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Abstract

Nuclear string hypothesis is one of the most dramatic almost-predictions
of TGD. The hypothesis in its original form assumes that nucleons in-
side nucleus form closed nuclear strings with neighboring nuclei of the
string connected by exotic meson bonds consisting of color magnetic
flux tube with quark and anti-quark at its ends. The lengths of flux
tubes correspond to the p-adic length scale of electron and therefore
the mass scale of the exotic mesons is around 1 MeV in accordance
with the general scale of nuclear binding energies. The long lengths
of em flux tubes increase the distance between nucleons and reduce
Coulomb repulsion. A fractally scaled up variant of ordinary QCD
with respect to p-adic length scale would be in question and the usual
wisdom about ordinary pions and other mesons as the origin of nuclear
force would be simply wrong in TGD framework as the large mass scale
of ordinary pion indeed suggests.

1. A > 4 nuclei as nuclear strings consisting of A ≤ 4 nuclei

In this article a more refined version of nuclear string hypothesis is
developed.

a) It is assumed 4He nuclei and A < 4 nuclei and possibly also
nucleons appear as basic building blocks of nuclear strings. A ≤ 4
nuclei in turn can be regarded as strings of nucleons. Large number of
stable lightest isotopes of form A = 4n supports the hypothesis that the
number of 4He nuclei is maximal. Even the weak decay characteristics
might be reduced to those for A < 4 nuclei using this hypothesis.

b) One can understand the behavior of nuclear binding energies
surprisingly well from the assumptions that total strong binding energy
associated with A ≤ 4 building blocks is additive for nuclear strings.

c) In TGD framework tetra-neutron is interpreted as a variant of
alpha particle obtained by replacing two meson-like stringy bonds con-
necting neighboring nucleons of the nuclear string with their negatively
charged variants. For heavier nuclei tetra-neutron is needed as an ad-
ditional building brick.

2. Bose-Einstein condensation of color bonds as a mechanism of
nuclear binding

The attempt to understand the variation of the nuclear binding
energy and its maximum for Fe leads to a quantitative model of nuclei
lighter than Fe as color bound Bose-Einstein condensates of pion like
colored states associated with color flux tubes connecting 4He nuclei.
The color contribution to the total binding energy is proportional to
n2, where n is the number of color bonds. The de-coherence of this
condensate for nuclei heavier than Fe explains their decreasing binding
energy per nucleon and the instability of Z = N = 2n nuclei heavier
than Fe as well as neutron richness of these nuclei.
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Fractal scaling argument allows to understand 4He and lighter nu-
clei as strings of nucleons with nucleons bound together by color bonds.
Three fractally scaled variants of QCD corresponding A > 4 , A = 4,
and A < 4 nuclei are involved. The binding energies of also A ≤ 4 are
predicted surprisingly accurately by applying simple p-adic scaling to
the model of binding energies of heavier nuclei.

3. Giant dipole resonance as de-coherence of Bose-Einstein con-
densate of color bonds

Giant resonances and so called pygmy resonances are interpreted
in terms of de-coherence of the Bose-Einstein condensates associated
with A ≤ 4 nuclei and with the nuclear string formed from A ≤ 4
nuclei. The splitting of the Bose-Einstein condensate to pieces costs
a precisely defined energy. For 4He de-coherence the model predicts
singlet line at 12.74 MeV and triplet at ∼ 27 MeV spanning 4 MeV
wide range.

The de-coherence at the level of nuclear string predicts 1 MeV wide
bands 1.4 MeV above the basic lines. Bands decompose to lines with
precisely predicted energies. Also these contribute to the width. The
predictions are in rather good agreement with experimental values.
The so called pygmy resonance appearing in neutron rich nuclei can
be understood as a de-coherence for A = 3 nuclei. A doublet at ∼ 8
MeV and MeV spacing is predicted. The prediction for the position is
correct.

1 Introduction

Nuclear string hypothesis [F8] is one of the most dramatic almost-predictions
of TGD [TGDquant]. The hypothesis in its original form assumes that
nucleons inside nucleus organize to closed nuclear strings with neighboring
nuclei of the string connected by exotic meson bonds consisting of color
magnetic flux tube with quark and anti-quark at its ends. The lengths of
flux tubes correspond to the p-adic length scale of electron and therefore
the mass scale of the exotic mesons is around 1 MeV in accordance with the
general scale of nuclear binding energies. The long lengths of em flux tubes
increase the distance between nucleons and reduce Coulomb repulsion. A
fractally scaled up variant of ordinary QCD with respect to p-adic length
scale would be in question and the usual wisdom about ordinary pions and
other mesons as the origin of nuclear force would be simply wrong in TGD
framework as the large mass scale of ordinary pion indeed suggests. The
presence of exotic light mesons in nuclei has been proposed also by Illert [4]
based on evidence for charge fractionization effects in nuclear decays.
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1.1 A > 4 nuclei as nuclear strings consisting of A ≤ 4 nuclei

In the sequel a more refined version of nuclear string hypothesis is developed.
a) The first refinement of the hypothesis is that 4He nuclei and A < 4

nuclei and possibly also nucleons appear as basic building blocks of nuclear
strings instead of nucleons which in turn can be regarded as strings of nucle-
ons. Large number of stable lightest isotopes of form A = 4n supports the
hypothesis that the number of 4He nuclei is maximal. One can hope that
even also weak decay characteristics could be reduced to those for A < 4
nuclei using this hypothesis.

b) One can understand the behavior of nuclear binding energies surpris-
ingly well from the assumptions that total strong binding energy associated
with A ≤ 4 building blocks is additive for nuclear strings and that the ad-
dition of neutrons tends to reduce Coulombic energy per string length by
increasing the length of the nuclear string implying increase binding energy
and stabilization of the nucleus. This picture does not explain the variation
of binding energy per nucleon and its maximum appearing for 56Fe.

c) In TGD framework tetra-neutron [2, 3] is interpreted as a variant of
alpha particle obtained by replacing two meson-like stringy bonds connect-
ing neighboring nucleons of the nuclear string with their negatively charged
variants [F8]. For heavier nuclei tetra-neutron is needed as an additional
building brick and the local maxima of binding energy EB per nucleon
as function of neutron number are consistent with the presence of tetra-
neutrons. The additivity of magic numbers 2, 8, 20, 28, 50, 82, 126 predicted
by nuclear string hypothesis is also consistent with experimental facts and
new magic numbers are predicted [5, 6].

1.2 Bose-Einstein condensation of color bonds as a mecha-
nism of nuclear binding

The attempt to understand the variation of the nuclear binding energy and
its maximum for Fe leads to a quantitative model of nuclei lighter than Fe
as color bound Bose-Einstein condensates of 4He nuclei or rather, of pion
like colored states associated with color flux tubes connecting 4He nuclei.
The crucial element of the model is that color contribution to the binding
energy is proportional to n2 where n is the number of color bonds. The
de-coherence of this condensate for nuclei heavier than Fe explains their
decreasing binding energy per nucleon and the instability of Z = N = 2n
nuclei heavier than Fe as well as neutron richness of these nuclei.

Fractal scaling argument allows to understand 4He and lighter nuclei as
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strings formed from nucleons with nucleons bound together by color bonds.
Three fractally scaled variants of QCD corresponding A > 4 nuclei, A = 4
nuclei and A < 4 nuclei are thus involved. The binding energies of also
lighter nuclei are predicted surprisingly accurately by applying simple p-
adic scaling to the parameters of model for the electromagnetic and color
binding energies in heavier nuclei.

