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ABSTRACT: We propose a new matrix model describing multi-baryon systems. We
derive the action from open string theory on the wrapped baryon vertex D-branes
embedded in the D4-D8 model of large N, holographic QCD. The positions of k
baryons are unified into k x k matrices, with spin/isospin of the baryons encoded in
a set of k-vectors. Holographic baryons are known to be very small in the large 't
Hooft coupling limit, and our model offers a better systematic approach to dynamics
of such baryons at short distances. We compute energetics and spectra (k = 1),
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Three-Pronged Strings and 1/4 BPS States in
N=4 Super-Yang-Mills Theory

Oren Bergman('

Lyman Laboratory of Physics
Harvard University

Cambridge, MA 02138

December 1997

Abstract

We provide an explicit construction of 1/4 BPS states in four-dimensional N = 4
Super-Yang-Mills theory with a gauge group SU(3). These states correspond to three-
pronged strings connecting three D3-branes. We also find curves of marginal stability
in the moduli space of the theory, at which the above states can decay into two 1/2
BPS states.
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Department of Physics, Kyoto University, Kyoto 606-8502, Japan

March, 1998

Abstract

We construct BPS saturated regular configurations of N' = 4 SU(3) super-
symmetric Yang-Mills theory carrying non-parallel electric and magnetic charges.
These field theory BPS states correspond to the string theory BPS states of 3-string
junctions connecting three different D3-branes by regarding the N = 4 supersym-
metric Yang-Mills theory as an effective field theory on parallel D3-branes.
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Abstract

Extending our previous work on SU(3), we construct spherically symmetric
BPS saturated regular configurations of N' = 4 SU(N) supersymmetric Yang-Mills
theory preserving 1/4 supersymmetry, and investigate their features. We also give
exact solutions in the case some of the free parameters of the general solutions take
certain values. These field theory BPS states correspond to the string theory BPS
states of multi-pronged strings connecting N different D3-branes by regarding the
N = 4 supersymmetric Yang-Mills theory as an effective field theory on parallel
D3-branes. We compare our solutions with multi-pronged strings in string picture.
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ABSTRACT

We construct and explore BPS states that preserve 1/4 of supersymmetry in N = 4
Yang-Mills theories. Such states are also realized as three-pronged strings ending on
D3-branes. We correct the electric part of the BPS equation and relate its solutions
to the unbroken abelian gauge group generators. Generic 1/4-BPS solitons are not
spherically symmetric, but consist of two or more dyonic components held apart by
a delicate balance between static electromagnetic force and scalar Higgs force. The
instability previously found in three-pronged string configurations is due to excessive
repulsion by one of these static forces. We also present an alternate construction of these
1/4-BPS states from quantum excitations around a magnetic monopole, and build up
the supermultiplet for arbitrary (quantized) electric charge. The degeneracy and the
highest spin of the supermultiplet increase linearly with a relative electric charge. We

conclude with comments.

Lelectronic mail: klee@phys.columbia.edu
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from the usual BPS states that break only half of supersymmetry. For instance, suppose that
we have SU(n) broken down to U(1)»!. Pick a pair of roots a and B8 with a®> = 82 = 1 and
a -3 = —1/2. A state of magnetic charge ma + m3 and of electric charge na would then be
1/4-BPS.

Now the question is how these 1/4-BPS states are realized on the field theory side. One might
be tempted to look for a spherically symmetric soliton. In fact, very recently, a special class of

1/4-BPS states in SU(3) theory was found in a spherically symmetric ansatz [6]. In terms of roots,

these BPS configurations carry magnetic charge of 2a + 2(3. However, as will become clear in later

sections, the existence of these solutions is quite accidental and fails to illuminate how the general

1/4-BPS dyons are constructed in the field theory language. One severe problem is that if their

electric charge is, say, of the form ga, the real number? ¢ is determined uniquely by the Higgs
vev’s. (In the spherically symmetric case of the total magnetic charge, o+ 3, for instance, ¢ has to
vanish for all vev’s.) Because of this, at generic point of vacuum moduli space, BPS configurations
of properly quantized electric charge (¢ = integer) cannot be realized as a spherically symmetric
classical soliton.

