state switches between
correlation sectors. These boundaries are defined by degeneracy conditions E (0, m) = E (0, m’).
In the analytically tractable 1/72 limit, the m dependence enters through a,, = v/m? + «, together
with the confinement renormalization factor /1 + (w./wy)? in our dimensionless units. Neglecting
the comparatively small Zeeman correction, the crossing condition between two sectors m and m’
can be written in the compact form
) o\
(m—m)— + [1+ <—C> (otm —aw) = 0, (6)
wo wo
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Interaction strength «

we/wy

FIG. 2. Ground-state correlation-sector map. Heat map of the relative-motion ground state in the two-
electron parabolic quantum dot as a function of the reduced magnetic field w./wy and the dimensionless
interaction strength . Each colored region identifies the angular-momentum (correlation) sector corresponding
to the lowest relative energy (obtained in closed form in the 1/ interaction limit). The boundaries between
regions indicate level crossings where the ground state switches between correlation sectors. These correlation
sectors form the ladder of internal states that twisted light addresses selectively via the OAM/helicity selection
rule discussed in the main text.

which naturally generates the hyperbolalike curves observed in the map by combining a term linear
inw./wo witha /1 + (w./wy)?* dependence. This representation is particularly useful in the present
context because, in a parabolic dot, Kohn’s theorem implies that a spatially uniform dipolar drive
couples predominantly to the center-of-mass degree of freedom and is therefore largely insensitive
to the internal, interaction-driven spectrum. Twisted light circumvents this restriction by providing
a structured optical field that can couple directly to the relative coordinate, opening a “beyond-
Kohn” channel into precisely those internal correlation sectors captured by the map. Moreover,
these correlation sectors form the ladder of internal states that twisted light addresses selectively
through the OAM/helicity selection rule A|m| = (I + o) discussed above. The heat map therefore
identifies the field-interaction windows in which a chosen |m| ladder is energetically preferred and
where state-selective twisted-light control is expected to be most clearly defined.

IV. EXACTLY SOLVABLE CALOGERO LIMIT:
CLOSED-FORM SPECTRUM AND MATRIX ELEMENTS

A. Why the Calogero interaction is useful
A generic screened interaction can be modeled as V (r) o< 1/r", with 1 < n < 2 [9]. The inverse-
square limit n = 2 is special: It yields the Calogero interaction

P o«
VCal(r) = ﬂ r_29 n = m*/zv (7)

for which the relative-coordinate eigenstates are analytic [10,11]. This solvable limit provides
a symmetry “skeleton” for the spectroscopy, and the qualitative chiral fingerprints persist for

Coulomb-like interactions [9].
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B. Exact eigenstates and energies

Separating variables in the relative coordinate as ¥ (r, ¢) = R(r)e™® reduces the two-
dimensional Schrodinger problem with Vg (r) o< a/r? to an effective radial equation. Regularity
at the origin fixes the short-distance scaling R(r) ~ r*, with a,, = +/m? + «, while harmonic
confinement in a magnetic field enforces a Gaussian envelope exp[—r2/ (86(2))] in the lowest radial
sector. This standard Calogero/Fock-Darwin construction yields the normalized ground state in
Eq. (7) (and, for n > 0, associated-Laguerre excitations), together with the spectrum in Eq. (8);
see Refs. [10,11] for full derivations. For the relative coordinate (r, ¢), the Calogero ground state at
fixed angular momentum m (radial quantum number n = 0) is [10,11]

(D‘)(r’ ¢) = e”n¢ (L)amerz/(gé(z))a
0,m 27 Lo /T (e + 1) \ 260
Oy =V m? + . (8)

Here, £ is the single-particle Fock-Darwin length, £y = /h/(2m*w), with w = ,/a)(z) + w?/4, so

that a product of single-particle Gaussians e~ 2 /@4 produces the relative Gaussian e~"/®8%),
The corresponding relative energy spectrum is

fios,
Ef, = ho Qn+1+a,) + ==, ©)

with @ = /w2 + w?/4. For the physically relevant left-chiral branch at B > 0, we take m < 0 and

label sectors by |m| = —m; since ,, depends on m?, only the linear cyclotron term distinguishes
the two chiralities.

These closed-form expressions are rare in correlated quantum systems. They imply that energy
splittings between correlation sectors (e.g., |m| = 3 versus |m| = 5) are analytic functions of the
interaction parameter o.

Further support for this point is provided by benchmarking the Calogero scaffold against the
Coulomb interaction, by comparing the low-energy spectral gap AE,,, = E> — E; as a function of
w./wy (Fig. 3). The close agreement between the Calogero and Coulomb curves indicates that the
qualitative low-energy spectral structure, including the locations of near-degeneracies and the field
dependence of the lowest gap, is robust upon replacing the solvable 1/r? interaction by the more
realistic 1/r form, within the parameter range relevant to the proposed twisted-light addressing
protocol.

To connect the control map in Fig. 2 to the underlying low-energy structure, Fig. 4 shows a
representative set of low-lying relative-motion energies as a function of the reduced magnetic field
w./wy at fixed interaction strength . Each branch is labeled by the angular-momentum (correlation)
sector m, and the red-highlighted points indicate the field values at which the ground state changes
from one sector to the next. In other words, the sector boundaries in Fig. 2 correspond directly
to crossings of the lowest-energy branches in Fig. 4, where E,. (0, m) becomes degenerate with
E.1(0, m"). This spectral view makes transparent how tuning w./w, reorganizes the ordering of
the correlation sectors and, in particular, how increasing field progressively favors larger |m].
Importantly, these same m-labeled ladders are the internal relative states targeted by twisted-light
driving through the selection rule A|m| = £(I/ + o) discussed above; Fig. 4 therefore provides a
concrete spectral reference for identifying operating points and for interpreting the corresponding
excitation response shown in Fig. 5.

C. Exact twisted-light matrix elements

For transitions between n = 0 Calogero states labeled by the nonnegative sector index |m| (so
we write m > 0 below) driven by twisted light carrying total angular momentum s = [/ + o, the
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1.6

= Calogero (even m)
268 0 seas Coulomb (even m)

LAl B

= Calogero (odd m)
..... Coulomb (odd m)

FIG. 3. Low-energy gap vs magnetic field: Calogero-Coulomb comparison in even/odd m sectors. The
plotted quantity is the reduced low-energy gap AEg,/(fiw,), defined as AE,,, = E, — E;, where E; and E,
are the two lowest eigenenergies obtained from diagonalizing the relative-motion Hamiltonian at each value
of w./wy. Solid curves correspond to the inverse-square (Calogero) interaction (n = 2), while dashed curves
correspond to the Coulomb case (n = 1). Results are shown separately for the even-m and odd-m families.

reduced matrix element takes the closed form [12]

r ( Uy +am§;+s+2 )

VT + DT (@rs + 1)

(10)

(o) —
Mm—>m+s -

This analytic dependence is not a mathematical luxury: It directly sets the Rabi frequency of a driven
qubit and therefore the gate time and fidelity (see Sec. V).