1.3 Giant dipole resonance as de-coherence of Bose-Einstein
condensate of color bonds

Giant (dipole) resonances [17, 18, 20], and so called pygmy resonances [21,
22] interpreted in terms of de-coherence of the Bose-Einstein condensates
associated with A ≤ 4 nuclei and with the nuclear string formed from A ≤ 4
nuclei provide a unique test for the model. The key observation is that the
splitting of the Bose-Einstein condensate to pieces costs a precisely defined
energy due to the n2 dependence of the total binding energy. For 4He de-
coherence the model predicts singlet line at 12.74 MeV and triplet (25.48,
27.30,29.12) MeV at ∼ 27 MeV spanning 4 MeV wide range which is of the
same order as the width of the giant dipole resonance for nuclei with full
shells.

The de-coherence at the level of nuclear string predicts 1 MeV wide bands
1.4 MeV above the basic lines. Bands decompose to lines with precisely
predicted energies. Also these contribute to the width. The predictions are
in a surprisingly good agreement with experimental values. The so called
pygmy resonance appearing in neutron rich nuclei can be understood as a
de-coherence for A = 3 nuclei. A doublet (7.520,8.4600) MeV at ∼ 8 MeV
is predicted. At least the prediction for the position is correct.

2 Some variants of the nuclear string hypothesis

The basic assumptions of the nuclear string model could be made stronger
in several testable ways. One can make several alternative hypothesis.

2.1 Could linking of nuclear strings give rise to heavier stable
nuclei?

Nuclear strings (Z1, N1) and (Z2, N2) could link to form larger nuclei (Z1 +
Z2, N1 + N2). If one can neglect the interactions between linked nuclei, the
properties of the resulting nuclei should be determined by those of com-
posites. Linking should however be the confining interaction forbidding the
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decay of the stable composite. The objection against this option is that it is
difficult to characterize the constraint that strings are not allowed to touch
and there is no good reason forbidding the touching.

The basic prediction would be that if the nuclei (Z1, N1) and (Z2, N2)
which are stable, very long-lived, or possess exceptionally large binding en-
ergy then also the nucleus (Z1 +Z2, N1 +N2) has this property. If the linked
nuclear strings are essentially free then the expectation is that the half-life
of a composite of unstable nuclei is that of the shorter lived nucleus. This
kind of regularity would have been probably observed long time ago.

2.2 Nuclear strings as connected sums of shorter nuclear
strings?

Nuclear strings can form connected sum of the shorter nuclear strings. Con-
nected sum means that one deletes very short portions of nuclear string A
and B and connects the resulting ends of string A and B together. In other
words: A is inserted inside B or vice versa or A and B are cut to open
strings and connected and closed again. This outcome would result when A
and B touch each other at some point. If touching occurs at several points
more complex fusion of nuclei to a larger nucleus to a composite occurs with
piece of A followed by a piece of B followed... For this option there is a
non-trivial interaction between strings and the properties of nuclei need not
be simply additive but one might still hope that stable nuclei fuse to form
stable nuclei. In particular, the prediction for the half-life based on binding
by linking does not hold true anymore.

Classical picture would suggest that the two strings cannot rotate with
respect to each other unless they correspond to rather simple symmetric
configurations: this applies also to linked strings. If so then the relative an-
gular momentum L of nuclear strings vanishes and total angular momentum
J of the resulting nucleus satisfies |J1 − J2| ≤ J ≤ J1 + J2.

2.3 Is knotting of nuclear strings possible?

One can consider also the knotting of nuclear strings as a mechanism giving
rise to exotic excitations of nuclear. Knots decompose to prime knots so that
kind of prime nuclei identified in terms of prime knots might appear. Frac-
tal thinking suggests an analogy with the poorly understood phenomenon of
protein folding. It is known that proteins always end up to a unique highly
folded configuration and one might think that also nuclear ground states cor-
respond to unique configurations to which quantum system (also proteins
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would be such if dark matter is present) ends up via quantum tunnelling un-
like classical system which would stick into some valley representing a state
of higher energy. The spin glass degeneracy suggests an fractal landscape
of ground state configurations characterized by knotting and possibly also
linking.

3 Could nuclear strings be connected sums of al-
pha strings and lighter nuclear strings?

The attempt to kill the composite string model leads to a stronger formu-
lation in which nuclear string consists of alpha particles plus a minimum
number of lighter nuclei. To test the basic predictions of the model I have
used the rather old tables of [8] for binding energies of stable and long-lived
isotopes and more modern tables [7] for basic data about isotopes known
recently.

3.1 Does the notion of elementary nucleus make sense?

The simplest formulation of the model assumes some minimal set of stable
”elementary nuclei” from which more complex stable nuclei can be con-
structed.

a) If heavier nuclei are formed by linking then alpha particle 4He =
(Z, N) = (2, 2) suggests itself as the lightest stable composite allowing in-
terpretation as a closed string. For connected sum option even single nucleon
n or p can appear as a composite. This option turns out to be the more
plausible one.

b) In the model based on linking 6Li = (3, 3) and 7Li = (3, 4) would
also act as ”elementary nuclei” as well as 9Be = (4, 5) and 10Be = (4, 6).
For the model based on connected sum these nuclei might be regarded as
composites 6Li = (3, 3) = (2, 2) + (1, 1), 7Li = (3, 4) = (2, 2) + (1, 2),
9Be = (4, 5) = 2× (2, 2) + (0, 1) and 10Be = (4, 6) = (2, 2) + 2× (1, 2). The
study of binding energies supports the connected sum option.

b) 10B has total nuclear spin J = 3 and 10B = (5, 5) = (3, 3) + (2, 2) =6

Li +4 He makes sense if the composites can be in relative L = 2 state
(6Li has J = 1 and 4He has J = 0). 11B has J = 3/2 so that 11B =
(5, 6) = (3, 4) + (2, 2) =7 Li +4 He makes sense because 7Li has J = 3/2.
For the model based on disjoint linking also 10B would be also regarded
as ”elementary nucleus”. This asymmetry disfavors the model based on
linking.
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3.2 Stable nuclei need not fuse to form stable nuclei

The question is whether the simplest model predicts stable nuclei which do
not exist. In particular, are the linked 4He composites stable? The simplest
case corresponds to 8B = (4, 4) =4 He +4 He which is not stable against
alpha decay. Thus stable nuclei need not fuse to form stable nuclei. On the
other hand, the very instability against alpha decay suggests that 4B can
be indeed regarded as composite of two alpha particles. A good explanation
for the instability against alpha decay is the exceptionally large binding
energy E = 7.07 MeV per nucleon of alpha particle. The fact that the
binding energy per nucleon for 8Be is also exceptionally large and equal to
7.06 MeV < EB(4He) supports the interpretation as a composite of alpha
particles.

For heavier nuclei binding energy per nucleon increases and has maxi-
mum 8.78 MeV for Fe. This encourages to consider the possibility that alpha
particle acts as a fundamental composite of nuclear strings with minimum
number of lighter isotopes guaranteing correct neutron number. Indeed, the
decomposition to a maximum number of alpha particles allows a qualitative
understanding of binding energies assuming that additional contribution not
larger than 1.8 MeV per nucleon is present.

The nuclei 12C, 16O, 20Ne, 24Mg, 28Si, 32S, 36A, and 40Ca are lightest
stable isotopes of form (Z,Z) = n ×4 He, n = 3, ..., 10, for which EB is
larger than for 4He. For the first four nuclei EB has a local maximum
as function of N . For the remaining the maximum of EB is obtained for
(Z, Z + 1). 44Ti = (22, 22) does not exist as a long-lived isotope whereas
45Ti does. The addition of neutron could increase EB by increasing the
length of nuclear string and thus reducing the Coulomb interaction energy
per nucleon. This mechanism would provide an explanation also for neutron
halos [1].