In general, we expect the BPS configurations to be of an elongated shape. Roughly speaking,
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Appendix A: The ADHM Formalism

The ADHM formalism [9] for k instantons of the SU(n) gauge theory starts with a (n + 2k) x 2k

A:<*nx2k>+( 0 );p (A1)
M2k x 2k Lok ok

where z = z,6, and e, = (ioj,1) [9]. Finding the (n + 2k) x 2k matrix v such that

matrix

Afv=0, vlv=1I,n, (A2)
we can construct the anti-hermitian gauge field
A, =vio,. (A3)
The condition for the field strength to be self-dual is that
(ATA)gkxor = frppl2xa- (A4)
This implies that u = pye, with hermitian matrices (o )rxr and that

inbys[Bas mp) + tra(a*ATX) =0, (A5)
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Abstract Abstract
We compute the potential between a pair of nucleons in the D4-D8 holographic
QCD. In the large 't Hooft coupling limit, A > 1, the hadron ze of the baryon
is small ~ 1/\/1\11\»,(, and their interaction with mesons are well approximated
by a set of dimension four and five operators. The nucleon-nucleon potential
emerges from one-boson exchange picture involving mass

We compute the nuclear force in a holographic model of QCD on the basis of a

D4-D8 brane configuration in type IIA string theory. The repulsive core of nucleons is

>ss pseudo-scalars
and an infinite tower of spin one mesons. We find in particular that p meson
exchanges are dominated by a dimension five derivative coupling of tensor type,
whereas for w mesons and axial mesons, such tensor couplings are completely
absent. The potential is universally repulsive ~ 1/72 at short distance, and
has the usual long-distance attractive behavior ~ —1/r% along a isosinglet and
spin triplet channel. Both the large N, form and the finite N, form are given.
In the former, a shallow classical minimum of depth ~ 0.1M g g N,/ forms at
around r Mg ~ 5.5.

important in nuclear physics, but its origin has not been well understood in strongly
coupled QCD. We find that the string theory via gauge/string duality deduces this
repulsive core at a short distance between nucleons. Since baryons in the model are
realized as solitons given by Yang-Mills instanton configuration on flavor D8-branes,

ADHM construction of two instantons probes well the nucleon interaction at short

scale, which provides the nuclear force quantitatively. We obtain a central force, as

arXiv:0901.4449v3 [hep-th] 9 Mar 2010

well as a tensor force, which is strongly repulsive as suggested in experiments and
lattice results. In particular, the nucleon-nucleon potential V(r) (as a function of the

S as 7'72.

| | | | distance) sc. which is peculiar to the holoeraphic model. We combpare our
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ABSTRACT: We propose a new matrix model describing multi-baryon systems. We
derive the action from open string theory on the wrapped baryon vertex D-branes
embedded in the D4-D8 model of large N, holographic QCD. The positions of k
baryons are unified into k x k matrices, with spin/isospin of the baryons encoded in
a set of k-vectors. Holographic baryons are known to be very small in the large 't
Hooft coupling limit, and our model offers a better systematic approach to dynamics
of such baryons at short distances. We compute energetics and spectra (k = 1),




Challenges in Nuclear Physics

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

] ]
ArXiv/1008.4988 lizuka, Y1, KH

0-1. Effective description of multi-baryon is matrix
0-2. Nuclear matrix model to nuclear physics



Multi-baryons = matrix

Effective theory for A baryons

= Baryonic D4-brane action in Sakai-Sugimoto
= Matrix qguantum mechanics with CS term

- D4-D4 strings

- A x A matrix

- D4-D8 strings
- A X N: matrix

- RR flux penetrating S4
- CSterm

- S%4 direction unnecessary
- Dim. reduced to 1d

b -\

—



@ Nuclear Matrix Model to Nuclear physics
[lizuka,Yi, KH 1003.4988

- 2 ¢ .y ¢ =" .I. ¢ -
S = 4 ‘[kk /(H tr [ DoXM)? — = M (X*)? + Do Dowa; — EMI%K W Wei
D Y| O
)6 2 . N B . )
) +:D-7° .\ *XNoa +1D - ;;' 5w 3um] +4N., /ch‘ tr Ag
AN My

[\ xM (M = 1,2,3.4) : AxA Hermitian matrix

Eigenvalues of xXM=1,23 =|ocation of A baryons

V4 Only 2 parameters : Mk, A = Ncgé)c[)

Nuclear
. ~ [dt —m\r|()¢z()|2+ZV(z()—l() )+
physics / [ =
action
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1. Magic Numbers
— ] ]
ArXiv/1902.07444 Matsuo, Morita, KH