FIG. 4. Representative relative-motion spectrum and correlation-sector switches. Low-lying relative ener-
gies (in units of 7iw) as a function of the reduced magnetic field w./wy at fixed interaction strength o = 1.25.
Curves are labeled by the angular-momentum (correlation) sector 7. Red squares mark the field values at which
the ground state switches between neighboring correlation sectors (level crossings), consistent with the sector
boundaries in Fig. 2.
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FIG. 5. Twisted-light excitation response as a correlation-sensitive readout proxy. Mean net change in the
number of chiral excitations, (ANec), plotted vs w./wy for several fixed pulse central frequencies wr/wy
(as indicated). Solid (dashed) curves correspond to the Coulomb (Calogero) interaction model. Pronounced
variations of (ANg.) track resonance conditions and symmetry-allowed transitions under the selection
rule Alm| = (I + o), providing an experimentally oriented diagnostic of the underlying correlation-sector
structure.

V. QUANTUM COMPUTING MAPPING: CORRELATION-SECTOR QUBIT AND GATES
A. Qubit encoding in correlation sectors

A computational basis is defined from two odd-|m| relative-motion sectors. A concrete choice is

|0) = |m = —3) (sector|m| = 3),

[1) = |m = —5) (sector |m| =5), (11
which are adjacent under the s = 2 selection rule. Throughout, we make the reasonable assumption
that the spin-polarized triplet manifold is selected by magnetic field and Zeeman splitting, so the
qubit is encoded purely in the orbital correlation sector. Physically, |1) has a larger correlation hole
than |0) and a larger typical relative separation.

This encoding is not (yet) topological: At N = 2, there is no anyonic braiding, no edge conformal

field theory, and no topological degeneracy. The value is instead that these are interaction-defined
wave functions with distinct correlations, and twisted light addresses them selectively.

B. Single-qubit X rotations: twisted-light Rabi oscillations

Near resonance with the |0) <> |1) transition and within the rotating-wave approximation, the
driven two-level subspace has an effective Hamiltonian of the form

hé hQ
Hep = 00 + TRax, (12)

where § is the detuning and 2 is the Rabi frequency. Up to known geometric prefactors from the
optical field, Q2 is proportional to the Calogero matrix element in Eq. (10):

QR X 50 |M(;25 . (13)
A resonant pulse of duration ¢t implements
0
R.(0) = exp —ZEUX , 0 =Qgt, (14)
i.e., an X rotation with angle set by pulse area.

000023-7



RODRIGUEZ, QUIROGA, AND JOHNSON

C. Single-qubit Z rotations: phase accumulation

Free evolution for a time 7 between pulses produces a Z rotation through the energy splitting

between the two chosen sectors:
1 1
hiwquoir = Ey_s — Ey 3 = ho (a5 — a3) — ho,, (15)

i.e.,

wqubit:a)(\/25+oz—«/9+a)—wc. (16)

The corresponding phase gate is

R:(¢) =exp <—i§0z>, ¢ = Wqubit T a7

Because Eq. (9) is analytic in «, the qubit frequency is known in closed form.

D. Universality: compiling arbitrary single-qubit unitaries from R, and R,

In circuit-model language, a universal single-qubit gate set is one from which any unitary U €
SU(2) can be synthesized to arbitrary accuracy. The pair {R,(8), R,(¢)} is universal: Any single-
qubit unitary admits an Euler-angle decomposition

U = R:(¢3) R:(0) R:(¢1), (18)

so in practice a pulse-wait-pulse sequence suffices to implement an arbitrary rotation. The sig-
nificance of the N = 2 TL-Calogero system is that both the pulse-driven angle 6 = Qgt and the
free-evolution phase ¢ = wqupiT are controlled by analytic functions of the interaction parameter o
[Egs. (13) and (9)].

E. Readout: twisted-light spectroscopy as a correlation diagnostic

A key conceptual point is that twisted light provides a natural state-discrimination channel: The
same selection rules that enable writing excitations also yield correlation-sensitive absorption lines
[9]. Spectroscopy is a route toward readout by resolving transitions that originate predominantly
from |0) or from |1) (e.g., by driving to a higher |m| sector with distinct resonance). A true
projective, single-shot measurement still requires a device-specific detector architecture and signal-
to-noise analysis. This gives the platform a useful write and diagnose symmetry: prepare with one
pulse family, interrogate with the same optical channel.

Beyond providing a state-selective writing channel, twisted light also offers a natural route to
readout via spectroscopy. To make this explicit, in Fig. 5 we plot the excitation response in terms of
the mean net change in the number of chiral excitations, (ANe.), evaluated from the pulse-driven
dynamics and taken in practice as a proxy for absorption at the chosen central frequency wr.

Sweeping the magnetic field at fixed wr/wy produces pronounced steplike features and sharp
variations in (ANe.), which can be traced directly to the underlying level structure in Fig. 4: When
the ground state changes correlation sector (or becomes nearly degenerate with the first accessible
excitation in the same parity family), resonant channels open or close under the twisted-light
selection rule A|m| = (I 4 o), leading to enhanced or suppressed excitation. In this way, Figs. 4
and 5 together illustrate the central write-diagnose symmetry of the platform: The same structured-
light channel that addresses internal correlation ladders also provides correlation-sensitive spectral
fingerprints suitable for distinguishing sectors and calibrating operating points.

F. Why the Calogero parameter matters for gate design

The interaction parameter « enters both the spectrum [Eq. (9)] and the matrix element [Eq. (10)].
Hence, it acts as a continuous “knob” that tunes
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TABLE I. Twisted light as a control layer for correlation-sector qubits.

Role Physical action Quantum-information meaning

WRITE Resonant TL pulse (choose /, o, pulse Implements R, (6) between correlation sectors
area)

READ TL spectroscopy of Distinguishes correlation sectors; projects onto
correlation-sensitive lines |0) or |1)

SCALE SLM steering + vorticity selection Optical addressing of many dots without dense

wiring; mode selectivity sets A|m)|

(1) the qubit frequency wqupic (phase gate rate),

(2) the Rabi frequency Q% (pulse time),

(3) leakage and selectivity, by controlling level spacings to nearby sectors.

In realistic dots, « is not literally an inverse-square coupling, but it can be viewed as an effective
parameter capturing screening and confinement; the analytically solvable point provides guidance
for robust operating regimes [9].

G. Leakage and anharmonicity: why an interacting ladder can help gate fidelity

A practical qubit must behave approximately as a two-level system under the applied drive.
Here, the relevant leakage channels are transitions from |0) = |m| =3 and |1) = |m| =5 into
neighboring sectors such as [m| = 1 or |m| = 7. A helpful feature of the Calogero spectrum is that it
is anharmonic in m because a,, = ~/m? + «. For a TL mode carrying s units of angular momentum,
the transition frequency between n = 0 sectors is

rel _ grrel
Eo—(mits) — Eo—m)

Swe
WD\m|— |m|+s = n = w(alm\-H - Of\ml) -

>
For the qubit choice in Eq. (11) with s = 2, the anharmonicity that controls off-resonant leakage to
|m| =7is

19)

A= w57 — w355 = of(a7 —as) — (a5 — a3)]. (20)

Because A is an analytic function of «, the solvable limit provides a direct way to identify parameter
regimes where A is large compared to the Rabi rate Qg, suppressing leakage. This is the same
“anharmonicity engineering” logic used in transmons, but here it arises from correlations rather
than Josephson physics.

