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WHY WE CARE ABOUT NEUTRINOS

Neutrinos are messengers of
information of physics under
extreme conditions

{

Core-collapse supernovae u

Massive star mergers

Neutrinos can influence the
supernovae explosion

Spectral splits can
happen at some
distance from the
emission sphere
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Nucleosynthesis and
in general weak
interaction is flavor-
dependent
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e Massive stars M > 8 M explode releasing a huge
amount of energy and neutrinos ~ 10°°

¢ Flavor Hamiltonian of many-neutrino system

_, 1000
H = Hmc + H,/e -+ HW
__>
D>
‘> ] ]
Vacuum: vr-interaction:
. MSW.:
Collective MSW Mass eigenstates # , Forward
oscillations oscillations flavor eigenstates S.cattermg scattering
with matter

Interesting quantum
many-body problem
governed by weak
Interaction
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Two-flavor Hamiltonian (SU(2) model)
In the two-flavor approximation the flavor state of a neutrino is a flavor isospin.
The Hamiltonian can be written using the SU(2) algebra thanks to Pauli matrices:

H = Hvac T Hw/
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NEUTRINOS FROM CORE-COLLAPSE SUPERNOVAE

Two-flavor Hamiltonian (SU(2) model)
In the two-flavor approximation the flavor state of a neutrino is a flavor isospin.
The Hamiltonian can be written using the SU(2) algebra thanks to Pauli matrices:

H = Hvac T Hw
N . 5m2
( H = b-0.= —— sin(26.)X. — cos(26.)Z.
1-body term rae z=21 % 4 l=zl( ( U) | ( y) l>
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NEUTRINOS FROM CORE-COLLAPSE SUPERNOVAE

Two-flavor Hamiltonian (SU(2) model)
In the two-flavor approximation the flavor state of a neutrino is a flavor isospin.
The Hamiltonian can be written using the SU(2) algebra thanks to Pauli matrices:

= Hvac T Hw
N . 5m2 N
( H, =) b-6;=—— sin(26, )X — cos(26,)Z.
1-body term e z=21 4 z=21 ( (20)%, (20 l)
u & u &
2-body term H,, = N Z ]ijgi ‘ gj = N Jij<Xi XX+ QY +4® Z]>
i<j i<j
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NEUTRINOS FROM CORE-COLLAPSE SUPERNOVAE

Two-flavor Hamiltonian (SU(2) model)
In the two-flavor approximation the flavor state of a neutrino is a flavor isospin.
The Hamiltonian can be written using the SU(2) algebra thanks to Pauli matrices:

H=H, +H,
( H il? 5 _ om i §in(20)X. — cos(20)Z
— - 0. = —— — :
1-body term rae = Y4 — ot o

N
_H L _ K
2-body term HW—N;],-J- ZJ,]<X QX +1, QY + 4 ®Z>

i<J ...you'd better

make it
QUANTUM
MECHANICAL! :

Simulating the full dynamics is
impossible using classical resource
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INGREDIENTS FOR HAMILTONIAN SIMULATION

f ‘I/€>=‘O>

/v'

K v =|1)

¢ Two-flavor approximation |v) = a|v,) + f|v,)

@ N neutrinos encoded into N qubits

~

J
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1° ingredient:
Encoding map

@

2° ingredient:
Implementation of the

unitary U = e~

N




INGREDIENTS FOR HAMILTONIAN SIMULATION

/ ¢ Two-flavor approximation |v) = a|v,) + f|v,) 1° ingredient:

@ N neutrinos encoded into N qubits Encoding map

e b A ¢ Flavor evolution of NV neutrinos generated by the
- 2° ingredient:
U L ' ' — - O O O
e 0) it A Hamiltonian H = 2 b-o;+ Z Jzﬁz o, Implementation of the
: A | ' . unitary U = e~
“ Implement the propagator U(t) = e

~
J
\ a B
J
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THE THEORETICAL EVOLUTION

We want to simulate the flavor evolution

¢ |Initial state |¥,)
¢ N = 4 initial state

¢ N = 8 initial state

o) =
o) =

0011)
00001111)

® Evolved state | ¥(7)) = e ""|P,)

¢ Measure the probability to be in the inverted flavor as a

function of time P, (7)