1-1. Strategy to solve the quantum mechanics
1-2. Ground state solving gauge constraint
1-3. A=1 : Nucleon and Delta

1-4. A=3 : H; and He,

1-5. A=4 : He,

1-6. Magic numbers

1-7. Comparison to quark model / shell model



Strategy to solve the quantum mechanics

1. Approximate X (t)and w(t) as harmonic oscillators.
2. Build states satisfying gauge constraints.
3. Include interactions as perturbation.

gauge global global
field index U(A) | SU(Ny) | SU(2) x SU(2)
Matter field | X (t) M=1,234 adj. 1 (2,2)
Matter field | wgi(t) | &a=1,2;i=1,--- ,N; | A N¢ (1,2)
Gauge field | Ao(t) adj. 1 (1,1)
Auxiliary field | Ds(t) s=12,3 adj. 1 (1,3)
S = \)4\ Mgk / dt tr [DOX”)'2 - %A[I%K(‘\'J‘)Q + Dow® Doweai — l\[khu We

( ) +iD - x:’déf-‘ja‘\'ad +iD- T @ 50 ;z(m] +4N, /(lz‘ tr Ap
/\ \[I\I\ f



@ Ground state solving gauge constraint

Wo> — (€a1~-aAwa1 rrr Wa y

)

0}

Creation operator w_" -

: Spacetime spinor
---, Ny : Flavor

,2,---,A:U(A) baryon

This state satisfies the gauge constraint :

0S5
0= SA Qua) — Nel

:>{ Qsuyl) =0
Qu)gl¥Y) = NA|

State is SU(A) -inv.

Y) Statehas N.A w’s.



@ A = 1 : Nucleon and Delta N.=3,N; =2

)

0}

Wo> — (€a1~-aAwa1 rrr Wa y

‘¢0> S(JI) (272)8(‘11} (272)S(JI) (272)|O>

S = wn
\—Y—l

one W
= (LD=(33), (3:3)
Nucleon Delta

Mass difference Ho) 4\
from QM perturbation : Hint) = 97N,

My I(I +1)



A =3 :H;and He, N,=3,N;=2

)

0}

Wo> — (€a1-~aAwa1 rrr Wa y

o) = SUD=(2:2) §UD=(5.3) §UD=(3.3) |

)

_ Q111 ,,,0212,,,0313 .
S = €Caraza3 Wy,  Way “We, . (J7 I) — (
| )

Three Ws

= (LD=(33), (53)
Hs, He,

N —

)

N —




@ A =4 : Hey4 N.=3,N;=2

)

0}

Wo> — (€a1~-aAwa1 rrr Wa y

o) = (S)?0)
111 wdgigwd3i3wd{4’i4

S = €Cajasazas€ivycia€igiy€ivizCigig We, ao as ay

Four w's
= (J,1) =(0,0)

He,



Magic numbers

Q. Whatif A > 2Ny ? A. Use (Xw), instead of w,

Baryon #| Built state (for N. =1, N =1)

 A=1 | |$o) = ewr|0)

womber A=2| Ttho) = eury |0)

A=3 Yo) = euu(Xu)|0) ("." |Yo) = euru uy|0) = 0)
A=4 | |ho) = euu(Xu)(Xu)|0)

Magi
umper A =B | Tiho) = cuu(Xw) - (Xuw)|0)

4

6 of Xu
A=9 | o) = cun(Xw) - (Xu)(XXw)|0)

6 of Xu

We have only 2 of u (spin T and ) for w
We have only 2x3 = 6 of Xu using X', X* X*




@ Comparison to quark model / shell model

- No quark ... but spectra are reproduced!

The boson field wg“ is BaryonD4 - flavorD8 string,
which carries the spin/flavor charge of a quark.
But: no color, charged under Baryon symmetry U(A).

- Quark motion? :

Xw means a “quark” w with angular momentum.

- Shell model + Woods-Saxon

_____ T potential
+ Spin-Orbit int.

We have “Pauli principle” due to the U(A) constraint
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2. Nuclear density saturation

- -
ArXiv/1103.5668 Morita, KH
ArXiv/2103.03563 Matsuo, KH

2-1. Heavy nucleus is simpler (!)

