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The “minimalist” particle

Neutrinos ... they have zero charge, zero size, and possibly zero mass.

Neutrino oscillations have been
discovered for atmospheric v and solar v.
(2015 Nobel Prize in Physics)

The absolute mass scale is extremely
important, but remains largely unknown.
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Cosmological probe of fundamental quantities
Measuring the effect of the relic neutrinos on structure formation

Matter power spectrum

Larggfscale structyre 105 - ]
10%
. Im
] =—— 0.0ev
10°3y — 0.2 eV
: 0.4 eV
102 _ 0.6 eV
; 0.8 eV
] e ] @V
101 A NUN——

1073 102 10!  10°
k (h/Mpc)




Fugaku (E&) with its full power

158,976 nodes (52 cores per node)
32 giga byte memory per node, 160 peta byte + cloud storage

Peak performance 415 peta-flops
2020-2021 No. 1 in TOP500, HPCG, HPL-AI, Graph500



A 400 trillion-grid Vlasov simulation
+ 330 billion(!) CDM particles

Nonlinear clustering and
neutrino ”halos”
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v Density Fields

' NU180 ' V64MP9

Qo . - -
=) » .- » .- .
T
: 28h AsE
(=]
= \ . ‘\ i
” ’ e ‘~ ‘ - ‘
~ » .
NU180 A V64MP9
e
z ’ =
: 0.04 '&
=, . ‘ d ‘ 3
= ‘ 002 32
o™ -
I =
o 0.00
T — ) YY)
Comparison koo T o
10° + L 4
v' Neutrino velocity distribution function 10 f g 1 i L i
v Large N reduces the noise in N-body < R H 3 1
v Small v mass — large velocity dispersion o B =
- . 0*E E3 F —— V6AMP9 —— NU64 3
Effective resolution gets worse = = i i e — Nu1sof
solid lines : 200 i ' My .
dashed lines : 1000 fi—iNipc . ~f—— NU8
106 | (. | J Il Il o | | T (SN
10 10! 10° 102 10! 10° 10 10! 10°

k{h/Mpc] k{h/Mpc] k{h/Mpc]



v Velocity Field
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Total Matter Power Spectrum: Vlasov vs N-body
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Power spectrum damping owing to (nearly)
free-streaming neutrinos as a function of m,,
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Comparison of our Vlasov sim and N-body

» There are residual shot-noise, but can be made small enough using a large number of particles
> It is safe! to use N-body simulations to calculate the total matter power spectrum



Putting the universe on a quantum computer



Boltzmann solver on a quantum computer

* Time evolution of the velocity distribution function f (x, v, t)

l+v f+F o _ =0
ov

* Both memory- and CPU-demanding (Curse of dimension!)
* Quantum computing may offer a good solution



Essentially a transport equation
(but 1n 6-dimension):




Quantum gate operation

An example: Controlled NOT gate
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Quantum gate operation

An example: Controlled NOT gate
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Increment operator and decrement operator
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We use the convention |2") = |0), |—1) = |2 — 1)

Increment with 4 qubits 0 —p 1
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Recall binary numerics: 1 +1 — 0



Essentially a transport equation:

 Streaming operation can be done by using simple circuits

An example withn,, = n,, = 3
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Yamazaki, Uchida, Fujisawa, NY arXiv:2303.16490

A unitary matrix
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In reality,withn, =n, = 3
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A self-gravitating system

*n, =n, =6 (Mere 12qubits)
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(Yoshikawa et al. 2013)

Yamazaki, Uchida, Fujisawa, NY arXiv:2303.16490 See also Miyamoto et al. arXiv:2310.01832



How fast, and how eftficient ?

| Timecomplexiy | Space complexity
Quantum O( (N, + NPHNZ255) O(Ny’Ny)
Classical 0 (Nx3Nv3Nt) 0 (NxBN,,B)

N, : Number of grids per dimension

N, : Number of velocity grids per dimension
N; : Number of timesteps
S : The order of approximation



Hamiltonian simulation
For an ODE %i(r) = A X(1), the formal solutionis X(7) = ¢ X(0)

So, the whole point is to calculate the exponential matrix e’

d
For a particular Schrodinger form ” |p(1)) = — iH | (1)), the Hermitian operator H is the
5

system’s Hamiltonian, and calculating | (7)) = e "' | $(0))

is called Hamiltonian simulation.

Unfortunately, calculating e’ for a large N X N matrix is extremely hard on a classical

computer. But, a quantum computer can make the miracle (we hope).