VI. TOWARD A PHOTONIC CONTROL BUS AND MULTIQUBIT OPERATIONS
A. Write, read, scale: a minimal control narrative

Table I summarizes the operational viewpoint suggested by the physics above.

B. Addressability: diffraction limit and near-field requirements at THz frequencies

The “SCALE” line in Table I intentionally highlights an attractive idea: A spatial light modulator
can steer a beam to select a dot, while the OAM/polarization choice selects A|m| and therefore
the internal transition. However, for the intraband orbital transitions emphasized here, the natural
frequencies are typically in the THz range (see Sec. IX), corresponding to free-space wavelengths
A ~ 0.3-3 mm. A diffraction-limited far-field spot size is therefore orders of magnitude larger than
typical lithographic dot spacings (tens to hundreds of nanometers, or ~um-scale pitches in larger
arrays). This mismatch is the central scalability challenge for the “photonic control bus” vision and
should be stated explicitly.
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There are several physically plausible routes forward, all of which fit naturally into the META
(metamaterials/photonics) scope: (1) Proof-of-principle sparse arrays: begin with isolated dots
separated by tens to hundreds of micrometers so that a THz focus can address them individually.
(2) On-chip near-field localization: integrate each dot with a local THz antenna, resonator, or
metasurface element that converts an incident beam into a tightly confined near field at the dot
location (subwavelength confinement is routine in resonant near-field structures even when A is
macroscopic). (3) Waveguide delivery: route THz/mid-IR power on chip to selected sites, using the
optical beam mainly as a global clock or for frequency selectivity. (4) Frequency-upshifted designs:
use stronger confinement and/or different materials to push the relevant orbital splittings into the
mid-IR, where A is ~10 um and far-field addressing becomes less extreme.

In short, mode selectivity via OAM is a genuine asset, but spatial selectivity at THz wavelengths
will likely require near-field or structured-photonic engineering rather than simple far-field focusing.

C. A concrete two-qubit entangling gate mechanism

A scalable architecture requires at least one entangling two-qubit gate. For two nearby dots A
and B, the interdot Coulomb interaction depends on the charge distribution in each dot. Because
different correlation sectors have different spatial extent, the interaction energy is state dependent.
A clean analytic diagnostic of this size difference is the exact Calogero expectation value [12]

(r2>m,a = 45%(05m + 1)9 U =V m? +a. (21)
This motivates an effective ZZ coupling model:
hJ U Uogo — Uy — U,
Hyy = ZGZ(A)GZ(B)’ j=2u + Uno . 1o~ Yo, (22)

where Uj; is the electrostatic energy when dot A is in |i) and dot B in | j).

1. Closed-form estimate of J from a long-distance multipole expansion

Equation (22) defines the entangling rate J, but it is useful to have an explicit estimate. Assume
two nonoverlapping dots whose centers are separated by an in-plane distance D (typically D ~
200-500 nm in gated devices [13]). Let the electron positions in dot A be r4; = R4 +1r4/2 and
ra2 = R4 —1r4/2, where ry is the internal (relative) coordinate; similarly for dot B. The interdot
interaction is then

2
e
VAB:%ZZW’ (23)

where D = R — Ry. For D >»> /(r?), one may expand 1/|D + §| in powers of §/D and then
average over the rotationally symmetric internal states (for which (r) = 0). A derivation can be
obtained by Taylor expanding 1/|D + §| and using isotropic angular averages; equivalently, it is the
leading quadrupole-quadrupole contribution for planar charge distributions. The result is

& [4 ()i + 2 9 ()i ),

Ui~ —| = VATV Z VA 24
Famelpt T ta b T } @4)

where (r?); denotes the internal size in dot A when it is in |i), and (r?) j 1s the corresponding size in
dot B. The D3 term produces only single-qubit frequency shifts (it is additive in i and j and cancels
in Uyy + Uy — Ujo — Upy). The leading entangling contribution is the D73 cross term, giving

1 & 9 (A(FH))?

2 2 2
Fia e A== (25)
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Using the exact Calogero size formula in Eq. (21), A(r?) = 46(2)(045 — «a3), this becomes

J o L €9 b —a) (26)
hdme 4 D3

For representative GaAs parameters (¢ = k&g, with k >~ 12.9 and £y ~ 10 nm; see Sec. IX) and
o5 — o3 =~ 2 (noninteracting limit), Eq. (25) gives J/(27) ~ 0.08-8 MHz for D = 500-200 nm,
corresponding to a controlled-phase time tc; = 7 /J ~ 6 us to 70 ns. The steep D> scaling makes
this gate highly tunable: Bringing dots closer or using a larger effective size difference (larger A (r?))
rapidly enhances J.

Free evolution for time ¢ = & /J implements a controlled-phase (CZ-equivalent) gate up to
single-qubit Z rotations.

This mechanism is not topological—it is analogous to capacitive ZZ coupling in other
platforms—but it is concrete and testable, and its distinctive feature is that the basis states are
correlation sectors written and read optically by twisted light.

D. Coupled N = 2 dots as a two-qubit module: analytic interdot entanglement and an XY gate channel

Connecting single-dot and coupled-dot “magic-number” transitions. In an isolated, spin-
polarized N = 2 parabolic dot, the low-energy branch is organized by odd relative angular momenta
|lm| =1,3,5,...; as the magnetic field is increased, the ground state typically steps through this
odd-|m| ladder (the N = 2 analog of the well-known N = 3 magic-number sequence L = 3k). For
two dots, the uncoupled spectrum is the direct product |my4, mp) of the same single-dot ladders.
Coulomb-range interdot interactions then reshape these inherited “magic” sectors by creating
resonant anticrossings and entangled eigenstates when two product states become nearly degenerate.
The Benjamin-Johnson selection rule makes this concrete: The dominant mixing occurs between
|m, m + 2) and |m + 2, m), i.e., the same A|m| = 2 step that twisted light addresses within a single
dot. In this sense, coupled-dot “magic-number transitions™ are not a separate phenomenon: They
are the single-dot magic ladder promoted to a two-site module, where interdot interactions convert
near-degeneracies into exchangelike (XY') entangling dynamics.

The capacitive ZZ mechanism in Sec. VIC 1 is the simplest entangling interaction to model,
but it is not the only one available when two dots are brought into Coulomb range. In fact, a
qualitatively different entangling channel—a resonant, exchangelike XY coupling between [01) and
|10)—appears already in early analytic work on coupled few-electron dots with N = 2 electrons per
dot. This is directly relevant to the present proposal because our qubit basis states |0) = ||m| = 3)
and |1) = ||m| = 5) differ by A|m| = 2, exactly the “quantum” transferred between dots in those
analytic coupled-dot solutions.

1. Benjamin-Johnson multiple-dot model: entanglement without tunneling

Benjamin and Johnson introduced an analytically solvable model of P colinear, two-dimensional
quantum dots, each containing two electrons, arranged vertically with interdot separation s [14].
Interdot tunneling is neglected; adjacent dots are coupled purely by the two-body electron-electron
interaction, an “optical wiring” channel that can exist even in the absence of any single-particle
tunneling term [14]. They take an inverse-square interaction (Calogero form) both within each dot
and between adjacent dots,

P
p
Vinr = — 5> 27
e a; |ra,1 - ra,2|2 ( )
P 2

p
Vinler222|r T 1j|2+S2’ (28)

a=2ij=1"%! a—b
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and then Taylor expand Vi under the physically transparent assumption that typical in-plane
separations are smaller than s [14]. To order Pr?/s*, the coupled-dot problem remains exactly
solvable; higher-order terms (schematically Pr*/s®) are then treated by analytic perturbation theory
[14].

