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M(atrix) theory

Nuclear matrix model
(M-theory for nuclear physics)

[Iizuka, Yi, KH (2010)]

[Banks, Fischler, Shenker, Susskind (1996)]
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Challenges in Nuclear Physics

1. Magic number = 2,8,20,28,50,…
2. Nuclear density saturation
3. Universal nuclear binding energy ~ 8 [MeV]

http://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3/3Part2/3P25/magic_numbers.htm

[『大学院原子核物理』（講談社）]
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0.  Nuclear Matrix Model
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0-1.  Effective description of multi-baryon is matrix
0-2.  Nuclear matrix model to nuclear physics



Nc F1

Multi-baryons = matrix

D4

Nc F1

D8

D4-D4 strings 
à A x A matrix

RR flux penetrating S4
à CS term

Effective theory for A baryons
= Baryonic D4-brane action in Sakai-Sugimoto
= Matrix quantum mechanics with CS term

S4 direction unnecessary
à Dim. reduced to 1d

D4-D8 strings 
à A x Nf matrix

-

-

-

-
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: A x A Hermitian matrix

[Iizuka,Yi, KH 1003.4988]

Nuclear
physics
action

Only 2 parameters :

Eigenvalues of                    = location of A baryons

Nuclear Matrix Model to Nuclear physics

A
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Strategy to solve the quantum mechanics

U(A)
<latexit sha1_base64="ybh4NaSdi8j5eLKNefFvaeay6lY="></latexit>

A
<latexit sha1_base64="T12K44dVhpIHeRqYL5I8y93zlYE="></latexit>

Gauge field
Auxiliary field

1. Approximate         and        as harmonic oscillators.
2. Build states satisfying gauge constraints.
3. Include interactions as perturbation.

X(t)
<latexit sha1_base64="r7VjFoLsQ2Od6eOK6ox+PriU+oI="></latexit>

w(t)
<latexit sha1_base64="bmAqqAQF+fnQr8T4ACl1GcGH3HY="></latexit>
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State has              ’s.

Ground state solving gauge constraint

0 =
�S

�A0
= QU(A) �Nc1

<latexit sha1_base64="/4H0fUZ6h/IW4GW5xp9chx0/srA="></latexit>

This state satisfies the gauge constraint : 

)
<latexit sha1_base64="2r9G/Wj8zvALzrin82kbCzgm7xY="></latexit>

State is             -inv.

w
<latexit sha1_base64="NBYGIr+/y3xZ8WNJGMo9mL82F7I="></latexit>

w↵̇i
a

<latexit sha1_base64="3mHLtPuWgrl6+HKu+qfrGqXpu2c="></latexit>

Creation operator
a = 1, 2, · · · , A : U(A)

<latexit sha1_base64="rC+JWYYKFOqbe+EfOboXkzrVX10="></latexit>

↵̇ = 1, 2 :
<latexit sha1_base64="cv/I6y2JPl0YCPxv6llYNHLN+1c="></latexit>

i = 1, 2 · · · , Nf :
<latexit sha1_base64="h0K5cRSkSBTIofeMxUHBuAIP81I="></latexit>

Spacetime spinor
Flavor

baryon

| 0i = (✏a1···aAwa1 · · ·waA)
Nc |0i

<latexit sha1_base64="nGEp4KvBWbqNB5hF8FpxF4rqoLA="></latexit>
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: Nucleon and Delta Nc = 3, Nf = 2
<latexit sha1_base64="yTr4yT3QlRJuBz6uZ9FSkUHEj30="></latexit>

| 0i = (✏a1···aAwa1 · · ·waA)
Nc |0i

<latexit sha1_base64="nGEp4KvBWbqNB5hF8FpxF4rqoLA="></latexit>

Nucleon Delta

)<latexit sha1_base64="2r9G/Wj8zvALzrin82kbCzgm7xY="></latexit>

hHinti =
4�

9⇡Nc
MKKI(I + 1)

<latexit sha1_base64="X/cBorc7YIqS4oXkB/F0iRw+gS4="></latexit>

Mass difference
from QM perturbation : 

