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Saturation of the nuclear binding energy is one of the most important properties of atomic nuclei.
We derive the saturation in holographic QCD, by building a shell-model-like mean-field nuclear potential
from the nuclear density profile obtained in a holographic multibaryon effective theory. The numerically
estimated binding energy is close to the experimental value.
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I. INTRODUCTION AND SUMMARY

Holographic QCD provides effective theories via the
AdS/CFT correspondence [1-3] and allows us to calculate
various observables of large N. QCD-like gauge theories.
Nuclear physics is a challenging target of holographic
QCD. The nuclear matrix model [4] was proposed to be a
unified model of nuclear physics inspired and derived by
the AdS/CFT. Atomic nuclei are bound states of nucleons,
which may allow an effective description in terms of
baryons in holographic QCD. Nucleons are D-branes in
the gravity side of the AdS/CFT, so the holographic theory
of the nucleons is given by matrices, which is the basis of
the nuclear matrix model. By the nuclear matrix model,
several important properties of nuclei, including the nuclear
radii [5], nuclear spectra, and magic numbers [6], have been
reproduced.l In this paper, we study another important
aspect of nuclei—the nuclear binding energy. We show that
the nuclear matrix model also reproduces the saturation of
the nuclear binding energy: the property that the nuclear
binding energy per nucleon approaches a constant inde-
pendent of the mass number A at large A.

Nuclear states in holographic QCD are obtained as
energy eigenstates of the nuclear matrix model. In the
gravity side of the Sakai-Sugimoto model [34,35], the
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'As for the nuclear matrix model, see [7] for a three-flavor
case, [8,9] for the three-body force, and [10] for the fermionic
nature of nucleon. An earlier proposal of the matrix description
includes [11,12]. Note that the binding of nucleons by nuclear
force [13—17] may be problematic generically in holographic
QCD [18]. For related approaches, see [19-33].
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baryons correspond to the D4-branes called baryon vertices
which are wrapped on the $* directions in the Witten
geometry.2 The nuclear matrix model action is the low
energy effective action of the baryon vertices. After the
dimensional reduction for $* directions, the Hamiltonian of
the nuclear matrix model for A baryons is derived as [4]

Hpy = H — trtA,(Qua) — No), (1)

1 TS R
H= 5tr(H’)2 + 274, 7% + Esz'vglwgi

— 40K XX AR i (1) (1)

= 2t [XT X + A () Pwy, ) (2)

where the indices {I,J.K,---}, {i,j.k,---}, and
{&.B.7.---} label the three-dimensional space, SU(N )
flavors, and SU(2) spins, respectively. The other indices
{A,B,C,---} and {a,b,c, -} stand for the adjoint and
fundamental representations of the baryon U(A) symmetry,
and the trace is taken over the baryon U(A) matrices. The
fields X!, w, and w are scalar fields which come from the
D4-D4 and D4-D8 open strings, and I/, z, and 7 are their
conjugate momenta, respectively.

The nuclear matrix model (2) gives bound states of
nucleons and reproduces nuclear states [6]. There is a
difficulty in directly evaluating the nuclear binding energy
by the nuclear matrix model. The nuclear binding energy is
the energy difference between the nuclear bound state and
the state at which all the constituent nucleons are infinitely
far apart, while the nuclear matrix model is effective for

*Baryon vertices are most stable when they are located at the
tip of the Witten geometry where the flavor D8-branes are placed,
so the baryon vertices are on the flavor D8-branes. For simplicity,
we ignore fluctuations in the directions away from the tip, and the
couplings to the gravity modes (as they are subleading in the large
N, expansion).
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nucleons close to each other.® This difficulty is overcome
once the following point is noticed: the saturation of the
binding energy is only for large A. Most of the total binding
energy comes from nucleons in lower energy levels, and
that of the highest energy level which should be compared
to the nucleon separated far away can be treated as zero
approximately. Therefore, we can calculate the binding
energy of the other nucleons and then the total binding
energy by solving the nuclear matrix model.