For P = 2 identical dots, the low-lying eigenstates can be labeled as direct products |m;, m;),
where m, is the relative angular momentum quantum number of the two-electron state in dot a
[14]. At the exactly solvable order (ocr?/s*), the pair |m, m + 2) is degenerate with |m + 2, m).
The next-order interdot perturbation then mixes these states selectively: In the nearly degenerate
subspace, the perturbation only connects |m,, mp) to |m., my) if my —m, =my —mp =0 or £2
[14]. As a result, the relevant eigenstates are entangled superpositions of the form

|Wy) = %(|m+ 2,m) £ |m,m+2)) 29)

(identical dots, on resonance) and for unequal dot sizes (weakly nondegenerate case) they become
(plm + 2, m) + qlm, m + 2)), with p # g set by the detuning [14]. Benjamin and Johnson show
that these entangled states can become ground states over finite B-field windows, and interpret their
formation as a resonance phenomenon closely analogous to Forster energy transfer; in an array, the
corresponding “Frenkel exciton” can propagate and form an exciton band [14].

2. Mapping to the correlation-sector qubit: an iSWAP/~/iSWAP entangler

This structure maps almost one-to-one onto the present qubit encoding. Take two dots A, B with
local basis |0) = ||m| = 3) and |1) = ||m| = 5). Then, the two-qubit states

[01) =|3,5), [10) =15, 3) (30)

are precisely the (m, m + 2) and (m + 2, m) pair with m = 3 in Eq. (29). The coupled-dot perturba-
tion therefore generates an effective exchange Hamiltonian in the {|01), |10)} subspace:

TiJex
Hyy = hJex(|01)(10] + |10)(01]) = Te(a;%ﬁ + oMo ), (€1

with Jox set by the relevant interdot matrix element (the same perturbative order that produces
the entangled eigenstates). On exact resonance (identical dots), the eigenstates are the Bell states
|Wi) = (]01) £ |10))/«/§ with splitting 27J.. Free evolution under Hyy implements an entangling
gate:

U)|01) = cos(Jext)|01) — i sin(Jext )| 10), (32)

U1)[10) = cos(Jext )| 10) — i sin(Jext )|01). (33)

Thus, t = 7 /(2J) yields an iSWAP (up to single-qubit phases), and t = 7 /(4J) yields a
+/iSWAP, which is maximally entangling. Crucially, the same coupled-dot analysis provides a
control knob: Detuning the dots (e.g., via slightly different confinement strengths) moves the [01)
and |10) energies apart, suppressing the mixing (the “quadratic Stark” analog in Ref. [14]). In
quantum-information language, this is an on/off switch for the XY entangler, complementary to
the always-on but tunable ZZ coupling of Sec. VIC 1.

3. Johnson-Benjamin double-layer model: analytic four-electron precursor to bilayer FQHE

A closely related analytic benchmark is provided by Johnson and Benjamin’s exactly solvable
double-layer (vertical) model with two electrons per layer [15]. They consider electrons confined in
each layer by a 2D parabolic potential in a perpendicular magnetic field, neglect interlayer tunneling,
and include both intra- and interlayer inverse-square interactions. By introducing center-of-mass
and relative coordinates within each layer and between the layer centers of mass, and then Taylor
expanding the interlayer interaction under the assumption that the typical in-plane separation is
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less than the layer separation s, the Hamiltonian becomes exactly solvable once the expansion is
truncated at quadratic order [15]. In particular, truncation at the second term yields an additive
constant plus a sum of four decoupled solvable Hamiltonians,

4 12 12
4p 48 8
=—2 E Hi(ui, qi), o1 =wy, wy=w3= w(z)__ , W4 = a)é——’B

m*s4 m*s4
(34)

where H; and Hy are single-particle Fock-Darwin problems and H,, H; are two-body (Calogero)
problems for the intralayer relative coordinates [15]. The resulting ground-state sequence in mag-

netic field is |my, m3) = |1, 1), |3, 3), |5, 5), ..., with odd m, 3 set by antisymmetry within each
layer [15]. Johnson and Benjamin further define an effective small-N filling factor per layer v, =~
1/m,, giving a total sequence v = v; + v, =2, 2/3, 2/5, ... that is consistent with the observed

bilayer fractions for sufficiently separated layers [15]. They also emphasize that the analytically
obtained correlated wave functions differ fundamentally from the standard Jastrow/Greek-Roman
(mmn) forms used in bilayer FQHE modeling [15].

For the present proposal, Eq. (34) is useful in two ways. First, it provides a closed-form depen-
dence of mode frequencies on the geometric separation s, making it an analytic “calibration model”
for how vertical coupling renormalizes energy scales (and hence how interdot coupling shifts qubit
splittings and detunings). Second, it highlights a genuinely multidot feature absent in the single-dot
problem: an additional collective coordinate (the relative coordinate between layer centers of mass)
with its own tunable frequency w4 (s). In an engineered device, this degree of freedom can be viewed
as a candidate mediator mode for coupling qubits beyond pure static ZZ shifts.

4. How this strengthens the twisted-light quantum-computing proposal

Taken together, these two analytic coupled-dot benchmarks strengthen and extend the QC
narrative in three concrete ways:

(1) They provide an explicit, symmetry-selective XY entangler for the same A|m| = 2 qubit lad-
der. The |3, 5) < |5, 3) mixing predicted for coupled N = 2 dots is precisely the exchange channel
needed for iISWAP-type two-qubit gates, complementing the capacitive ZZ gate in Sec. VIC 1.

(2) They suggest an “exciton transport” architecture for dot arrays. In the Benjamin-Johnson
picture, a localized change of m on one dot can resonantly propagate as a Frenkel exciton band in
a chain [14]. In our language, this is propagation of a local correlation-sector excitation. Twisted
light provides the natural way to write such an excitation on a selected dot and read it out
spectroscopically at another location.

(3) They supply analytic s dependence and mode structure for vertically coupled modules. The
Johnson-Benjamin decomposition makes clear which collective coordinates are activated by vertical
coupling and how their frequencies scale with s [15]. This is exactly the kind of analytic handle
needed to design detuning-based on/off control of interdot exchange and to anticipate extra spectator
modes that may need to be dynamically decoupled.

In short, the coupled-dot literature already contains an analytic demonstration that two N = 2
dots can generate strong, interaction-mediated entangled eigenstates without tunneling. Twisted
light adds the missing ingredient for quantum information: a structured, sector-selective optical
handle to coherently address the internal ladders and thereby turn those coupled-dot correlations
into a programmable gate set.

E. Comparison with established qubit platforms

The correlation-sector qubit shares features with several established platforms while introducing
genuinely new elements: (1) an interacting many-body basis and (2) structured-light control of
internal motion. Table II provides a compact comparison.
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TABLE II. Context: correlation-sector qubit compared to common platforms (qualitative).