¢ Note the symmetry under particle exchange
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Inversion probability

o

=

Inversion probability

SRR LR R R R

Inverted flavor

/\\/ oA

Initial flavor

0 25 50 75 100 125 150 175 200
Time [u~1]
— Vo =V7 — V1 = Vs Vo = Vs — P33 =y

Inverted flavor

Initial flavor
N=28

0 100 200 300 400

Time [u~1!]
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THE UNITARY IMPLEMENTATION: GATE DECOMPOSITION

a )
U( dt) — e—i(Hmc+HW)dt

— U | i—
_ ),
~ R
U(dt) = U,(dt)U,(df)
—B Ul -
_ B Ul -
U
— . .
e i
_ B
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THE UNITARY IMPLEMENTATION: GATE DECOMPOSITION

a )
_ _—i(H, +H )dt | . |
Uldr) = e o 1-body part: simple U,(f) = e ! = e i il = He"hit
i
el ” 2-body part: tricky U, () = e ! = e~ Zigi it
U
s s o Different terms don’t commute [, h; ] # O
. i - y o Approximation U,(f) = He_ihift
{ i<j
® Itintroduces an error ~ O(t%)
f \ ’ a " —ih.t —1JA( XQRXAY QY +ZRZ)t
“ S | | tati f e Vit = oW\ A ST O TELOL
U(dt) — Uz(dt)Ul(dt) Impie impiementation o
— U1 — P Rz(Za g %) 4 D Rz(%) B
- Uz 1 R(—3) o Ry(5 — 2a) <D Ry(20:. — ) [-»
iR .
— U, — F. Vatan and C. Williams (2004) a = —dtJ;
\_ J
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THE UNITARY IMPLEMENTATION: MACHINE AWARE COMPILATION

Honeywell Quantum

¢ Different qubit

e Superconductive circuit
¢ Trappedions

¢ Different qubit connectivity

@ Linear
e All-to-all
¢ Etc...
¢ Different universal gate set
@ Circuit optimization

¢ More control on what we are running
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THE UNITARY IMPLEMENTATION: QUBIT TOPOLOGY

Long evolution of N = 4 neutrinos using dt = 4N//t_1

@ The vv-term is an all-to-all interaction:

: : T I Ideal SN —— 0O
¢ all qubits need to interact with all the 2 17
others one time 2 =P . T G
Q
=
Q 0.5
@ The qubit connectivity introduces constraints S
in the quantum gate decomposition % "
> '
e Swap network algorithm for linear = 07
connectivity (B. Hall, A. Roggero et. al 0 00 P 600 800 1000 1200
(2021)) Total time evolution T [u~1]

¢ Advantage of full connectivity of trapped

lons K >N \ K
o Less complexity | IXO EXO

| C e : ” V I :
o Errorminimizatior ) IX f " CLJD l
- I>< I><. PAE i »
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THE UNITARY IMPLEMENTATION: MACHINE AWARE COMPILATION

Quantinuum System Model (QSM) H1-2

e Trapped-ion device
e Full-connected qubits
e High fidelity

° g,~107"

o A~ —3
€40 10

Machine aware implementation of the unitary

oropagator U(f) = e~

¢ Qubit topology
@ Quantum gate set
¢ Complexity scaling analysis
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Quantinuum System Model

0) {U —{R}—— SR &R & R.|—@{R.]— =
0) Ui P— R.[-1* T R, J; R, T o+ R, D

1) QUL HR: & Ry D y R, S T Ryg} R!;I

1) qUIHR o— R, —& R +— R 17 % (I} i T R,—eoR,—& R, .

\_ W,
- /Z-based CNOT gate A
e R,(—%)

— VA
_EB_ 1 Uq( gag) Uq(%aﬂ-) Rz(_% B
\_ W,
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RESULTS: SINGLE TROTTER STEP
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& wHQS & wv;HOS N =4 | V.Amitrano et. al. ¥
¢ v HQS v, HQS (2022) 101 ¢
arXiv:2207.03189 =
2 0.6
S
_ | | g 0.4 -
/‘\ & B. Hall, A. Roggero E
c et. al (2021) ©°2
' 1 8 12 16 20 24 28 32 36 40 L
Trotter time step dt [u-1] arXiv:2102.12556 001-
0
$ v HQS % v; HQS N=28
¢ v HQS ve HQS
& v HQS vs HQS
# vsHQS & v, HQS
M. llla and M. J.
Savage (2022)