2-2. Inevitable formation of atomic nucleus

2-3. Nuclear density saturation is seen

2-4. Analytic formula of nuclear radius

2-5. Finiteness of nucleus

2-6. A-dependence of charge radius, reproduced



@ Heavy nucleus is simpler (!)

At large A, we can drop w(1)
= Nuclear matrix model
= Dimensionally reduced Yang-Mills theory

1 2
S = c/dt tr {5(1975)(1)2 - gZ[XI,XJ]Q

Q. Solve this quantum mechanics at large A



@ Inevitable formation of atomic nucleus

1 2
S — c/dt tr [§(DtXI)2 _ gZ[XI’XJP]
0y
Classical config. : Diagonal X! = o

However this is not realized quantum-mechanically.

For large x with X = ( T ox ) ,
or —x

potential is too narrow as V ~ ¢%z*(dx)?
[LUscher ‘83]

Ground state :
Eigenvalues accumulated, baryons bound



@ Nuclear density saturation is seen
2

S = c/dt tr B(DtXI)2 - gZ[XI,XJ]Q

‘tHooft expansion for large A: Xa = Ag® fixed

- Dimensional analysis:

| )
Etr(XIXI>:c)\A1/3+---

-> Nuclear density saturation is derived

1
VA —— \/Ztr<XIXI> x Al/3




Analytic formula of nuclear radius

Large D, large A expansion with fixed g2 A D

[9811220 Hotta, Nishimura, Tsuchiya]
[0910.4526 Mandal, Mahato, Morita]

35/2.2/3 A1/3
T—o _ 95/651/6 Mk (N N2)1/3

Developped in

Result: /72 ..

{ rho meson mass Mk ~ 0.95[GeV]

Yukawa coupling A~53
N

V 7 Imearn O 7A1/ ’ [fll]']

Cf. Experiment /r2_  ~ 1.0AY2 [fm]

me an —



@ Finiteness of nucleus

Nuclear density via D-brane distribution formula :
[Taylor, vanRaamsdonk, 9904095]

D
A 1 :
p(r) = / ] da' L / dPk e (tr 4 exp(ik - V)
( 1=4 A

r<r
= 7T27“8\/7“8—7“ ( O>
L 0 (’I“() < 7“)
p(r)
/ Finiteness of nucleus!
s ro ~ 0.8 x A3 [fm]

T0 T



A-dependence of charge radius, reproduced

Model prediction = ¢y (1 4 czA_2/3)

R
Al/3
Experiments:

R/AY® [fm]
13 Dots: measured charge radius of

all known mononuclidic nuclei
[Angeli, Marinova “13]
1. Line: A-23 fitting

1.2

1.0

0 50 100 150 200 A

Fit: ¢1 = 0.89 [fm] and ¢c; = 1.5

Numerics comparison? Ours: ¢ ~ 2.4 [fm] and ¢z ~ 0.57
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3. Nuclear binding energy

— ] ]
ArXiv/2103.08563 Matsuo, KH

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



Build an effective nucleon potential

Nuclear density Nucleon potential
A 32/3 42/3
(r) = . : V(r)=E
P 772"5\/"62) o » (r) = r 22/34- 4/3(,,, — 12)1/3
WKB
| Ewp(’r) 1o, V(1)

05} -15F
[ B — 2.0 g
-1.0 0.5 0.0 05 1.0 —20r




Binding energy, reproduced

Nuclear density Nucleon potential
32/3A2/3

A

(r) = : . V(r) =Ef —

P 7‘,2,.5 \/,.5 — 72 |:> (r) ! 22/3,,.04/3(,,.02 — 1r2)1/3
WKB

Nuclear binding energy (with E;=0)
B =4n jrzp(r)V(r)dr + 27Tfr3p(r) V'(r)dr

Potential energy Kinetic term from virial theorem

Binding energy per nucleon matches the observed value

38/31"(%) 38/3\/%
PAvEE)  ZPSIOIG

B

A

)] A3 — 97 MeV

& My = 939 MeV
M, = 1232 MeV
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0. Nuclear Matrix Model (2 slides)

1. Magic Numbers (7 slides)

2. Nuclear density saturation

(6 slides)

3. Nuclear binding energy i



S =

; /dt tr ((DOXM)2 — XM x N2 4 fermions)
gsls

M(atrix) theory

[Banks, Fischler, Shenker, Susskind (1996)]
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Nuclear matrix model
(M-theory for nuclear physics)

[lizuka, Yi, KH (2010)]