N = 2 correlation-sector Superconducting
Feature qubit transmon Trapped ion
Basis states Relative-motion sectors Weakly anharmonic Hyperfine/optical atomic
|m| = 3, 5 (correlations) oscillator levels levels
Single-qubit drive Twisted-light pulse (I, o) Microwave pulse Laser pulse
Native X gate TL Rabi oscillation Microwave Rabi Raman/direct Rabi
[Eq. (14)]
Native Z gate Free evolution [Eq. (17)] Detuning/flux bias Free evolution
Anharmonicity Correlation-induced Josephson nonlinearity Atomic structure
Ay =V/m* +a
Analytic gate Exact in Calogero limit Typically calibrated Exact (atomic theory)
parameters [Egs. (9) and (10)] numerically
Two-qubit coupling  State-dependent Coulomb  Capacitive/inductive Shared motional modes
idea ZZ [Eq. (22)] coupling
Topological N > 3 FQHE droplets and  None intrinsic None intrinsic
upgrade path quasiholes

VII. NOISE CHANNELS AND ROBUSTNESS CONSIDERATIONS

Because the encoding in Eq. (11) uses different charge-correlation sectors, the dominant de-
coherence mechanisms are expected to resemble those of “chargelike” qubits rather than pure
spin qubits. This does not invalidate the platform; it clarifies what must be engineered and what
“robustness” realistically means at the N = 2 stage.

A. Control errors: pulse area, detuning, and mode purity

Twisted-light gates rely on resonant driving, so standard coherent-control considerations ap-
ply: (1) pulse area errors (6 # Qgt), (2) detuning errors [6 # 0 in Eq. (12)], and (3) imperfect
OAM/helicity mode purity (admixture of unwanted s values). The advantage of the analytic frame-
work is that these errors can be propagated through closed-form expressions for the gate unitary
and (in principle) optimized using composite pulses and robust control sequences, without relying
purely on black-box calibration.

B. Environmental decoherence: phonons and electrostatic noise

In a semiconductor dot, coupling to acoustic phonons and to charge noise in nearby gates and
impurities will induce relaxation and dephasing between correlation sectors. Since |0) and |1) differ
in spatial extent, they couple differently to fluctuating electrostatic potentials, producing dephasing
analogous to that of charge qubits. A practical strategy is therefore to operate in regimes where
(1) the energy splitting fiwqypi 18 large compared to kg1 (suppressing thermal mixing) and (2) the
relevant transitions are well separated from leakage channels [large anharmonicity A in Eq. (20)].

C. What “robust” can mean in this context

At N = 2, “robust” should not be interpreted as topological fault tolerance. Instead, it refers to
two experimentally useful features already demonstrated in the spectroscopy setting: (1) Twisted
light targets internal excitations that are symmetry forbidden to dipole probes (a clean signal
channel) and (2) the qualitative chiral fingerprints persist for a range of interaction forms from
screened to Coulomb [9]. These properties motivate the N = 2 dot as a calibration-grade gate
primitive and as a stepping stone to N > 3 droplets where true topological protection may be
approached.
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D. Decoherence: a quantitative dephasing estimate and the key engineering challenge

A realistic assessment must confront decoherence. Our encoding uses orbital correlation sectors
(Jm| =3 and |m| = 5), so it is “chargelike” in the sense that the energy depends on the spatial
distribution. However, a definite-m state in an ideal circular dot is rotationally symmetric and
satisfies (r) = 0, so it carries no permanent in-plane dipole moment. As a result, spatially uni-
form electric-field noise couples primarily to the center-of-mass (Kohn) mode rather than directly
dephasing the internal qubit. The leading internal sensitivity is instead quadrupolar: Fluctuations of
the confining curvature (or equivalently, field gradients) shift the two qubit levels differently because
(r?) differs.

A simple analytic estimate follows from a “curvature-noise” model in which gate-voltage noise
induces a small fluctuation 8wy of the bare harmonic confinement. Since w? = a)(z) + wf /4, the rel-
ative Hamiltonian contains a term (uw?/2) r> with dH/dwy = pwor?. By the Hellmann-Feynman
theorem,

aEm ad Wqubit Ko

2 2
b = m,os = ’ 35
D M0 (r)m, = o o A(r?) (35)

with A(r?) = (rz)\m|:5 — (r2)|m|:3 = 4(%(055 — a3) from Eq. (21). For quasistatic Gaussian noise
with rms amplitude o,,, the rms fluctuation of the qubit splitting is

awqubit

Oy = 2 A1) 00y, (36)

quubll = ‘ a (l)(]

so that 7" ~ Oy ib“. Equation (36) clearly identifies the levers that improve dephasing: suppress

curvature noise (0, ), reduce sensitivity via large magnetic field (wp/w < 1 so gate voltages weakly
perturb w), or engineer a smaller A (r?) (at the cost of reduced J in Sec. VIC 1).

To connect with experiment, charge qubits in semiconductor double quantum dots typically
exhibit 7} in the nanosecond range when operated away from optimized “sweet spots” (e.g., a
decoherence time ~1 ns in early GaAs charge-qubit oscillations [16], and a maximum coherence
time ~7 ns at the charge-degeneracy point consistent with a 1/f noise model [17]). An important
mitigating feature of our single-dot, circular encoding is that the internal qubit is not a dipole
qubit; in an ideal harmonic dot, the leading charge-noise coupling can be strongly suppressed [18].
Nevertheless, the message for feasibility is clear: Unless the device is engineered to reduce effective
curvature noise (material choice, screening, symmetric operation, and/or dynamical decoupling
enabled by fast optical control), decoherence is likely to be the dominant constraint for gate fidelity.

Finally, it is useful to express a minimal “coherent-control” requirement in terms of the Rabi
frequency. From Eqgs. (12) and (13), a resonant pulse drives oscillations at Qz = 250|M§°‘)5|/h (up

—

to envelope factors). A necessary condition for high-contrast Rabi oscillations is therefore
QT > 1, (37)

while two-qubit gates require J T, > 1. Equations (25)—(37) provide a compact quantitative check-
list: Fast optical control is available in principle, but turning the correlation-sector qubit into a
high-fidelity quantum-computing primitive hinges on suppressing (or refocusing) the remaining
quadrupolar charge-noise channels.

VIII. ROADMAP: FROM N = 2 GATE PRIMITIVES TO TOPOLOGICAL FQHE CONTROL

The N = 2 system is simultaneously (1) a fully analytic gate primitive and (2) a stepping stone
toward genuinely topological FQHE degrees of freedom at N > 3.

A. What carries over robustly to larger N

Three qualitative features are expected to generalize the following:
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(1) OAM selection rules are symmetry protected. The angular-momentum transfer s =1 + o
implies AL = £s for the many-body state, providing a tunable ladder between total-angular-
momentum sectors.

(2) Kohn protection remains the baseline. Spatially uniform dipole probes (I = 0) excite only
CM motion, remaining blind to correlations in a parabolic dot. Twisted light is therefore the minimal
optical route to correlation spectroscopy.

(3) Line strengths are correlation diagnostics. The intensity of a TL-driven transition depends
on interaction-defined eigenstates (pseudopotentials), so spectroscopy directly probes correlation
content [9].