16
Trotter time step dt [u~1]

24 32 40

arXiv:2210.08656

10

i {1,12} {2,11} {3,

0.8

0.0

20 30 40
Trotter time step dt [u—1]

10}

10 20 30 40

Trotter time step dt [u—1]
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B |

- N =12
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https://arxiv.org/abs/2210.08656
https://arxiv.org/abs/2102.12556

RESULTS: MULTIPLE TROTTER STEPS

B A ® Short time-step df = 4u~": small error decomposition ~ O(kdt?)
B - A ¢ |deal & trotterized evolution
U (dt) U (dt) ~
— — A ¢ Very long quantum circuits (noise)
B A ol T deal vo=vs & v HQS & vsHQS
o ' Ideal v; = v, & v, HQS ¢ v, HQS
— = e Trotter
'S 0.8 - T
2 0.6- ¥ % % T
Q .
o
B T p 04 % R % % ¥
3,1 Inverted flavor g ) gl . % N z ! ¥
3 \ £0.2 ? s T -
© S =
e | 0.0 {®
@ 0 8 12 16 20 24 28 32 36 40
) - -1
E Initial flavor Time kdt [IJ ]
0 R PP
(b)
| | | | | | = Steps 1 2 3 4 5 6 7 8 9 10
0 25 50 75 100 125 150 175 200
Time [u~1] # 72 18 | 36 | 54 | 72 | 90 | 108 | 126 | 144 | 162 | 180
#SU(2) 36 | 68 | 100 | 132 | 164 | 196 | 228 | 260 | 292 | 324
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COMPLEXITY SCALING OF THE ALGORITHM

We are interested in systems in which we fixn, = N/V

and we look at the scaling with N

Complexity as the number of 2-qubit gates to evolve the

system up to 1 keeping the error < €

T2//t2N3

® First order Trotter ¢ = O
€

(T

)3/2

® Second order Trotter 6, < O

» Higher order Trotter ~ N2*°

Valentina Amitrano

€

N5/2
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# of ZZ gates

500 -

180

—e— 1st bound

—e— 2nd bound
1st numeric,ak’/
2nd numefical

5

6 7 8

Number of neutrinos N

Real cost estimated by ca

of steps such that we evo
with an error < 0.15

culating the number

veupto T = 40u~!

S(df) — ” Uappmx(dt) o Uexact(dt)”oo
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CONCLUSIONS

< Flavor dynamics is crucial to

describe many effects in core-
collapse supernovae

Collective neutrino oscillations
make the problem non linear and
Interesting to test quantum
computing

Valentina Amitrano

QC necessary for full dynamics
simulation

The gate decomposition must be
machine aware and circuit
optimization is crucial

Full qubit connectivity allows for
more freedom in gate
decomposition
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Results are very promising

We can increase the number of
simulated neutrinos

The algorithm scales
polynomially

15
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SUPPLEMENTARY MATERIAL



TWO-FLAVOR HAMILTONIAN MODEL

@ Vacuum mixing (1-body term) / Th del \
e modeil.

¢ 6,=0.195 mixing angle

¢ Monochromatic flux £ # E.

2

N
— 5
H = Z b0 = ﬂ (Sin(Zﬁy)Xi — COS(ZHD)ZZ')
: l; = %(sin(ZQU),O, — COS(ZQI))

o J;=1-cos(@)
® v - interaction (2-body term)

© 0., = arccos(0.9) Lintl
v N-1

i<j

TR U .
H, = NZJIJEZ8]=N2J1]<XZ®X]+K®Y]+ZZ®Z]) Energyscale/,tz\/zGFny
1<J
o Xg®@X, =XQIQXRI
H is an all-to-all
v ® His a2V x 2¥ Hermitian matrix

¢ X, =IQRIQX®I
A interaction that makes K J
the problem non-linear
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THE UNITARY IMPLEMENTATION