Also the fact that stable nuclei in general have N ≥ Z supports the
view that N = Z state corresponds to string consisting of alpha particles
and that N > Z states are obtained by adding something between. N < Z
states would necessarily contain at least one stable nucleus lighter than 4He
with smaller binding energy. 3He is the only possible candidate as the only
stable nucleus with N < Z. (EB(2H) = 1.11 MeV and EB(3He) = 2.57
MeV). Individual nucleons are also possible in principle but not favored.
This together with increase of Coulomb interaction energy per nucleon due
to the greater density of em charge per string length would explain their
smaller binding energy and instability.
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3.3 Formula for binding energy per nucleon as a test for the
model

The study of 8B inspires the hypothesis that the total binding energy for
the nucleus (Z1 +Z2, N1 +N2) is in the first approximation the sum of total
binding energies of composites so that one would have for the binding energy
per nucleon the prediction

EB =
A1

A1 + A2
× EB1 +

A2

A1 + A2
× EB2

in the case of 2-nucleus composite. The generalization to N-nucleus com-
posite would be

EB =
∑

k

Ak∑
r Ar

×EBk
.

This prediction would apply also to the unstable composites. The increase of
binding energy with the increase of nuclear weight indeed suggests a decom-
position of nuclear string to a sequence alpha strings plus some minimum
number of shorter strings.

The first objection is that for both Li, B, and Be which all having
two stable isotopes, the lighter stable isotope has a slightly smaller binding
energy contrary to the expectation based on additivity of the total bind-
ing energy. This can be however understood in terms of the reduction of
Coulomb energy per string length resulting in the addition of neutron (pro-
tons have larger average distance along nuclear string along mediating the
electric flux) . The reduction of Coulomb energy per unit length of nuclear
string could also partially explain why one has EB > EB(4He) for heavier
nuclei.

The composition 6Li = (3, 3) = (2, 2) + (1, 1) predicts EB ' 5.0 MeV
not too far from 5.3 MeV. The decomposition 7Li = (3, 4) = (2, 2) + (1, 2)
predicts EB = 5.2 MeV to be compared with 5.6 MeV so that the agreement
is satisfactory. The decomposition 8Be = (4, 4) = 2× 4He predicts EB =
7.07 MeV to be compared with the experimental value 7.06 MeV. 9Be and
10Be have EB = 6.46 MeV and EB = 6.50 MeV. The fact that binding
energy slightly increases in addition of neutron can be understood since the
addition of neutrons to 8Be reduces the Coulomb interaction energy per unit
length. Also neutron spin pairing reduces EB. The additive formula for EB

is satisfied with an accuracy better than 1 MeV also for 10B and 11B.
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3.4 Decay characteristics and binding energies as signatures
of the decomposition of nuclear string

One might hope of reducing the weak decay characteristics to those of short-
est unstable nuclear strings appearing in the decomposition. Alternatively,
one could deduce the decomposition from the weak decay characteristics
and binding energy using the previous formulas. The picture of nucleus as a
string of alpha particles plus minimum number of lighter nuclei 3He having
EB = 2.57 MeV, 3H unstable against beta decay with half-life of 12.26 years
and having EB = 2.83 MeV, and 2H having EB = 1.1 MeV gives hopes of
modelling weak decays in terms of decays for these light composites.

a) β− decay could be seen as a signature for the presence of 3H string
and alpha decay as a signature for the presence of 4He string.

b) β+ decay might be interpreted as a signature for the presence of 3He
string which decays to 3H (the mass of 3H is only .018 MeV higher than
that of 3He). For instance, 8B = (5, 3) = (3, 2) + (2, 1)= 5Li +3 He suffers
β+ decay to 8Be = (4, 4) which in turn decays by alpha emission which
suggests the re-arrangement to (3, 2) + (1, 2) → (2, 2) + (2, 2) maximizing
binding energy.

c) Also individual nucleons can appear in the decomposition and give
rise to β− and possible also β+ decays.

3.5 Are magic numbers additive?

The magic numbers 2, 8, 20, 28, 50, 82, 126 [5] for protons and neutrons are
usually regarded as a support for the harmonic oscillator model. There are
also other possible explanations for magic nuclei and there are deviations
from the naive predictions. One can also consider several different criteria
for what it is to be magic. Binding energy is the most natural criterion but
need not always mean stability. For instance 8B = (4, 4) =4 He +4 He has
high binding energy but is unstable against alpha decay.

Nuclear string model suggests that the fusion of magic nuclear strings
by connected sum yields new kind of highly stable nuclei so that also (Z1 +
Z2, N1 +N2) is a magic nucleus if (Zi, Ni) is such. One has N = 28 = 20+8,
50 = 28 + 20 + 2, and N = 82 = 50 + 28 + 2× 2. Also other magic numbers
are predicted. There is evidence for them [6].

a) 16O = (8, 8) and 40Ca = (20, 20) corresponds to doubly magic nuclei
and 60Ni = (28, 32) = (20, 20) + (8, 8) +4 n has a local maximum of binding
energy as function of neutron number. This is not true for 56Ni so that the
idea of magic nucleus in neutron sector is not supported by this case. The
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explanation would be in terms of the reduction of EB due to the reduction
of Coulomb energy per string length as neutrons are added.

b) Also 80Kr = (36, 44) = (36, 36) +4 n = (20, 20) + (8, 8) + (8, 8) +4 n
corresponds to a local maximum of binding energy per nucleon as also does
84Kr =80 Kr+4n containing two tetra-neutrons. Note however that 88Zr =
(40, 48) is not a stable isotope although it can be regarded as a composite
of doubly magic nucleus and of two tetra-neutrons.

3.6 Stable nuclei as composites of lighter nuclei and necessity
of tetra-neutron?

The obvious test is to look whether stable nuclei can be constructed as com-
posites of lighter ones. In particular, one can check whether tetra-neutron 4n
interpreted as a variant of alpha particle obtained by replacing two meson-
like stringy bonds connecting neighboring nucleons of the nuclear string
with their negatively charged variants is necessary for the understanding of
heavier nuclei.

a) 48Ca = (20, 28) with half-life > 2 × 1016 years has neutron excess of
8 units and the only reasonable interpretation seems to be as a composite
of the lightest stable Ca isotope Ca(20, 20), which is doubly magic nucleus
and two tetra-neutrons: 48Ca = (20, 28) =40 Ca + 2×4 n.

b) The next problematic nucleus is 49Ti.
i) 49Ti = (22, 27) having neutron excess of 5 one cannot be expressed

as a composite of lighter nuclei unless one assumes non-vanishing and large
relative angular momentum for the composites. For 50Ti = (22, 28) no
decomposition can be found. The presence of tetra-neutron would reduce
the situation to 49Ti = (22, 27) =45 Ti +4 n. Note that 45Ti is the lightest
Ti isotope with relatively long half-life of 3.10 hours so that the addition of
tetra-neutron would stabilize the system since Coulomb energy per length
of string would be reduced.

ii) 48Ti could not involve tetra-neutron by this criterion. It indeed allows
decomposition to standard nuclei is also possible as 48Ti = (22, 26) =41

K +7 Li.
iii) The heaviest stable Ti isotope would have the decomposition 50Ti =46

Ti +4 n, where 46Ti is the lightest stable Ti isotope.
c) The heavier stable nuclei 50+kV = (23, 27 + k), k = 0, 1, 52+kCr =

(24, 28+k), k = 0, 1, 2, 55Mn = (25, 30) and 56+kFe = (26, 30+k), k = 0, 1, 2
would have similar interpretation. The stable isotopes 50Cr = (24, 26) and
54Fe = (26, 28) would not contain tetra-neutron. Also for heavier nuclei
both kinds of stable states appear and tetra-neutron would explain this.
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d) 112Sn = (50, 62) = (50, 50)+3×4 n, 116Sn, 120Sn, and 124Sn are local
maxima of EB as a function of neutron number and the interpretation in
terms of tetra-neutrons looks rather natural. Note that Z = 50 is a magic
number.