A = 1
<latexit sha1_base64="DxSnKGjJ4adIZMbgy03A9pr0mnE="></latexit>

| 0i = S(J,I)=( 1
2 ,

1
2 )S(J,I)=( 1

2 ,
1
2 )S(J,I)=( 1

2 ,
1
2 )|0i

<latexit sha1_base64="I/UxNBxxJkAdk9w97tDd4BYDAPI=">AAAC6XicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vH </latexit>

S = w↵̇1i1
<latexit sha1_base64="uT9F52aaFi47E3+od91153bv6zc="></latexit>

one w
<latexit sha1_base64="NBYGIr+/y3xZ8WNJGMo9mL82F7I="></latexit>
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: H3 and He3

| 0i = (✏a1···aAwa1 · · ·waA)
Nc |0i

<latexit sha1_base64="nGEp4KvBWbqNB5hF8FpxF4rqoLA="></latexit>

S = ✏a1a2a3w
↵̇1i1
a1

w↵̇2i2
a2

w↵̇3i3
a3

<latexit sha1_base64="hSzsODEpg/9dU9IOJ3B3lMIT6f0="></latexit>

)<latexit sha1_base64="2r9G/Wj8zvALzrin82kbCzgm7xY="></latexit>

H3, He3

:

A = 3
<latexit sha1_base64="I1aqrgcC6VKp+O5PIEzsGnuhliQ="></latexit> Nc = 3, Nf = 2

<latexit sha1_base64="yTr4yT3QlRJuBz6uZ9FSkUHEj30="></latexit>

| 0i = S(J,I)=( 1
2 ,

1
2 )S(J,I)=( 1

2 ,
1
2 )S(J,I)=( 1

2 ,
1
2 )|0i

<latexit sha1_base64="I/UxNBxxJkAdk9w97tDd4BYDAPI=">AAAC6XicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vH </latexit>

Three      sw
<latexit sha1_base64="NBYGIr+/y3xZ8WNJGMo9mL82F7I="></latexit>
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: He4

| 0i = (✏a1···aAwa1 · · ·waA)
Nc |0i

<latexit sha1_base64="nGEp4KvBWbqNB5hF8FpxF4rqoLA="></latexit>

| 0i = (S)3|0i
<latexit sha1_base64="Qv9PSIBDLcIC8JHEHgBrBdMl0Go="></latexit>

S = ✏a1a2a3a4✏↵̇1↵̇2✏↵̇3↵̇4✏i1i3✏i2i4w
↵̇1i1
a1

w↵̇2i2
a2

w↵̇3i3
a3

w↵̇4i4
a4

<latexit sha1_base64="jJ2j3F0u6r+pFXuaHVLh3D0DW5g="></latexit>

)<latexit sha1_base64="2r9G/Wj8zvALzrin82kbCzgm7xY="></latexit>

He4

A = 4
<latexit sha1_base64="bnyFVCmwuPTqtiy14Jtzz1IEn4A="></latexit> Nc = 3, Nf = 2

<latexit sha1_base64="yTr4yT3QlRJuBz6uZ9FSkUHEj30="></latexit>

Four      sw
<latexit sha1_base64="NBYGIr+/y3xZ8WNJGMo9mL82F7I="></latexit>
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(                                             ) 

Magic numbers

Built state (for                         ) Baryon # Nc = 1, Nf = 1
<latexit sha1_base64="Qh4Nmqvfqbk2Qu5QePF2LZZvAos="></latexit>

! = 1
! = 2
! = 3
! = 4

! = 8
⋮

! = 9
⋮

We have only                                    for
We have only                           using 

w
<latexit sha1_base64="NBYGIr+/y3xZ8WNJGMo9mL82F7I="></latexit>

X1, X2, X3
<latexit sha1_base64="HLuZPBawBj3TAq7+qEfE/oKI2eY="></latexit>

Magic 
number

Magic 
number

Q.   What if                ?          A.  Use             instead of (Xw)a
<latexit sha1_base64="vAhHGANApqdoeQX21moFj2atTB8="></latexit>

wa
<latexit sha1_base64="hz4YmppvDlHYIinmoD5BHfbFDVM="></latexit>

*
<latexit sha1_base64="GJgUBwGLiOVwmjph02DPocna62Q="></latexit>
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The boson field         is BaryonD4 - flavorD8 string, 
which carries the spin/flavor charge of a quark.
But: no color, charged under Baryon symmetry U(A).