Nuclear states in the matrix model are calculated in [6]
for small baryon numbers, but the procedure is not useful
for large nucleon numbers. In the large A limit, it is
convenient to use the mean-field approximation. We here
adopt the following strategy. First, starting with the nuclear
density profile obtained by the nuclear matrix model [5],
we derive an effective mean-field potential which re-
produces the density profile. This potential defines a
holographic nuclear shell model, in which positions of
nucleons are identified with diagonal eigenvalues of X of
the nuclear matrix model. Assuming that the binding
energy for a nucleon at the Fermi level is negligible, the
total binding energy of the nucleus can be obtained by
summing up all the energy of nucleons below the Fermi
energy in the holographic nuclear shell model. We calculate
this nuclear binding energy and show that it reproduces the
saturation property.

Since the nuclear matrix model can treat flavors, spins,
and orbital motion of baryons in a unified fashion, we can
estimate the magnitude of the nuclear binding energy using
the nucleon mass and the A mass as inputs. We find that the
resultant numerical value turns out to be close to the
experimental value of the binding energy. The result is
quite nontrivial in view of the crude approximations
employed in the holographic QCD.

The organization of this paper is as follows. In Sec. II, we
construct a holographic nuclear shell model by deriving an
effective potential from the nuclear density profile in the
nuclear matrix model. In Sec. III, we calculate the holo-
graphic nuclear binding energy. Using the holographic
nuclear shell model, we obtain the nuclear binding energy
per nucleon and show that it is independent of A. We find
that the binding energy is numerically close to the exper-
imental value. Appendix A describes the details of the mass
rescaling used in the calculus, and Appendix B adds a novel
observation on the A dependence of nuclear radii.

II. HOLOGRAPHIC NUCLEAR SHELL MODEL

First, we review the nuclear density profile of the nuclear
matrix model [5] and check its consistency by confirming

*When the eigenvalues of X are far away, flat directions should
appear for which supersymmetry restoration would be important.
The nuclear matrix model ignores fermions on the baryon vertex.

4Eigenvalue were shown to behave as fermions when N, is
odd [10].

that the effect of w is subleading. Then in Sec. IIB we
inversely obtain the shell-model potential from the density
profile. This serves as a holographic nuclear shell model,
with which in Sec. III we calculate the nuclear binding
energy.

A. Nuclear density in the nuclear matrix model

The nuclear density profile in the nuclear matrix model
was derived in [5] by using the Ramond-Ramond charge
density formula of D-branes [36],

p(x) = (2;)3 / Bre= (ir exp[ik, X)), (3)

In the large A and large D limit, the nuclear matrix model
effectively behaves as that with a harmonic potential since
only the ladder diagrams contribute to the expectation value
above. The density profile was calculated in [5] as’

20 [2_2 (l" < rO)
,O(X) — TG/ Ty T (4)
0 (r>ry),

where r is the radial coordinate in three-dimensional space
and ry is the surface radius which is related to the effective
frequency m as r3 = 2A/m. In the derivation, the w-sector
was ignored because the number of degrees of freedom of w
is O(A) while that of X is O(A?). In this section, we employ
the ground state wave function developed in [6] and find
that indeed the effect of the w sector is subleading to make
sure that we can use (4) in the subsequent sections.

Let us evaluate the total energy including the contribu-
tion from the w sector. The potential for X’ can be
approximated by a harmonic potential (m?/2)tr(X)? as
in [6] and the energy of the orbital motion becomes

E:m(NX+§<A2—1>), (5)

where Ny is the number of excitations of X’ and the second
term comes from the zero-point fluctuations. The effective
frequency of the orbital motion, m, is determined in a
self-consistent fashion (see Appendix B of [6]) and is
approximately given by

>The evaluation of (3) in the large A limit and in the large D
limit (where D refers to the index / of X’ as I = 1,2, ..., D and
will be setto D = 3 after the evaluation) is described in [5]. At the
leading order, the nonperturbative vacuum is found to give a
nonzero expectation value for (try[X’X’]), around which the
fluctuation X’/ behaves as a massive free scalar. Then the
evaluation of (3) results in (try exp(ik - X)) o< J;(rolk|)/(rolk|)
where J, is a Bessel function, whose inverse Fourier transform at
D = 3 provides (4).
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16A4
“3mro0) (X4 X0 (6)
Here the expectation value in (6) is with the wave
function given in [6], and we have some remarks. The
gauge field A, behaves as a Lagrange multiplier and gives
constraints that physical states must be in singlet of SU(A)
and have U(1) charge of Q) = N A. Thus, the physical
ground states must have N A excitations of w. The energy
of these excitations gives a correction to the nucleon mass
and also modifies the kinetic term of X’ (see Appendix A
for the details). Using an appropriate redefinition of X', the
coupling constant A for X’ in the Hamiltonian is replaced by

A=1=0 (7)

where M|, is the bare tension of the baryon vertex and My is
the nucleon mass which includes the energy of w and w.