B. Quantitative NV = 3 Calogero scaffold: 1/NV expansion and the magic-number ladder

For N = 3, the pairwise inverse-square interaction

_yy PP 1

v =TS G8)
i<j Uy

admits a semianalytic spectrum in a magnetic field via the resummed 1/N expansion of Ref. [11]

(see also Ref. [10]). The center of mass still decouples exactly in a parabolic dot, so the relevant

spectrum organizes by the internal total angular momentum. To avoid confusion with the optical

OAM index I/, we denote the many-body angular-momentum sector by L > 0 (standard FQHE

convention); for B > 0, this corresponds to the low-energy left-chiral branch of the dot spectrum.

In the notation of Ref. [11], the internal energies can be written in the compact form

fieo,
&WMM%MNU+%“NEMMM+%+H—;L, (39)

where o = , /a)(z) + w?/4, n, counts the symmetric “breathing” mode, and (na, ma) label an effec-
tive 2D “shape” mode of the triangle. The shift §(L; na, ma) is an O(1) quantity fixed by a simple
transcendental equation (given explicitly in Ref. [11]) and is easily obtained numerically. Refer-
ence [11] also provides explicit approximate eigenfunctions in the normal-mode coordinates, so TL
matrix elements reduce to standard oscillator integrals. Equation (39) is therefore a design-level
scaffold for N = 3: It gives transition frequencies, anharmonicities, and parameter trends without
full diagonalization.

a. Magic-number ladder and the L = 3k sequence. For three spin-polarized fermions, Ref. [11]
finds that the ground state progresses through the “magic” angular momenta

Lys(B) € {3,6,9,12, ...}, (40)

as the magnetic field is increased, reproducing the well-known incompressible/magic-number
phenomenology of three-electron dots and agreeing qualitatively with Coulomb calculations [19]. In
particular, the ¢ = 3 Laughlin precursor sits at L = 9, and the adjacent L = 12 manifold is precisely
where the single-quasihole and the AL = 3 edge excitations live.

b. Why an s = 3 twisted-light pulse is special at N = 3. A quasihole at the origin is created by

3
O =[]z = esz1, 22, 23), (41)

i=1
which raises total angular momentum by AL = +43. A twisted-light mode with s =1+ 0 =3

therefore targets the correct sector directly (L =9 — 12). In the LLL-projected language, the
simplest s = 3 optical multipole is the power-sum symmetric polynomial

3
p3(2) = Zz? (42)
i1
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TABLE III. Key gate-level quantities and how to obtain them in the analytic Calogero model versus a
realistic Coulomb/screened dot. The point is not that Calogero must be quantitatively exact, but that all required
parameters are either closed form (Calogero) or directly calibratable (device).

Quantity Calogero (1/r%) Coulomb/screened (1/r)
Wqubit Equation (15) TL spectroscopy (line positions)
A Equation (20) ED/radial solve + spectroscopy
M;_.5 Equation (10) ED/radial solve (wave functions)
Qr Equations (12) and (13) Rabi calibration (pulse area)

(r?) Equation (21) ED/radial solve

J Equation (25) Multipole + ED/calibration

Newton’s identity for three variables,
Py = e —3ejey + 3es, (43)

makes the physics transparent: An s = 3 drive necessarily contains a direct quasihole component
(o< e3) plus components in the other AL = 3 basis states (e? and eje;). Interactions select the eigen-
basis within the L — L 4+ 3 manifold, so the experimentally relevant question becomes quantitative:
What is the overlap of the TL-driven superposition with the quasihole eigenstate, and can it be
enhanced by spectral selectivity and pulse shaping?

C. Realistic interactions versus Calogero: what must be validated quantitatively

The Calogero model is powerful because it yields exact closed-form energies and matrix el-
ements, but a quantum-computing proposal ultimately lives or dies on quantitative device-level
parameters: the qubit splitting wqupit, the Rabi rates 2z and leakage rates set by the anharmonicity A,
and the two-qubit coupling J. For generic Coulomb or screened interactions, the qualitative chiral
fingerprints and selection rules can persist [9], but high-fidelity pulses require that the key quantities
be either (1) close enough to Calogero predictions or (2) experimentally calibratable.

A practical viewpoint is that the Calogero analytics should be used as an initial design model
and as a way to identify which transitions are symmetry-allowed/forbidden and which sectors are
targeted by a given ([, o). Then, for a given device with a realistic interaction, one performs a short
spectroscopic calibration using the same TL control channel: The transition frequencies directly
determine wqui and A, while Rabi oscillations determine Qz for the chosen pulse shape. This
is completely standard in other qubit modalities (superconducting circuits, trapped ions), and it
reduces the burden on the Calogero-to-Coulomb guantitative match.

To make this explicit, Table III lists the minimal set of quantities that must be known (or
measured) to run gates, together with the closed-form Calogero expressions already derived in this
paper and the corresponding “how to obtain” route for a Coulomb/screened dot. For N = 2, the
Coulomb/screened problem is still one dimensional in the relative radius r for each m, so all entries
can be produced numerically by straightforward radial diagonalization (or by exact diagonalization
in a truncated Fock-Darwin basis) without the exponential complexity of many-body FQHE.

The remaining quantitative question is fidelity transfer: How close must the Calogero-designed
pulse be to the Coulomb-optimized pulse to achieve high fidelity? Because our protocol is intrinsi-
cally spectroscopic, the most conservative answer is: It need not be close at all, provided the device
is stable enough that wqupic and g can be calibrated and remain stationary over the experiment. The
more optimistic possibility—to be tested numerically for representative device geometries—is that
the relevant quantities (especially the selection-rule structure and relative strengths of the dominant
matrix elements) vary smoothly across repulsive central interactions, so that Calogero provides not
just qualitative guidance but a quantitatively good first guess.
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D. How the Gambardella SU(1, 1) machinery can be leveraged for this project

A central practical obstacle in scaling beyond the analytically solvable N = 2 case is to retain
an operator-level understanding of which many-body sectors are bright/dark under twisted light
and how the relevant transition frequencies and anharmonicities scale with interaction strength. A
powerful (and underused in the quantum-dot literature) route is to exploit the fact that inverse-square
interactions belong to a broad class of Hamiltonians whose dynamical group is SU(1, 1).