Nuclear string model looks surprisingly promising and it would be in-
teresting to compare systematically the predictions for EB with its actual
values and look whether the beta decays could be understood in terms of
those of composites lighter than 4He.

3.7 What are the building blocks of nuclear strings?

One can also consider several options for the more detailed structure of
nuclear strings. The original model assumed that proton and neutron are
basic building blocks but this model is too simple.

3.7.1 Option Ia)

A more detailed work in attempt to understand binding energies led to the
idea that there is fractal structure involved. At the highest level the building
blocks of nuclear strings are A ≤ 4 nuclei. These nuclei in turn would be
constructed as short nuclear strings of ordinary nucleons.

The basic objection against the model is the experimental absence of
stable n−n bound state analogous to deuteron favored by lacking Coulomb
repulsion and attractive electromagnetic spin-spin interaction in spin 1 state.
Same applies to tri-neutron states and possibly also tetra-neutron state.
There has been however speculation about the existence of di-neutron and
poly-neutron states [10, 11].

The standard explanation is that strong force couples to strong isospin
and that the repulsive strong force in nn and pp states makes bound states
of this kind impossible. This force, if really present, should correspond to
shorter length scale than the isospin independent forces in the model under
consideration. In space-time description these forces would correspond to
forces mediated between nucleons along the space-time sheet of the nucleus
whereas exotic color forces would be mediated along the color magnetic flux
tubes having much longer length scale. Even for this option one cannot
exclude exotic di-neutron obtained from deuteron by allowing color bond to
carry negative em charge. Since em charges 0, 1,−1 are possible for color
bonds, a nucleus with mass number A > 2 extends to a multiplet containing
3A exotic charge states.
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3.7.2 Option Ib)

One might ask whether it is possible to get rid of isospin dependent strong
forces and exotic charge states in the proposed framework. One can indeed
consider also other explanations for the absence of genuine poly-neutrons.

a) The formation of negatively charged bonds with neutrons replaced by
protons would minimize both nuclear mass and Coulomb energy although
binding energy per nucleon would be reduced and the increase of neutron
number in heavy nuclei would be only apparent.

b) The strongest hypothesis is that mass minimization forces protons
and negatively charged color bonds to serve as the basic building bricks
of all nuclei. If this were the case, deuteron would be a di-proton having
negatively charged color bond. The total binding energy would be only
2.222− 1.293 = .9290 MeV. Di-neutron would be impossible for this option
since only one color bond can be present in this state.

The small mass difference m(3He) −m(3H) = .018 MeV would have a
natural interpretation as Coulomb interaction energy. Tri-neutron would be
allowed. Alpha particle would consist of four protons and two negatively
charged color bonds and the actual binding energy per nucleon would be by
(mn−mp)/2 smaller than believed. Tetra-neutron would also consist of four
protons and the binding energy per nucleon would be smaller by mn −mp

than what obtains in the standard model of nucleus. Beta decays would be
basically beta decays of exotic quarks associated with color bonds.

Note that the mere assumption that the di-neutrons appearing inside
nuclei have protons as building bricks means a rather large apparent bind-
ing energy this might explain why di-neutrons have not been detected. An
interesting question is whether also higher n-deuteron states than 4He con-
sisting of strings of deuteron nuclei and other A ≤ 3 nuclei could exist and
play some role in the nuclear physics of Z 6= N nuclei.

If protons are the basic building bricks, the binding energy per nucleon
is replaced in the calculations with its actual value

EB → EB − N

A
∆m , ∆m = mn −mp = 1.2930 MeV . (1)

This replacement does not affect at all the parameters of the of Z = 2n
nuclei identified as 4He strings.

One can of course consider also the option that nuclei containing ordinary
neutrons are possible but that are unstable against beta decay to nuclei
containing only protons and negatively charged bonds. This would suggest
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that di-neutron exists but is not appreciably produced in nuclear reactions
and has not been therefore detected.

3.7.3 Options IIa) and IIb)

It is not clear whether the fermions at the ends of color bonds are exotic
quarks or leptons. Lepto-pion (or electro-pion) hypothesis [F7] was inspired
by the anomalous e+e− production in heavy ion collisions near Coulomb wall
and states that electro-pions which are bound states of colored excitations
of electrons with ground state mass 1.062 MeV are responsible for the effect.
The model predicts that also other charged leptons have color excitations
and give rise to exotic counterpart of QCD.

Also µ and τ should possess colored excitations. About fifteen years
after this prediction was made, direct experimental evidence for these states
finally emerges [23, 24]. The mass of the new particle, which is either scalar
or pseudoscalar, is 214.4 MeV whereas muon mass is 105.6 MeV. The mass is
about 1.5 per cent higher than two times muon mass. The most natural TGD
inspired interpretation is as a pion like bound state of colored excitations of
muon completely analogous to lepto-pion (or rather, electro-pion) [F7].

One cannot exclude the possibility that the fermion and anti-fermion at
the ends of color flux tubes connecting nucleons are actually colored leptons
although the working hypothesis is that they are exotic quark and anti-
quark. One can of course also turn around the argument: could it be that
lepto-pions are ”leptonuclei”, that is bound states of ordinary leptons bound
by color flux tubes for a QCD in length scale considerably shorter than the
p-adic length scale of lepton.

Scaling argument applied to ordinary pion mass suggests that the masses
of exotic quarks at the ends of color bonds are considerably below MeV scale.
One can however consider the possibility that colored electrons with mass
of ordinary electron are in question in which case color bonds identifiable as
colored variants of electro-pions could be assumed to contribute in the first
guess the mass m(π) = 1.062 MeV per each nucleon for A > 2 nuclei. This
implies the general replacement

EB → EB + m(πL)− N

A
∆m for A > 2 ,

EB → EB +
m(πL)

2
− N

A
∆m for A = 2 . (2)

This option will be referred to as option IIb). One can also consider the
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option IIa) in which nucleons are ordinary but lepto-pion mass m(πL) =
1.062 MeV gives the mass associated with color bond.

These options are equivalent for N = Z = 2n nuclei with A > 4 but for
A ≤ 4 nuclei assumed to form nucleon string they options differ.

4 Light nuclei as color bound Bose-Einstein con-
densates of 4He nuclei

The attempt to understand the variation of nuclear binding energy and its
maximum for Fe leads to a model of nuclei lighter than Fe as color bound
Bose-Einstein condensates of 4He nuclei or meson-like structures associated
with them. Fractal scaling argument allows to understand 4He itself as
analogous state formed from nucleons.

4.1 How to explain the maximum of EB for iron?

The simplest model predicts that the binding energy per nucleon equals to
EB(4He) for all Z = N = 2n nuclei. The actual binding energy grows slowly,
has a maximum at 52Fe, and then begins to decrease but remains above
EB(4He). The following values give representative examples for Z = N
nuclei.

nucleus 4He 8Be 40Ca 52Fe

EB/MeV 7.0720 7.0603 8.5504 8.6104

For nuclei heavier than Fe there are no long-lived Z = N = 2n isotopes and
the natural reason would be alpha decay to 52Fe. If tetra-neutron is what
TGD suggests it to be one can guess that tetra-neutron mass is very nearly
equal to the mass of the alpha particle. This would allow to regard states
N = Z + 4n as states as analogous to unstable states N1 = Z1 = Z + 2n
consisting of alpha particles. This gives estimate for EB for unstable N = Z
states. For 256Fm = (100, 156) one has EB = 7.433 MeV which is still above
EB(4He) = 7.0720 MeV. The challenge is to understand the variation of the
binding energy per nucleon and its maximum for Fe.