As described in [6], for A > 2N, because it is impos-
sible to form a totally antisymmetric combination solely of
w, excitations of X’ should also be introduced in the wave
function.® A straightforward counting shows that Ny is
approximately given by (3/2)"/3A%3 for large A. Thus,
using the virial theorem (1/2)m?(trX?) = (V) = E/2, an
estimation of (trX?) leads to

(rX?) :% [@) P % @-nl. @

We find that, for large A, the first term which is the effect of
the excitations due to the w-sector wave function is
negligible (see Appendix B for the comparison of the
subleading terms found here with the experimental data of
the nuclear radius).” Thus, the effective frequency for large
A is evaluated as

m® = 81,A. 9)
The density profile is given by (4) with ry = A, "/°A1/3.

B. Derivation of mean-field potential

In this subsection, we derive a mean-field effective
potential for nucleons from the density distribution (4).
The wave function of a nonrelativistic fermion in an
arbitrary spherically symmetric potential V(r) is given
by using the WKB approximation as

®Because of this fact, it was argued in [6] that the energy
eigenstates of the nuclear matrix model have a structure similar to
those in the nuclear shell model.

"Note that in this paper we employ N, = 3. If we took the large
N, limit first, the first term in (8) would be dominant, as it is
O(N!) while the second term in O(N?).

v — fp—l/z o iy, (10)
where
o= JE-vin -1y

and Y, is the spherical harmonics. The wave function is
suppressed very fast outside the classical turning point and
approximately zero for

E<V(r)+

I+ 1
(; ). (12)

The wave function must satisfy the quantization condition

/drp(r):ﬂn, (13)

with a positive integer n.
The constant C is fixed by the normalization condition as

2 4y dr
c2—4 /p(r). (14)

When the fermions occupy all the states below the Fermi
level at E = E, the density is obtained by the sum of the
probabilities for those states as

) =4Il
n,l,m
/E’dE/ R 21+1)dljgr4c(2), (15)

where the sum is approximated by an integral when the
number of states is sufficiently large. The factor 4 in the
first line comes from the sum over spins and flavors
(proton and neutron). From the quantization condition,
we obtain

dn l+ 1) 1
dr\| E — 1
dE fch/ r\/ vir “gzce 19
and then the density is calculated as
2 3/2
plr) = 53 (Ep = V(r)P2 (17)

Thus, for the nucleon density (4), the effective potential is
inversely given by

32/372/3
22/3rg/3(r(2) _ r2)1/3

V(r) = Ef - (18)
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for r < ry. Since the density is approximately zero for
r > r, this effective potential must be accompanied by a
steep potential barrier at r = r.

The mean-field potential (18) defines our holographic
nuclear shell model. In the next section, we use this
potential to evaluate the nuclear binding energy.

III. HOLOGRAPHIC NUCLEAR
BINDING ENERGY

A. Saturation

The shell-model effective potential (18) has the depth
measured from the Fermi level typically of

=V(r) ~—20<A0. (19)

This roughly implies that the nuclear binding energy per
nucleon is independent of A. In this section, we evaluate the
nuclear binding energy by the effective potential (18) more
precisely.

It is expected that the binding energy of nucleons at the
Fermi level is very small. Hence, we take E; = 0, and then,
the binding energy per nucleon is approximately given by
the average of the energy of each state. The total binding
energy B of a nucleus is a sum of the potential energy B(P)
and the kinetic energy B®), B = B®) + B Below we
calculate them separately.

