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Modeling a system of neutrinos

Neutrinos are particles equipped with a flavor degree of freedom.

Investigate the collective neutrino dynamics of a system of neutrinos on a
quantum computer.

Two-flavor SU(2) model: direct mapping between I |O> o |1>
flavor and qubit states e ) T

N N
o 5 = Heisenber
H = Hyac + Hyy = Z b- i+ Z Yij 9i " 9 Hamiltoniagn
p<q

The geometry of the system depends on the structure of the couplings constants.
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Peaked neutrino beam

Mitar 2 8 Mg

Consider a gas of neutrinos
forming a peaked beam.

e (self-refracting) neutrino gas

Proto-neutron
star

Gij = % (1—cosby;), pu=V2Gpn,

Collective
oscillations

MSW
e peaked beam: fix grid of angles oscillations
V. Amitrano et. al. Phys. Rev. D
"L _ ]| 107, 023007 (2023)

E —_— 1 1 Neutrino beam v =0.9 Neutrino beam v =0.7 0 beam v =0.5
]\ T 1 9 9 o6 06, 06
04 04 04

The parameter v is related to the . //fiv

“peakness” of the beam.

0;; = arccos(v)

\

i

//

Also: © := max [l — cos8;,]
ij
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e Simulate neutrino dynamics on a quantum computer



Unitary implementation of Heisenberg propagator

Target quantum evolution: unitary time evolution operator U (dt) = e~ %%

U(dt) _ e—i(Hvac-l-HV,,)dt _ e—iHvaCdt e—iHVth - Ul (dt)UQ(dt)

H[Hmc, H,,]=0

Free evolution: easy, Ui (dt) is the direct product of single qubit rotations.

Interaction evolution:
e digital approach: combine 1 and 2-qubit gates to approximate Us(dt).
e digital-analog approach: combine native evolution of the chip (analog gate) and
single qubit gates to approximate Uz (dt).
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Digital-Analog approach: construction of the analog gate

Decomposition of the interaction All-to-all capacitively coupled qubits at
hamiltonian: resonance in RWA:
N
N _ [N N N N
H,, = ﬁXYl+ Hx,+ Hy Hlpes = ) % (XpXq +YpYy)
p,q=1
| p<q |

. !
Hiz= Y %" (ApA, + B,B)) Analog gate: U3y (t) = exp [—zH% Yt]

p,q=1
p<q

1 — ——  We use the analog gate as the
2 — 1 Uxy(t) [ building block of the simulation.
N— .
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First order digital-analog algorithm

Direct extension of the same circuit proposed for two qubits by Salathé et al. [2].

— T T = 1 — T/ 1
i e T +Z |, — i +Z
T e L0l e Ry
— 2 2
UXY | UXY | UXY |
| R |
B Rs ® Ry? R, > Ry ® -
T — — - — _ _ = | e SN e |

The circuit represents the single step of the first order Trotterization of the
Heisenberg model in the digital-analog approach.
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First order error bounds with small prefactors

The error of the approximation for a small time step is determined by a result of
Childs et al. [3]:

e1(dt) == ||Si(dt) — e ]| < — t” Z

v1=1

e

Y2=71+1

dt*
I'=3: gl(dt) {H [HXZvHXY} H + H [HYZvHXY} H + H [HYZ7HXZ} H}

In order to determine the scaling of the error in terms of the parameter of the
system, we developed numerical routines to compute this expression with
complete generality.
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First order Trotter scalings

e determine the N dependance of the error

e fit data points generated by numerical
routines

e first order error model:

1
€1 (dt7 N, {gij}§Kla’Yl) = §K1M2@2dt2N’71

1.04

1.02

1.00 _,

Y

0.98

0.96

0.94

Single-step error Number of steps Circuit complexity

owdeNT)  0(RENT) (RN
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Second order digital-analog algorithm

1 — [
27 ()1 N) (7 N N) 1 N) oy [
: U (E) : Uy (L) : Uy (7) : () : D (L)

N B

The circuit represents the single step of the second order Trotterization of the
Heisenberg model in the digital-analog approach.
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First order error bounds with small prefactors