4 ) 4
U(dt) — e—lHdl‘ U(dt) — Uz(dt)Ul(dt)
H — HVCZC + HI/U
. = Ul B
Single Trotter i
step = = N B
_ Y, \_
~ B - . -
r T T " -
UT)= || U, — — I) = — -
&) H 2<r>U1(r) v HUZ(”)HU(’”>
| 1 =1 k=1
Evolution
using g B N N N
multiple 51 Zl A4S i L |
Trotter steps = Us l B Us _ g AN i L U ) U
—Uh - - B v, ... U, o SN
_U'1 __Ul N _U1_°'_U1 - =
\_ Y, \_
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THE UNITARY IMPLEMENTATION: QUBIT TOPOLOGY

. N a . A ' All-to-all interaction means that
_ N(N - 1 -to-all |
Uz(t) ~ He hyt . ( ) terms » | each qubit interacts with all the
i<i 2 others
J
\_ J \_ _J
/ Best swap network \ / Optimal ordering \
o .
B. Hall, A. " I>< i>< A
Roggero et. al
(2021) o :
e b PRRERX
Less
~ ~ ~ rotaitiron: a:nd
—~SUQ2) e SU(2) e SU(2) e{SU(2) + B SU(2) e P SU(2) - e
—SU(2) FbH SU(2) FH SU(2) HH SU(2) - —— SU(2) D+ SU(2) |-»
\_ L J
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Native gate

. o —iA2
R(}) = )

S U0,9) = (

@

77 = e~ 'a4®% =

0
piA2

cos /2
—ie?sin6/2

1
0
0
0

)

OO~ O

O~ O O

- /Z-based CNOT gate
—o— Rz(—%) -
o o YA
ol
€ Sm@”) & Uy(-5,3) Uy(5,m) HR.(-5)
cos 6/2
_
0
8 . CNOT-based u;;
1 PR (200 — 3) - PHR.(F)
{R.(-5) |+ Ry (% — 20) [ { Ry(2a — T)] -4
\_
- ZZ-based u;
qUq(—%,5) H Ug(5,7) HR:(2a — 5) - HU(—3, 5 HUq(5,m)
yAVA A VA
Uy (2, 5 Rz(—%w) Uqs(2, 5 R.(—%)H
_

MACHINE AWARE COMPILATION
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TROTTER ERROR SCALING FOR THE APPROXIMATION ofF U(dt) = e H4

r
First order Trotter decomposition U(dt) ~ £ (dt) = He—ihijdf
K=1
s R
dt2 I I @2 N
E(dt) S 7 Z Z [h ] hL] 8(dt) < 12dt2//t2—2 ( ) — 0O (dtzﬂzN)
K=1 || L=K+1 N- \ 3
- Y,
4 N T2u%0% (N 22N
— r < 12 —
e(T) <reldt) T=rdt N2 (3> ( - )
- Y,
a ) 2. 273
N B I“u-N
€ < ( ) r 6| = @( p )
2
- Y,
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TROTTER ERROR SCALING FOR THE APPROXIMATION ofF U(dt) = e H4

dt dt
Second order Trotter decomposition U(dt) ~ £, (dt) = gl( ; )g?( )

2
s g3 L LT R
e(dr) < _22 Z Z [, [Py, 11|+ .
Ilf 1>~KM>K e(dr) < di3- N(;) [20 (Z) + 56 (j)] = @(dﬁ/ﬁN)
Z D [y, [, B 11|
- K L>K )
a ™ (Tu®)>? N N\ (TP N
o s retdy = rd = enen \/20<3> +56(4> ‘@( Ve )
- /

~
S\
IA
N
\O)
N
D =
N———
D [ =
N———
~S
J
N
(\9)

VA
N
\
N
D 2
N———
I
| =
N———
~
1
S
N
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STATISTICAL ERROR ANALYSIS

® Number of repetitions M = 200
¢ Bayesian approach

“ Probability distribution of obtaining m times | g): P, (m|p) = <%> p™(1 — p)yM—m
. P(m|p)P(p)
Bayes theorem: Z(p |m) = P(m) A priori distribution: Beta distribution
[a+p) ,_ _
K B(a, f) = p® (1 = py~!
I'(a)l'(f)

—

Likelihood distribution: Binomial distribution

— >

—  Posterior distribution
P(m|p)AB(a, p)
| dg P, (m | p)B(a, )
® a=1andf = 1. We used B(a’, #’) as posterior distribution and look for:
o PP,in <P < Ppy) = 0.68

~ Prior conjugate A(a', ') = = wherea’'=a+mandf' =+ M —m
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