The total potential energy BP) is given in terms of the
density as

BP) = (V) = 47z/ rp(x)V(r)dr. (20)

Then, the total potential energy for the effective potential
(18) is evaluated as

4/3 . 22/345/3,2
B(p)__/Z 32 AP redr
ﬂr(l)o/3(r% — r2)5/6
1/3
33101, A

=~ (21)

By using the virial theorem, the total kinetic energy B*)
is given by

BX =_(rV'(r)) = 271'/ Pp(x)V'(r)dr.  (22)

[NSR

Since the potential has very high potential barrier at r = ry,
V'(r) diverges there. In order to avoid this divergence, we
introduce a regularization by modifying the potential as

32/3A2/3 ("0 _ r)n
2’.(5)/3 ety

V(r) = - (23)

for r > ry — ¢, and take the ¢ — O limit. Here, n is the
artifact of the regularization. It should be noted that the
density should be modified simultaneously as

3
A (ro - r)i”
o122 rg/Z et

p(x) (24)

for consistency with (4). Then, the total kinetic energy is
calculated as

B /ro—e 2434583 rtdr
0 31/3”2r50/3(r% _ ,,2)11/6

r 323A33n(ry — r)%”_ldr
) 21/2717}’(7)/66%”%

0—€

38/3 /mAl* A
= /35{( e (25)
3/ 6
The final expression is, in fact, independent of the artifact
of the regularization.
Thus, all together, the holographic nuclear binding
energy B in the large A limit is obtained as

B[O 3EE 1 g
AT PG T 2R ere))”

The important point is that this is independent of A, which
shows the saturation of the nuclear binding energy—the
property that the nuclear binding energy per nucleon
approaches a constant for a large number of nucleons.

B. Numerical estimates

Let us numerically estimate the nuclear binding energy.
We fix the parameters of the model 4 and M by using the
mass of a nucleon and that of A as inputs.

Together with the zero-point fluctuation, the energy of
the state with the isospin 7 and the baryon number A =1 (a
single baryon) in the nuclear matrix model [6] is given by

42
Ey, = (Ne+2N)M + - 51(I+1). (27)

where the first term is the zero-point energy coming from
all N flavors, two spins, and both w and w. In order to
distinguish the mass of nucleons and A, we took first order
perturbative correction which is the last term of (2). By
using N, = 3 and N, = 2, the nucleon mass M and the A
mass M, are expressed as

3

My =My+TM +—, (28)
M
154
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where M, is the bare tension of the baryon vertex,

_ AqcoNcMgg  ANZ
- ¥z 3MF

M, (30)

By using the experimental data, My = 939 [MeV]
and M, = 1232 [MeV], the parameters of the nuclear
matrix model are fixed as®

A=313x105 MeV3], M =113 [MeV]. (31)

Our holographic nuclear binding energy per nucleon (26)
is evaluated as’

~9.66 [MeV]. (32)

| o

In experimental data, the naive average of the nuclear
binding energy per nucleon measured is known to be
roughly B/A ~8 [MeV]. In another fitting of the exper-
imental binding energy data by the empirical Bethe-
Weizsicker mass formula, the coefficient of the volume
term (the large-A leading term) shows B/A ~ 16 [MeV].
Our numerical estimate (32) is close to the values of the
experiments, which is sufficiently a good agreement as a
nuclear model of holographic QCD.
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APPENDIX A: MASS RESCALING

In this Appendix, we study how the mass coefficient in
the kinetic term of a generic nonrelativistic action is scaled
by quantum corrections to the total energy. This results in
the scaling of the coupling (7).

A nonrelativistic action of a free particle is obtained by
the nonrelativistic limit of a relativistic worldline action as

8By using these inputs, we obtain Agcp = 7.47 and Mgy =
277 [MeV]. They are slightly different from those in other works
but still of the same order.

°As described in [6], the numerical coefficient in (9) can vary
in the range from 84,A to 481,A, depending on the harmonic
approximation methods of the commutator square potential in the
nuclear matrix model (and in generic matrix models). Using the
range, our result (32) ranges from B/A ~9.66 [MeV] to
B/A ~17.5 [MeV]. In addition, note that in the nuclear matrix
model the electromagnetic force is not taken into account.

5= - [ any/ e
:/dt[—m+%m(k1)2+-~},

where u is the spacetime index. To see the effect of the
quantum corrections, it is convenient to introduce an
einbein ¢ on the worldline,

S:/dt{zﬁe(ic"f—%me]
:/dt{%(ic’)z—%m(eJre‘])].