The error of the approximation for a small time step is determined by a result of
Childs et al. [3]:

I

r
[ Z H’Y3’ Z [H’Y2’H’)’1]

Ya=7v1+1 Yy2=71+1

a3 <&

+_
24 e

. dt3
ea(dt) == ||Sa(dt) — e " HH|| < —
12
1=1

oo, 22, |

Yy2=71+1

dt3
['=3: ey(dt) < E{IHH;JXZ, [HY 7, HE W + IHX 2, [HY 2, HRY I + | HY 2, [HY 2, H{y )|+

D Y, HR I+ N (Y, B )+

dt3

+ S IRy [y HY A + WE Ry (R, B + NHY z, HY 2, HY D) |

In order to determine the scaling of the error in terms of the parameter of the
system, we developed numerical routines to compute this expression with
complete generality.
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Second order Trotter scalings

1.225

1.200

e determine the N dependance of the error

e fit data points generated by numerical
routines

e second order error model:

1.175
1.150

1125 o
=

1 33 123 AT 1.100
€2 (dtv N> {gZ]}?K27’}/2) — %K%U’ ©°dt° N

1.075

1.050

1.025

Single-step error Number of steps  Circuit complexity

O(pudt3 N72) O <N3/2%N72/2) O (M3/2 %N(72+2)/2)
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Digital vs. Digital-Analog: scalings

Decomposition type Single-step error Number of steps ﬂ}ircuit complexit)\

Digital 15¢ order Trotter O(u2dt?N?) O (MQ 52_]\[) O ( 2 J;N?’)
Digital 2°¢ order Trotter O(p2dt>N) O (#3/2%]\71/2) O (;ﬁ/z%/:NWQ)
D-A 15 order Trotter O(p2dt?N™") O (MQI;N%) O (MQTE_ZN%H)
D-A 224 order Trotter O(pu3dt3N2) O (u3/2%NW2/2) Q (ﬂ3/2%]\[(72+2)/2>/

For v = 0.9, both 7y1 and 7y2 are approximately 1.

J

The digital-analog approach achieves an improved scaling of the circuit
complexity.
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Compute the fidelity of a single first order step for the two approaches.

e Digital: FII(N) = (F,,,) oo M) (F, ) Tua ™ (F,,)T7 () | Linear model of analog

® D-A: Fg}A(N’ 7_‘_) _ (FSqT)TqurDA(N) [ny(N, 7_(_)]’racy

Gate cost for single first order step
Digital gates Gate count
TILP N +3N(N —1)/2

T1
px 6N(N —1)/2
T} 3N(N —1)/2
DA gates Gate count
TIIPA(N) N +4N

T1
Ty 3

Edoardo Emil Riva
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gate fidelity:

Foy(N;m) =0.99 — (N —2)

Advantage DA vs. D as a function of penalty m on analog block at 1% order

15 A
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13 4
12
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10 A

N W s 0Oy ®
S R N R
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Further steps

e further investigate validity of fitting method (role of energy scale)

develop an analytical understanding of the fitting functions

e simulate digital-analog Heisenberg dynamics with QuTiP leveraging
on the numerical routines

e develop an understanding of quantum gates and fidelities to improve
the (very basic) linear model
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Fitting procedure: plots for K_1, K_2

w N w o
w
o

1 1
€1 (dta N7 {gzj}a Kl)Wl) = §K1ﬂ2@2dt2N71 €2 (dtv N7 {gzg}a K27 fYZ) — %KQ/Lg@Sdt?’N’yQ
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Structure of digital algorithm

N
Digital approach:  Uy(dt) ~ | [ us;(dt)

1<J
Uij (dt):
Ugl—5.3) [ —Uq(g,ﬂ)—Rz(Qa—%ﬂ)— HU(—%, %) HUL(%,7) -
VA zZZ ZZ
HUq(20, 5 R.(—3m) [— —HUq(20, ) HR-(—3) H

V. Amitrano et. al. Phys. Rev. D
107, 023007 (2023)
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