Gambardella showed that for N interacting particles in any spatial dimension, after elimi-
nating the center of mass, the internal Hamiltonian with a quadratic (harmonic) term plus an
additional translation-invariant potential that is homogeneous of degree —2 has SU(1, 1) as a
spectrum-generating algebra: The Casimir eigenvalue fixes the ladder spectrum, and a family of
eigenfunctions can be generated algebraically by raising operators acting on the ground state [20].
This includes (as special cases) Calogero-Sutherland-type inverse-square forces and also certain
three-body and higher-body homogeneous interactions [20].

a. Why this is directly relevant to paraboltc quantum dots Even though quantum dots are defined
by a one-body parabolic confinement Vg = m w} 3", r? rather than an explicit pair potential, the
identity

N
1 1
2 2 2 = .
,21 RENR 4D R=y § i, (44)

implies that after center-of-mass separation the internal confinement is proportional to ij rfj
Thus, the internal problem in a parabolic dot fits naturally into the “quadratic pair + homogeneous
—2” class treated in Ref. [20] once the CM degree of freedom is removed. The magnetic field adds
the standard Fock-Darwin L, term; it lifts chiral degeneracies but does not eliminate the internal
ladder structure (Sec. IV already illustrates this explicitly for N = 2).

b.SU(1, 1) generators and ladder structure. In Jacobi coordmates {X, }N ! for the internal motion
(with conjugate momenta {F,}), define the quadratic “size” operator, d1lat10n operator, and scale-

invariant Hamiltonian,

N—1 N—1
L om* N 1 N
C=— X* D=-= X,-P,+P,-X,), H + Vhom ({X, 45

> E: » 3 QEZI( + ) o= hom ({Xa}), (45)

where Viom is translation invariant and homogeneous of degree —2 (e.g., Calogero 1/ rizj). Then
(under the homogeneity condition), these operators close an su(1, 1) = so(2, 1) Lie algebra [20],

[C, D] =2irC, [C,Hyl =ikD, [Hy, D] = —2ikH,. (46)

The trapped internal Hamiltonian is Hiy = Hy + ©>C (with an appropriate effective w set by
wo and B). Standard linear combinations of (Ho, C, D) define SU(I, 1) ladder operators K. and
a Cartan generator K, such that K, raises the “breathing” quantum number by one step [20].
Consequently, within each SU(1, 1) tower the spectrum is a near-harmonic ladder with step ~2%w
(exact in the solvable class), while the tower label is set by the Casimir (equivalently, by the
interaction-determined “angular” sector on the (N — 1)-dimensional shape sphere).

c. How this helps twisted-light control design. For the purposes of this proposal, the Gambardella
viewpoint supplies three concrete project tools:

(1) State construction beyond brute force. Reference [20] gives a constructive scheme in which
a family of excited states is generated by an energy-raising operator acting on the ground state.
This mirrors our N = 2 Laguerre-tower structure (see Sec. IV) and provides an analytic scaffold for
N > 3 breathing-mode ladders.

(2) Selection-rule bookkeeping. Twisted-light operators are low-order polynomials in the coor-
dinates (LLL-projected multipoles). Decomposing them into irreducible pieces with respect to U(1)
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rotations (AL = =%s) and the SU(1, 1) ladder structure predicts, a priori, which internal towers are
addressable at given s and which matrix elements are symmetry forbidden.

(3) A bridge to realistic Coulomb dots. Even when the true Coulomb interaction breaks exact
solvability, SU(1, 1) remains a useful organizing principle for near-harmonic internal ladders. The
program is then to (1) use the SU(1, 1) scaffold to design pulses and expected spectral patterns and
(2) calibrate the remaining interaction-specific mixing by exact diagonalization in the LLL basis.

d. Worked example: N = 3 and the s = 3 TL operator selects a finite set of SU(1,1) towers. To
make the “tower selectivity” concrete, consider the lowest-Landau-level polynomial language for
N = 3. The Laughlin state at filling v = 1/3 has polynomial V* = [],_;(z; — z;)* and total angular
momentum L = 3N(N —1)/2=9. A TL pulse with s =/ + 0 =3 (e.g., [ = 2, 0 = +1) injects
AL = +43. In the LLL-projected long-wavelength limit, the corresponding internal driving operator
reduces to the symmetric power-sum polynomial

3
Ot o Y 2 = pa(an . 23), 47)
Jj=1

which maps the L = 9 Laughlin state into the L = 12 manifold. For N = 3, this manifold is three-
dimensional, and a natural basis is given by multiplying V* by the degree-3 symmetric polynomials
{es, eyez, e%}. Using Newton’s identity [Eq. (43)],

p3 = e? — 3ey1ep + 3es, (48)

we immediately see that a single s = 3 TL pulse does not create a pure quasihole state e3)?; rather,
it creates a specific superposition across three candidate towers.

This is exactly where the SU(1, 1) language earns its keep. After separating the center of
mass, e; is proportional to the CM coordinate (e¢; = 3Zcym), so the e? and eje; pieces contain
CM excitation content, while e3 is the quasihole factor. In Gambardella’s terms, each linearly
independent homogeneous polynomial that solves the “angular” problem is a lowest-weight vector
of some SU(1, 1) representation; the internal breathing ladder is generated by K, acting on it.
Equation above therefore decomposes the TL drive into reduced matrix elements connecting the
Laughlin tower to a finite, explicitly identified set of target towers. All other towers in the same
L = 12 sector (if present at larger N) are “dark” in the idealized limit because their lowest-weight
vectors are orthogonal to the polynomial content of ps. Interactions and nonidealities can mix these
towers, but the polynomial decomposition provides a controlled starting point for which modes are
expected to be bright/dark and why.

In short, Gambardella’s dynamical-group framework turns “N > 3 is hard” into a structured
workflow: identify the relevant SU(1, 1) towers (breathing versus shape), compute the twisted-light
selection rules and dominant overlaps, and then layer Coulomb realism on top.

E. What becomes genuinely new at N > 3

At N > 3, Laughlin-like droplets support quasiholes with fractional charge and anyonic ex-
change phases [5,7]. Optically addressing the AL = N quasihole sector is therefore the first step
from “correlation spectroscopy” toward preparation of topological excitations. For N = 3, the
preceding subsection makes this concrete: An s = 3 twisted-light drive targets the L =9 — 12
manifold where the single-quasihole and the AL = 3 edge excitations reside.

To connect explicitly to standard FQHE wave function language, recall that a quasihole at the
origin is created by multiplying the many-body polynomial by 1—[5\/:1 zi, which increases total angular
momentum by N and inserts one quantum of vorticity (one unit of flux) through the droplet. Hence,
for N = 3, the operator Qqh = H?:l z; raises L by +3, and a twisted-light mode with s = 3 (e.g.,
[ =2,0 = +1) is the minimal optical multipole that can populate that sector in a single pulse. If
the relevant matrix element is sizable and the L = 12 eigenbasis is spectroscopically resolvable,
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this becomes an optical “write” primitive for a quasihole sector (with selectivity set by interaction-
defined overlaps, cf. Sec. VIII B).

a. Abelian anyons as a phase resource. Laughlin quasiholes are Abelian anyons: Exchanging
two quasiholes yields statistical angle 6 = /g (a full braid gives 260 = 2w /g) but (on simply
connected geometries with fixed quasihole positions) no fusion-space degeneracy, so braiding
alone is not universal [7,8]. Nevertheless, such phases can provide robust, geometry-insensitive
conditional phases when combined with nontopological control. In this sense, Abelian anyons
provide a protected phase resource even when they do not supply a universal gate set by braiding
alone [7].

b. How twisted light might participate in braiding protocols. If twisted light can (1) create
quasihole sectors and (2) be spatially steered by a spatial light modulator, a natural speculative
direction is to use structured light not only as a spectroscopy tool but also as a way to move
localized charge deficits (quasiholes) in time. In macroscopic FQHE samples, quasihole motion
is typically controlled by electrostatic gates or local potentials; an optical route would be faster
(pulse timescales) and potentially more flexible in geometry. A key open question for this program
is whether sufficiently localized optical potentials can be engineered without heating the electronic
system out of the LLL.

c. Long-term direction. The “photonic control bus” viewpoint motivates extending the same TL-
selective spectroscopy/state-preparation ideas to engineered dot states whose excitations are non-
Abelian [7,8].

d. Non-Abelian targets. Ultimately, universal topological quantum computation requires non-
Abelian anyons [7,8]. While the present work focuses on Laughlin-like correlations and their
Calogero limits, the broader program is clear: identify correlated dot states (possibly in higher
Landau levels or in engineered interactions) whose excitations support non-Abelian statistics, and
test whether twisted light can selectively prepare and interrogate those sectors.