4.2 Scaled up QCD with Bose-Einstein condensate of 4He
nuclei explains the variation of EB

The first thing to come in mind is that repulsive Coulomb contribution
would cause the variation of the binding energy. Since alpha particles are
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building blocks for Z = N nuclei, 8Be provides a test for this idea. If the
difference between binding energies per nucleon for 8Be and 4He were due to
Coulomb repulsion alone, one would have Ec = EB(4He)−EB(8Be) = .0117
MeV, which is of order αem/L(127). This would conform with the idea that
flux tubes mediating em interaction have length of order electron Compton
length. Long flux tubes would provide the mechanism minimizing Coulomb
energy. A more realistic interpretation consistent with this mechanism would
be that Coulombic and color interaction energies compensate each other:
this can of course occur to some degree but it seems safe to assume that
Coulomb contribution is small.

The basic question is how one could understand the behavior of EB if
its variation corresponds to that for color binding energy per nucleon. The
natural scale of energy is MeV and this conforms with the fact that the
range of variation for color binding energy associated with L(127) QCD
is about 1.5 MeV. By a naive scaling the value of M127 pion mass is by
a factor 2(127−107)/2 = 10−3 times smaller than that of ordinary pion and
thus .14 MeV. The scaling of QCD Λ is a more reliable estimate for the
binding energy scale and gives a slightly larger value but of the same order
of magnitude. The total variation of EB is large in the natural energy scale
of M127 QCD and suggests strong non-linear effects.

In the absence of other contributions em and color contributions to EB

cancel for 8Be. If color and Coulomb contributions on total binding energy
depend roughly linearly on the number of 4He nuclei, the cancellation to EB

should occur in a good approximation also for them. This does not happen
which means that color contribution to EB is in lowest approximation linear
in n meaning n2-dependence of the total color binding energy. This non-
linear behavior suggests strongly the presence of Bose-Einstein condensate of
4He nuclei or structures associated with them. The most natural candidates
are the meson like colored strings connecting 4He nuclei together.

The additivity of n color magnetic (and/or electric) fluxes would imply
that classical field energy is n2-fold. This does not yet imply same for
binding energy unless the value of αs is negative which it can be below
confinement length scale. An alternative interpretation could be in terms of
color magnetic interaction energy. The number of quarks and anti-quarks
would be proportional to n as would be also the color magnetic flux so that
n2- proportionality would result also in this manner.

If the addition of single alpha particle corresponds to an addition of a
constant color contribution Es to EB (the color binding energy per nucleon,
not the total binding energy!) one has EB(52Fe) = EB(4He) + 13Es giving
Es = .1834 MeV, which conforms with the order of magnitude estimate
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given by M127 QCD.
The task is to find whether this picture could explain the behavior of

EB. The simplest formula for EB(Z = N = 2n) would be given by

EB(n) = −n(n− 1)
L(A)n

ks + nEs . (3)

Here the first term corresponds to the Coulomb interaction energy of n 4He
nuclei proportional to n(n − 1) and inversely proportional to the length
L(A) of nuclear string. Second term is color binding energy per nucleon
proportional to n.

The simplest assumption is that each 4He corresponds always to same
length of nuclear string so that one has L ∝ A and one can write

EB(n) = EB(4He)− n(n− 1)
n2

Ec + nEs . (4)

The value of EB(8Be) ' EB(4He) (n = 2) gives for the unit of Coulomb
energy

Ec = 4Es + 2[EB(4He)−EB(8Be)] ' 4Es . (5)

The general formula for the binding energy reads as

EB(n) = EB(4He)− 2
n(n− 1)

n2
[EB(4He)−EB(8Be)]

+ [−4
n(n− 1)

n2
+ n]Es . (6)

The condition that EB(52Fe) (n = 13) comes out correctly gives

Es =
13
121

(EB(52Fe)− EB(4He)) +
13× 24

121
[EB(4He)−EB(8Be)] .(7)

This gives Es ' .1955 MeV which conforms with M127 QCD estimate. For
the Ec one obtains Ec = 1.6104 MeV and for Coulomb energy of 4He nuclei
in 8Be one obtains E = Ec/2 = .8052 MeV. The order of magnitude is
consistent with the mass difference of proton and neutron. The scale sug-
gests that electromagnetic flux tubes are shorter than color flux tubes and
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correspond to the secondary p-adic length scale L(2, 61) = L(127)/25/2 as-
sociated with Mersenne prime M61. The scaling factor for the energy scale
would be 25/2 ' 5.657.

The calculations have been carried out without assuming which are ac-
tual composites of 4He nuclei (neutrons and protons plus neutral color bonds
or protons and neutral and negatively charged color bonds) and assuming
the masses of color bonds are negligible. As a matter fact, the mass of color
bond does not affect the estimates if one uses only nuclei heavier than 4He
to estimate the parameters. The estimates above however involve 4He so
that small change on the parameters is induced.

4.3 Upper limit for the size of 4He Bose-Einstein condensate
explains the maximum of binding energy per nucleon

As found, the total color binding energy Es is proportional to n2 = (A/4)2

for Z = N = 2n nuclei. This might be understood in terms of the for-
mation of 4He Bose-Einstein condensate (which could mean Bose-Einstein
condensate for color flux tubes).

EB increases in a reasonable approximation linearly with A but only up
to A = 52 so that n = 13 seems to be an unlucky number of nuclear physics.
The simplest thing to occur is that A = 52 represents the largest 4He Bose-
Einstein condensate and that for heavier nuclei Bose-Einstein condensate
de-coheres into two parts. Bose-Einstein condensate of n = 13 4He nuclei
would the best that one can achieve.

This would explain the reduction of the binding energy and also the
emergence of tetra-neutrons as well as the instability of Z = N nuclei heavier
than 52Fe. A number theoretical interpretation related to the p-adic length
scale hypothesis suggests also itself: as the size if the tangled nuclear string
becomes larger than the next p-adic length scale, Bose-Einstein condensate
might lose its coherence and split into two.

5 What QCD binds nucleons to A ≤ 4 nuclei?

The obvious question is whether scaled variant(s) of color force could bind
nucleons to form A ≤ 4 nuclei which in turn bind to form heavier nuclei.
Since the binding energy scale for 3He is much smaller than for 4He one
might consider the possibility that the p-adic length scale for QCD associ-
ated with 4He is different from that for A < 4 nuclei.
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5.1 The QCD associated with nuclei lighter than 4He

It would be nice if one could understand the binding energies of also A ≤ 4
nuclei in terms of a scaled variant of QCD applied at the level of nucleons.
Here one has several options to test.

5.1.1 Various options to consider

Assume that neutral color bonds have negligible fermion masses at their
ends: this is expected if the exotic quarks appear at the ends of color bonds
and by the naive scaling of pion mass. One can also consider the possibility
that the p-adic temperature for the quarks satisfies T = 1/n ≤ 1/2 so that
quarks would be massless in excellent approximation. T = 1/n < 1 holds
true for gauge bosons and one might argue that color bonds as bosonic
particles indeed have T < 1.

Option Ia): Building bricks are ordinary nucleons.
Opion IIa): Building blocks are protons and neutral and negatively

charged color bonds. This means the replacement EB → EB−∆m for A > 2
nuclei and EB → EB−∆m/2 for A = 2 with ∆m = nn−mp = 1.2930 MeV.

Options Ib and IIb are obtained by assuming that the masses of fermions
at the ends of color bonds are non-negligible. Electro-pion mass m(πL) =
1.062 MeV is a good candidate for the mass of the color bond. Option Ia
allow 3 per cent accuracy for the predicted binding energies. Option IIb
works satisfactorily but the errors are below 22 per cent only.