Suppose we have a correction to the total energy from some
other sector (such as w sector in the nuclear matrix model).
It would effectively introduce an additional cosmological
constant term dm on the worldline as

(A1)

(A2)

S = /dt[zﬂ ()2 -%m(e+e—1) —eém} (A3)

e

With this correction, the equation of motion for the einbein
e is solved as

“1Y2
e = &’ ( A4)
1+ (26m)/m

in which (i/)? is negligible in the nonrelativistic limit.
Substituting this solution for the einbein, the corrected
action (A3) again takes the same form as (A1), but now the
mass m is replaced by M = m+/1 + (26m)/m. Thus, the
correction to the total energy rescales the mass coefficient
of the kinetic term as well as the cosmological constant on
the worldline. This effect can also be interpreted as the
rescaling of the einbein e ~ m/M.

With this rescaling of the mass in mind, we consider
the correction to the mass in the X sector in the nuclear
matrix model. Introducing the einbein, the action for X’ is
naturally written as

1
S = /dttr {2— (D, X")? 4+ 2eA[ X, X2 + -+ (AS)
e
The natural kinetic term can be given by a rescaling of X’ to
that in the physical length scale X{)hys as

M,
S = / dttr |:§ (DtXl{)hys)z

+2eMAXE, X

phys]2 +ees (A6)

where the tension of the baryon vertex M, is given by (30).
In this frame, we understand that the energy of w gives the
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correction to the tension as (28) and modifies the einbein
such that

_ My

e= M, (A7)

Using this corrected e and redefining the coordinate as

1/2
X' =MPX (A8)
we find that the action takes the same form as (AS),
1
§= / drtr [5 (DX + 22, X" X2+ -], (A9)

but with the rescaled coupling A, = ¢34, which is our (7).

APPENDIX B: A DEPENDENCE
OF NUCLEAR RADIUS

With m determined in (9), our evaluation (8) shows that
for the nuclear radii growing as A'/3 there exists a subleading
correction in the large A expansion. Expanding (8) for large
A, we find that the subleading correction starts at A=%/3. This
peculiar power is the result of holographic QCD.

It is surprising that the nuclear experimental data indeed
follow this A=*3 power law. In Fig. 1, we plot the
experimental data [37] of the charge radius R of all known
mononuclidic elements.'’ We fit the data with a function

R

W = Cl(l —+ C2A_2/3)

(B1)
and find a consistent fit with ¢; = 0.89 [fm] and ¢, = 1.5
(the solid line in Fig. 1). As this fitting curve reproduces the
data very well, we conclude that the subleading correction
is given relatively by A=*3—the prediction of the holo-
graphic QCD is confirmed in experiments.

"“The mononuclidic elements are 21 chemical elements that
are found naturally on Earth essentially as a single nuclide. We
use them because most of them are stable and were very well
measured with a high accuracy.

R/A1/3

1.3

A

0 50 100 150 200
FIG. 1. Experimental data [37] of the charge radius R of all
known mononuclidic elements. The solid line is the fitting curve

(B1) with the power A=%/3 predicted by the holographic QCD. We
find that the behavior is consistent.

We may even quantitatively compare the coefficients ¢,
and ¢, with the nuclear matrix model. Although in the model
there could be some other subleading effect, here we simply
assume the validity of (8) and look at how the nuclear radius
changes in A. Using (8) itself, the mean-square radius of the
atomic nucleus in the nuclear matrix model is

1
Rholo = Z <tr(X{)hys)2>’ (Bz)

where X{)hys is related to X’ in (8) by (A8). Correcting (9) to

the next-to-leading order, we have
m® = 81,A + 25/33%3) A1/3, (B3)

Then, the coefficients ¢ and ¢, in the charge radius (B2) are
calculated as

B 31/2A1/3 _ M _ 31/3
TR T 2R T s

¢ (B4)

Using the numerical parameters (31) of the nuclear matrix
model, we find ¢; ~ 2.4 [fm] and ¢, ~ 0.57. These values are
of the same order as those of the experiments, which is quite a
good agreement in view of the crude approximations in the
holographic QCD.
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