Comparison to quark model / shell model

- No quark …  but spectra are reproduced!

w↵̇i
a

<latexit sha1_base64="3mHLtPuWgrl6+HKu+qfrGqXpu2c="></latexit>

- Quark motion? : 

means a “quark”       with angular momentum.Xw
<latexit sha1_base64="0zymBI7Fl1WE/C4ZSY48ZJfxBRg="></latexit>

w
<latexit sha1_base64="NBYGIr+/y3xZ8WNJGMo9mL82F7I="></latexit>

- Shell model

We have “Pauli principle” due to the U(A) constraint 

1s
1p + Woods-Saxon

potential
+ Spin-Orbit int.
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2. Nuclear density saturation
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Heavy nucleus is simpler (!)

At large A, we can drop w(t)
à Nuclear matrix model 

= Dimensionally reduced Yang-Mills theory

S = c

Z
dt tr


1

2
(DtX

I)2 � g2

4
[XI , XJ ]2

�

Q.  Solve this quantum mechanics at large A

2-1



S = c

Z
dt tr


1

2
(DtX

I)2 � g2

4
[XI , XJ ]2

�

Classical config. : Diagonal XI =

0

@
xI
(1)

xI
(2)

· · ·

1

A

Inevitable formation of atomic nucleus

However this is not realized quantum-mechanically.

For large x with                                 , 

potential is too narrow as  

X =

✓
x �x
�x �x

◆

V ⇠ g2x2(�x)2

Ground state : 
Eigenvalues accumulated, baryons bound 

[Lüscher ‘83]
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Nuclear density saturation is seen

S = c

Z
dt tr


1

2
(DtX

I)2 � g2

4
[XI , XJ ]2

�

�A ⌘ Ag2‘tHooft expansion for large A :                       fixed 

à Dimensional analysis: 

1

A2
tr�XIXI⇥ = c��1/3

A + · · ·

p
r2mean ⌘

r
1

A
trhXIXIi / A1/3

à Nuclear density saturation is derived
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Large D, large A expansion with fixed g2 A D
[9811220 Hotta, Nishimura,Tsuchiya]
[0910.4526 Mandal, Mahato, Morita]

Analytic formula of nuclear radius

Result : 

rho meson mass
Yukawa coupling

Cf. Experiment 

Developped in
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Finiteness of nucleus
Nuclear density via D-brane distribution formula :

Finiteness of nucleus!

[Taylor, vanRaamsdonk, 9904095]

2-5



A-dependence of charge radius, reproduced2-6

Dots: measured charge radius of 
all known mononuclidic nuclei

[Angeli, Marinova ‘13]
Line: A-2/3 fitting

Fit:
Ours:

[fm]

Model prediction : 

Experiments:

Numerics comparison?
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3. Nuclear binding energy
ArXiv/2103.03563 Matsuo, KH

3-1.  Build an effective nucleon potential
3-2.  Binding energy, reproduced



Build an effective nucleon potential

Nuclear density Nucleon potential

WKB

V (r)
<latexit sha1_base64="C8z7Nm0mKywyrnateTJYcHWxfpo="></latexit>

⇢(r)
<latexit sha1_base64="g5fyw72odB9mdQyqRpAD4q7POZw="></latexit>
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Binding energy, reproduced

Nuclear density Nucleon potential

WKB

Nuclear binding energy (with Ef = 0 )

Binding energy per nucleon matches the observed value
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M(atrix) theory

Nuclear matrix model
(M-theory for nuclear physics)

[Iizuka, Yi, KH (2010)]

[Banks, Fischler, Shenker, Susskind (1996)]
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1
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