5.1.2 Option Ia): Ordinary nucleons and massless color bonds

It turns out that for the option Ia) the correct candidate for A < 4 QCD
is the secondary p-adic length scale L(2, 59) associated with prime p ' 2k,
k = 59 with keff = 2× 59 = 118. The proper scaling of the electromagnetic
p-adic length scale corresponds to a scaling factor 23 meaning that one has
keff = 122 → keff − 6 = 116 = 4× 29 corresponding to L(4, 29).

1. Direct p-adic scaling of the parameters

Es would be scaled up p-adically by a factor 2(127−118)/2 = 29/2. Ec

would be scaled up by a factor 2(122−116)/2 = 23. There is also a scaling of
Ec by a factor 1/4 due to the reduction of charge unit and scaling of both
Ec and Es by a factor 1/4 since the basic units are now nucleons. This gives

Ês = 25/2Es = 1.1056 MeV , Êc = 2−1Ec = .8056 MeV . (8)
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The value of electromagnetic energy unit is quite reasonable.
The basic formula for the binding energy reads now

EB = −(n(p)(n(p)− 1))
A2

Êc + nÊs , (9)

where n(p) is the number of protons n = A holds true for A > 2. For
deuteron one has n = 1 since deuteron has only single color bond. This
delicacy is a crucial prediction and the model fails to work without it.

This gives

EB(2H) = Ês , EB(3H) = 3Ês , EB(3He) = −2
9
Êc + 3Ês .

(10)

The predictions are given by the third row of the table below. The predicted
values given are too large by about 15 per cent in the worst case.

The reduction of the value of αs in the p-adic scaling would improve
the situation. The requirement that EB(3H) comes out correctly predicts a
reduction factor .8520 for αs. The predictions are given in the fourth row of
the table below. Errors are below 15 per cent.

nucleus 2H 3H 3He

EB(exp)/MeV 1.111 2.826 2.572
EB(pred1)/MeV 1.106 3.317 3.138
EB(pred2)/MeV .942 2.826 2.647

The discrepancy is 15 per cent for 2H. By a small scaling of Ec the fit for
3He can be made perfect. Agreement is rather good but requires that con-
ventional strong force transmitted along nuclear space-time sheet is present
and makes nn and pp states unstable. Isospin dependent strong interaction
energy would be only .17 MeV in isospin singlet state which suggests that a
large cancellation between scalar and vector contributions occurs. pnn and
ppn could be regarded as Dn and Dp states with no strong force between
D and nucleon. The contribution of isospin dependent strong force to EB

is scaled down by a factor 2/3 in A = 3 states from that for deuteron and
is almost negligible. This option seems to allow an almost perfect fit of the
binding energies. Note that one cannot exclude exotic nn-state obtained
from deuteron by giving color bond negative em charge.
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5.1.3 Other options

Consider next other options.

1. Option IIb

For option IIb) the basic building bricks are protons and m(π) = 1.062
is assumed. The basic objection against this option is that for protons
as constituents real binding energies satisfy EB(3He) < EB(3H) whereas
Coulombic repulsion would suggest EB(3He) > EB(3H) unless magnetic
spin-spin interaction effects affect the situation. One can however look how
good a fit one can obtain in this manner.

As found, the predictions of direct scaling are too large for EB(3H)
and EB(3He) (slight reduction of αs cures the situation). Since the actual
binding energy increases by m(πL)−(2/3)(mn−mp) for 3H and by m(πL)−
(1/3)(mn−mp) for 3He, it is clear that the assumption that lepto-pion mass
is of order 1 MeV improves the fit. The results are given by the table below.

nucleus 2H 3H 3He

EB(exp)/MeV 1.111 2.826 2.572
EB(pred)/MeV .875 3.117 2.507

Here EB(pred) corresponds to the effective value of binding energy assum-
ing that nuclei effectively consist of ordinary protons and neutrons. The
discrepancies are below 22 percent.

What is troublesome that neither the scaling of αs nor modification of
Ec improves the situation for 2H and 3H. Moreover, magnetic spin-spin
interaction energy for deuteron is expected to reduce EB(pred) further in
triplet state. Thus option IIb) does not look promising.

2. Option Ib)

For option Ib) with m(π) = 1.062 MeV and ordinary nucleons the actual
binding EB(act) energy increases by m(π) for A = 3 nuclei and by m(π)/2
for deuteron. Direct scaling gives a reasonably good fit for the p-adic length
scale L(9, 13) with keff = 117 meaning

√
2 scaling of Es. For deuteron

the predicted EB is too low by 30 per cent. One might argue that isospin
dependent strong force between nucleons becomes important in this p-adic
length scale and reduces deuteron binding energy by 30 per cent. This option
is not un-necessary complex as compared to the option Ia).
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nucleus 2H 3H 3He

EB(act)/MeV 1.642 3.880 3.634
EB(pred)/MeV 1.3322 3.997 3.743

For option IIa) with m(π) = 0 and protons as building blocks the fit gets
worse for A = 3 nuclei.

5.2 The QCD associated with 4He

4He must somehow differ from A ≤ 3 nucleons. If one takes the argument
based on isospin dependence strong force seriously, the reasonable looking
conclusion would be that 4He is at the space-time sheet of nucleons a bound
state of two deuterons which induce no isospin dependent strong nuclear
force. One could regard the system also as a closed string of four nucleons
such that neighboring p and n form strong iso-spin singlets. The previous
treatment applies as such.

For 4He option Ia) with a direct scaling would predict EB(4He) < 4 ×
Ês = 3.720 MeV which is by a factor of order 2 too small. The natural
explanation would be that for 4He both color and em field body correspond
to the p-adic length scale L(4, 29) (keff = 116) so that Es would increase
by a factor of 2 to 1.860 MeV. Somewhat surprisingly, A ≤ 3 nuclei would
have ”color field bodies” by a factor 2 larger than 4He.

a) For option Ia) this would predict EB(4He) = 7.32867 MeV to be
compared with the real value 7.0720 MeV. A reduction of αs by 3.5 per cent
would explain the discrepancy. That αs decreases in the transition sequence
keff = 127 → 118 → 116 which is consistent with the general vision about
evolution of color coupling strength.

b) If one assumes option Ib) with m(π) = 1.062 MeV the actual binding
energy increases to 8.13 MeV. The strong binding energy of deuteron units
would give an additional .15 MeV binding energy per nucleon so that one
would have EB(4He) = 7.47 MeV so that 10 per cent accuracy is achieved.
Obviously this option does not work so well as Ia).

c) If one assumes option IIb), the actual binding energy would increase
by .415 MeV to 7.4827 MeV which would make fit somewhat poorer. A
small reduction of Ec could allow to achieve a perfect fit.

5.3 What about tetra-neutron?

One can estimate the value of EB(4n) from binding energies of nuclei (Z, N)
and (Z,N + 4) (A = Z + N) as
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EB(4n) =
A + 4

4
[EB(A + 4)− A

A + 4
EB(A)] .

In the table below there are some estimate for EB(4n).

(Z, N) (26,26)(52Fe) (50,70)(120Sn) (82,124) (206Pb)
EB(4n)/MeV 6.280 7.3916 5.8031

The prediction of the above model would be E(4n) = 4Ês = 3.760
MeV for Ês = .940 MeV associated with A < 4 nuclei and keff = 118 =
2 × 59 associated with A < 4 nuclei. For keff = 116 associated with 4He
Es(4n) = Es(4He) = 1.82 MeV the prediction would be 7.28 MeV. 14
percent reduction of αs would give the estimated value for of Es for 52Fe.

If tetra-neutron is ppnn bound state with two negatively charged color
bonds, this estimate is not quite correct since the actual binding energy
per nucleon is EB(4He) − (mn − mp)/2. This implies a small correction
EB(A+4) → EB(A+4)−2(mn−mp)/(A+4). The correction is negligible.