F. Experimental roadmap

A concrete near-term experimental roadmap is as follows:

(1) Spectroscopy in a single dot (N = 2). Verify TL-only internal transitions and extract Am =
+2 selection rules [9].

(2) Coherent control. Demonstrate Rabi oscillations between |m| = 3 and |m| = 5 sectors and
Ramsey interferometry for phase control.

(3) Two-dot conditional phase. Engineer state-dependent Coulomb coupling and test a ZZ-type
entangling phase gate.

(4) Scale up. Extend to N = 3 dots and test s = 3 pumping into the quasihole sector as an optical
state-preparation primitive.

Even if the long-term target is topological quantum computing, the N = 2 stage can already
provide a complete, analytically characterized, optically driven single-qubit gate module—a rare
benchmark system for bridging correlated-electron physics and quantum information science.

IX. REPRESENTATIVE EXPERIMENTAL NUMBERS AND FEASIBILITY

To make the proposal concrete, we collect representative parameter values from the few-electron
quantum-dot and ultrafast/THz literature. The goal is not to lock in a single device design, but to
show that the energy scales, magnetic fields, temperatures, and pulse bandwidths required to drive
the twisted-light (TL) selection rules are already standard in nanostructure experiments.

A useful conversion is 1 meV/h >~ 0.242 THz, so a typical confinement siwy ~ 3 meV corre-
sponds to a natural scale fy ~ 0.73 THz. In the quantum Hall (Fock-Darwin) regime, the low-energy
ladder spacing between successive lowest-Landau-level orbitals is

_ 2 24 o
ho_ = h/oy + w7 /4 7 (49)

000023-20




TWISTED LIGHT GENERATES ROBUST MANY-BODY ...

so for fiwy =3 meV and B=3 T (i.e., iw. >~ 5.2 meV), one finds iiw_ ~ 1.36 meV (f_ ~
0.33 THz), while at B =5 T, one finds /iw_ ~ 0.93 meV (f_ ~ 0.22 THz), all within standard far-
infrared/THz bandwidths [21,22]. These are precisely the frequencies relevant for the |m| — |m| + s
internal ladders that TL addresses.

For spatial scales, fiwy = 3 meV and m* ~ 0.067m, imply a single-particle Fock-Darwin length
Lo = /h/(2m*wy) &~ 14 nm at B = 0. In a magnetic field, the relevant Gaussian length uses w =
\ /a)g + w?/4, giving £o(B = 5 T) ~ 10 nm, comparable to the magnetic length {5 = /7i/(eB) ~
11.5 nm at B =5 T. Hence, the relevant internal-coordinate matrix elements are set by tens of
nanometer length scales, consistent with few-electron dots in the degg ~ 100 nm class [13].

Finally, the optics side is compatible with the selection rules: The protocol requires only modest
OAM charges (I = 1, 2 in most of the worked examples), and THz vortex converters with |L| = 1

(and in some cases |L| = 2) have been demonstrated in the 0.3—1.3 THz range, with reports of
|L| < 3 at afew THz [23].

How the Gonzailez-Quiroga-Rodriguez N = 3 theory can scaffold the topological roadmap

A main bottleneck in moving from the fully analytic N = 2 case to genuinely topological droplets
(N = 3) is that the correlated spectrum becomes multidimensional and brute-force exact diagonal-
ization scales rapidly with Hilbert-space size. A particularly useful intermediate step already exists
in the few-body literature: Gonzalez, Quiroga, and Rodriguez developed a resummed 1 /N expansion
(with N essentially set by the internal angular-momentum scale) for three particles in a 2D parabolic
dot under magnetic field with a Calogero (1/r?) repulsion [11]. For our purposes, the value is
practical: Their method yields a design-level semianalytic spectrum and explicit normal-mode wave
functions (breathing versus shape) that reduce twisted-light matrix elements to oscillator integrals,
while reproducing the correct “magic-number” ground-state ladder and its magnetic-field-driven
transitions in good qualitative agreement with Coulomb benchmarks [11,19].

X. CONCLUSION

Twisted light provides an optical handle on correlation physics in magnetized quantum dots by
accessing relative-motion excitations that are dark to uniform dipolar probes. In the analytically
solvable Calogero limit, both the spectrum and the twisted-light matrix elements are closed-form
functions of the interaction strength, allowing gate parameters to be written down explicitly. This
suggests that the N = 2 system can provide a concrete single-qubit gate primitive (with a plausible
two-qubit extension via state-dependent Coulomb coupling) and a controlled stepping stone toward
N > 3 FQHE droplets where quasiholes become genuinely topological excitations. The central
message for quantum computing audiences is operational: Twisted light enables WRITE (pulse-
create a correlation sector), READ (spectroscopically diagnose correlations), and SCALE (optical
addressing via SLM) in a unified photonic control layer.
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TABLE IV. Representative numbers supporting TL control of correlated sectors in few-electron quantum

dots.

Quantity

Typical value

Comment / source

Dot confinement energy

Charging energy

Magnetic field
Cyclotron energy (GaAs)

Zeeman scale (GaAs)
Base temperature

hwy ~ 3 meV

E. ~ 1-4 meV

B<16T
hw. ~ (1.73 meV/T)B

lglisB ~ (0.025 meV/T) B
T ~ 100-200 mK

Harmonic estimate used to model GaAs
dots with dei ~ 100 nm [13]

Screened versus unscreened estimates
for deir ~ 100 nm (and a commonly
used intermediate value E, >~ 2 meV
in model spectra) [13]

Field range routinely applied in
few-electron dot spectroscopy [13]
Set by the effective mass m* = 0.067m,

[13]
With ggaas = —0.44 [13]
Typical measurement temperatures in

few-electron dot transport
spectroscopy [13]

Single-cycle THz pulses used in
time-domain spectroscopy
(photoconductive or
optical-rectification based) [21]

High-repetition-rate DSTMS
optical-rectification source
(1-10 kHz) [22]

Survey of demonstrated THz vortex
shapers and mode converters
(including reports of |L| < 3 at
1.8-2.8 THz) [23]

THz-TDS waveform pulse <1 ps, bandwidth around 1 THz

Strong-field THz example Ep = 236-819 kV/cm

THz vortex-beam
components

0.3-0.45 THz (|L| = 1, 2);
0.62-1.3 THz (|L| = 1)
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upon request. These same FORTRAN codes were also used and made available in a prior publication
[9]. All equations, derivations, and parameter estimates are presented in full within the article. The
Calogero-model eigenstates and matrix elements [Egs. (8)—(10)] are closed-form analytic results
that can be reproduced from the formulas given. The N = 3 semianalytic spectrum [Eq. (39)] is
based on the 1/N expansion method of Ref. [11], whose transcendental equation is fully specified
therein. No experimental datasets were generated or analyzed. Representative parameter values
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