One can make also a direct estimate of 4n binding energy assuming tetra-
neutron to be ppnn bound state. If the masses of charged color bonds do
not differ appreciably from those of neutral bonds (as the p-adic scaling of
π + −π0 mass difference of about 4.9 MeV strongly suggests) then model
Ia) with Es = EB(3H)/3 implies that the actual binding energy EB(4n) =
4Es = EB(3H)/3 (see the table below). The apparent binding energy is
EB,app = EB(4n) + (mn −mp)/2. Binding energy differs dramatically from
what one can imagine in more conventional models of strong interactions in
which even the existence of tetra-neutron is highly questionable.

keff 2× 59 4× 29
EB(act)(4n)/MeV 3.7680 7.5360
EB,app(4n)/MeV 4.4135 8.1825

According to [9], tetra-neutron might have been observed in the decay
8He →4 He+4n and the accepted value for the mass of 8He isotope gives the
upper bound of E(4n) < 3.1 MeV, which is one half of the the estimate. One
can of course consider the possibility that free tetra-neutron corresponds to
L(2, 59) and nuclear tetra-neutron corresponds to the length scale L(4, 29)
of 4He. Also light quarks appear as several p-adically scaled up variants in
the TGD based model for low-lying hadrons and there is also evidence that
neutrinos appear in several scales.
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5.4 What could be the general mass formula?

In the proposed model nucleus consists of A ≤ 4 nuclei. Concerning the
details of the model there are several questions to be answered. Do A ≤ 3
nuclei and A = 4 nuclei 4He and tetra-neutron form separate nuclear strings
carrying their own color magnetic fields as the different p-adic length scale
for the corresponding ”color magnetic bodies” would suggest? Or do they
combine by a connected sum operation to single closed string? Is there single
Bose-Einstein condensate or several ones.

Certainly the Bose-Einstein condensates associated with nucleons form-
ing A < 4 nuclei are separate from those for A = 4 nuclei. The behavior of
EB in turn can be understood if 4He nuclei and tetra-neutrons form sepa-
rate Bose-Einstein condensates. For Z > N nuclei poly-protons constructed
as exotic charge states of stable A ≤ 4 nuclei could give rise to the proton
excess.

Before continuing it is appropriate to list the apparent binding energies
for poly-neutrons and poly-protons.

poly-neutron n 2n 3n 4n

EB,app/MeV 0 EB(2H) + ∆
2 EB(3H) + 2∆

3 EB(4He) + ∆
2

poly-proton p 2p 3p 4p

EB,app/MeV 0 EB(2H)− ∆
2 EB(3He)− ∆

3 EB(4He)− ∆
2

For heavier nuclei EB,app(4n) is smaller than EB(4He) + (mp −mn)/2.
The first guess for the general formula for the binding energy for nu-

cleus (Z, N) is obtained by assuming that for maximum number of 4He
nuclei and tetra-neutrons/tetra-protons identified as 4H nuclei with 2 neg-
atively/positively charged color bonds are present.

1. N ≥ Z nuclei

Even-Z nuclei with N ≥ Z can be expressed as (Z = 2n,N = 2(n+ k)+
m), m = 0, 1, 2 or 3. For Z ≤ 26 (only single Bose-Einstein condensate)
this gives for the apparent binding energy per nucleon (assuming that all
neutrons are indeed neutrons) the formula

EB(2n, 2(n + k) + m) =
n

A
EB(4He) +

k

A
EB,app(4n) +

1
A

EB,app(mn)

+
n2 + k2

n + k
Es − Z(Z − 1)

A2
Ec . (11)
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The situation for the odd-Z nuclei (Z,N) = (2n + 1, 2(n + k) + m) can
be reduced to that for even-Z nuclei if one can assume that the (2n + 1)th

proton combines with 2 neutrons to form 3He nucleus so that one has still
2(k−1)+m neutrons combining to A ≤ 4 poly-neutrons in above described
manner.

2. Z ≥ N nuclei

For the nuclei having Z > N the formation of a maximal number of 4He
nuclei leaves k excess protons. For long-lived nuclei k ≤ 2 is satisfied. One
could think of decomposing the excess protons to exotic variants of A ≤ 4
nuclei by assuming that some charged bonds carry positive charge with an
obvious generalization of the above formula.

The only differences with respect to a nucleus with neutron excess would
be that the apparent binding energy is smaller than the actual one and
positive charge would give rise to Coulomb interaction energy reducing the
binding energy (but only very slightly). The change of the binding energy
in the subtraction of single neutron from Z = N = 2n nucleus is predicted
to be approximately ∆EB = −EB(4He)/A. In the case of 32S this predicts
∆EB = .2209 MeV. The real value is .2110 MeV. The fact that the general
order of magnitude for the change of the binding energy as Z or N changes
by one unit supports the proposed picture.

5.5 Nuclear strings and cold fusion

To summarize, option Ia) assuming that strong isospin dependent force acts
on the nuclear space-time sheet and binds pn pairs to singlets such that the
strong binding energy is very nearly zero in singlet state by the cancellation
of scalar and vector contributions, is the most promising one. It predicts
the existence of exotic di-,tri-, and tetra-neutron like particles and even
negatively charged exotics obtained from 2H,3 H,3 He, and 4He by adding
negatively charged color bond. For instance, 3H extends to a multiplet with
em charges 1, 0,−1,−2. Of course, heavy nuclei with proton neutron excess
could actually be such nuclei.

The exotic states are stable under beta decay for m(π) < me. The
simplest neutral exotic nucleus corresponds to exotic deuteron with single
negatively charged color bond. Using this as target it would be possible
to achieve cold fusion since Coulomb wall would be absent. The empirical
evidence for cold fusion thus supports the prediction of exotic charged states.
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5.5.1 Signatures of cold fusion

In the following the consideration is restricted to cold fusion in which two
deuterium nuclei react strongly since this is the basic reaction type studied.

In hot fusion there are three reaction types:
1) D + D →4 He + γ (23.8MeV )
2) D + D →3 He + n
3) D + D →3 H + p.

The rate for the process 1) predicted by standard nuclear physics is more
than 10−3 times lower than for the processes 2) and 3) [12]. The reason is
that the emission of the gamma ray involves the relatively weak electromag-
netic interaction whereas the latter two processes are strong.

The most obvious objection against cold fusion is that the Coulomb wall
between the nuclei makes the mentioned processes extremely improbable at
room temperature. Of course, this alone implies that one should not apply
the rules of hot fusion to cold fusion. Cold fusion indeed differs from hot
fusion in several other aspects.

a) No gamma rays are seen.
b) The flux of energetic neutrons is much lower than expected on basis

of the heat production rate an by interpolating hot fusion physics to the
recent case.

These signatures can also be (and have been!) used to claim that no real
fusion process occurs. It has however become clear that the isotopes of He-
lium and also some tritium accumulate to the Pd target during the reaction
and already now prototype reactors for which the output energy exceeds
input energy have been built and commercial applications are under devel-
opment, see for instance [13]. Therefore the situation has turned around.
The rules of standard physics do not apply so that some new nuclear physics
must be involved and it has become an exciting intellectual challenge to un-
derstand what is happening. A representative example of this attitude and
an enjoyable analysis of the counter arguments against fold fusion is pro-
vided by the article ’Energy transfer in cold fusion and sono-luminescence’
of Julian Schwinger [14]. This article should be contrasted with the ultra-
skeptical article ’ESP and Cold Fusion: parallels in pseudoscience’ of V. J.
Stenger [15].

Cold fusion has also other features, which serve as valuable constraints
for the model building.

a) Cold fusion is not a bulk phenomenon. It seems that fusion occurs
most effectively in nano-particles of Pd and the development of the required
nano-technology has made possible to produce fusion energy in controlled
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manner. Concerning applications this is a good news since there is no fear
that the process could run out of control.

b) The ratio x of D atoms to Pd atoms in Pd particle must lie the critical
range [.85, .90] for the production of 4He to occur [16]. This explains the
poor repeatability of the earlier experiments and also the fact that fusion
occurred sporadically.

c) Also the transmutations of Pd nuclei are observed [?].
Below a list of questions that any theory of cold fusion should be able

to answer.
a) Why cold fusion is not a bulk phenomenon?
b) Why cold fusion of the light nuclei seems to occur only above the

critical value x ' .85 of D concentration?
c) How fusing nuclei are able to effectively circumvent the Coulomb wall?
d) How the energy is transferred from nuclear degrees of freedom to much

longer condensed matter degrees of freedom?
e) Why gamma rays are not produced, why the flux of high energy

neutrons is so low and why the production of 4He dominates (also some
tritium is produced)?

f) How nuclear transmutations are possible?

5.5.2 Could exotic deuterium make cold fusion possible?

One model of cold fusion has been already discussed in [F8] and the recent
model is very similar to that. The basic idea is that only the neutrons
of incoming and target nuclei can interact strongly, that is their space-
time sheets can fuse. One might hope that neutral deuterium having single
negatively charged color bond could allow to realize this mechanism.

a) Suppose that part of the deuterium in Pd catalyst corresponds to
exotic deuterium with neutral nuclei so that cold fusion would occur between
neutral exotic D nuclei in the target and charged incoming D nuclei and
Coulomb wall in the nuclear scale would be absent.

b) The exotic variant of the ordinary D + D reaction yields final states
in which 4He, 3He and 3H are replaced with their exotic counterparts with
charge lowered by one unit. In particular, exotic 3H is neutral and there is
no Coulomb wall hindering its fusion with Pd nuclei so that nuclear trans-
mutations can occur.

Why the neutron and gamma fluxes are low might be understood if for
some reason only exotic 3H is produced, that is the production of charged
final state nuclei is suppressed. The explanation relies on Coulomb wall at
the nucleon level.
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a) Initial state contains one charged and one neutral color bond and final
state A = 3 or A = 4 color bonds. Additional neutral color bonds must be
created in the reaction (one for the production A = 3 final states and two
for A = 4 final state). The process involves the creation of neural fermion
pairs. The emission of one exotic gluon per bond decaying to a neutral pair
is necessary to achieve this. This requires that nucleon space-time sheets
fuse together. Exotic D certainly belongs to the final state nucleus since
charged color bond is not expected to be split in the process.

b) The process necessarily involves a temporary fusion of nucleon space-
time sheets. One can understand the selection rules if only neutron space-
time sheets can fuse appreciably so that only 3H would be produced. Here
Coulomb wall at nucleon level should enter into the game.

c) Protonic space-time sheets have the same positive sign of charge al-
ways so that there is a Coulomb wall between them. This explains why the
reactions producing exotic 4He do not occur appreciably. If the quark/antiquark
at the neutron end of the color bond of ordinary D has positive charge, there
is Coulomb attraction between proton and corresponding negatively charged
quark. Thus energy minimization implies that the neutron space-time sheet
of ordinary D has positive net charge and Coulomb repulsion prevents it
from fusing with the proton space-time sheet of target D. The desired se-
lection rules would thus be due to Coulomb wall at the nucleon level.

5.5.3 About the phase transition transforming ordinary deuterium
to exotic deuterium

The exotic deuterium at the surface of Pd target seems to form patches (for
a detailed summary see [F8]). This suggests that a condensed matter phase
transition involving also nuclei is involved. A possible mechanism giving
rise to this kind of phase would be a local phase transition in the Pd target
involving both D and Pd. In [F8] it was suggested that deuterium nuclei
transform in this phase transition to ”ordinary” di-neutrons connected by
a charged color bond to Pd nuclei. In the recent case di-neutron could be
replaced by neutral D.

The phase transition transforming neutral color bond to a negatively
charged one would certainly involve the emission of W+ boson, which must
be exotic in the sense that its Compton length is of order atomic size so that
it could be treated as a massless particle and the rate for the process would
be of the same order of magnitude as for electro-magnetic processes. One
can imagine two options.

a) Exotic W+ boson emission generates a positively charged color bond
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between Pd nucleus and exotic deuteron as in the previous model.
b) The exchange of exotic W+ bosons between ordinary D nuclei and Pd

induces the transformation Z → Z+1 inducing an alchemic phase transition
Pd → Ag. The most abundant Pd isotopes with A = 105 and 106 would
transform to a state of same mass but chemically equivalent with the two
lightest long-lived Ag isotopes. 106Ag is unstable against β+ decay to Pd
and 105Ag transforms to Pd via electron capture. For 106Ag (105Ag) the rest
energy is 4 MeV (2.2 MeV) higher than for 106Pd (105Pd), which suggests
that the resulting silver cannot be genuine.

This phase transition need not be favored energetically since the energy
loaded into electrolyte could induce it. The energies should (and could in
the recent scenario) correspond to energies typical for condensed matter
physics. The densities of Ag and Pd are 10.49 gcm−3 and 12.023 gcm−3

so that the phase transition would expand the volume by a factor 1.0465.
The porous character of Pd would allow this. The needed critical packing
fraction for Pd would guarantee one D nucleus per one Pd nucleus with a
sufficient accuracy.

5.5.4 Exotic weak bosons seem to be necessary

The proposed phase transition cannot proceed via the exchange of the ordi-
nary W bosons. Rather, W bosons having Compton length of order atomic
size are needed. These W bosons could correspond to a scaled up variant of
ordinary W bosons having smaller mass, perhaps even of the order of elec-
tron mass. They could be also dark in the sense that Planck constant for
them would have the value h̄ = nh̄0 implying scaling up of their Compton
size by n. For n ∼ 248 the Compton length of ordinary W boson would be
of the order of atomic size so that for interactions below this length scale
weak bosons would be effectively massless. p-Adically scaled up copy of
weak physics with a large value of Planck constant could be in question.
For instance, W bosons could correspond to the nuclear p-adic length scale
L(k = 113) and n = 211.

5.6 Strong force as a scaled and dark electro-weak force?

The fiddling with the nuclear string model has led to following conclusions.
a) Strong isospin dependent nuclear force, which does not reduce to color

force, is necessary in order to eliminate polyneutron and polyproton states.
This force contributes practically nothing to the energies of bound states.
This can be understood as being due to the cancellation of isospin scalar and
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vector parts of this force for them. Only strong isospin singlets and their
composites with isospin doublet (n,p) are allowed for A ≤ 4 nuclei serving as
building bricks of the nuclear strings. Only effective polyneutron states are
allowed and they are strong isospin singlets or doublets containing charged
color bonds.

b) The force could act in the length scalar of nuclear space-time sheets:
k = 113 nuclear p-adic length scale is a good candidate for this length scale.
One must be however cautious: the contribution to the energy of nuclei is
so small that length scale could be much longer and perhaps same as in case
of exotic color bonds. Color bonds connecting nuclei correspond to much
longer p-adic length scale and appear in three p-adically scaled up variants
corresponding to A < 4 nuclei, A = 4 nuclei and A > 4 nuclei.

c) The prediction of exotic deuterons with vanishing nuclear em charge
leads to a simplification of the earlier model of cold fusion explaining its
basic selection rules elegantly but requires a scaled variant of electro-weak
force in the length scale of atom.

What is then this mysterious strong force? And how abundant these
copies of color and electro-weak force actually are? Is there some unifying
principle telling which of them are realized?

From foregoing plus TGD inspired model for quantum biology involving
also dark and scaled variants of electro-weak and color forces it is becoming
more and more obvious that the scaled up variants of both QCD and electro-
weak physics appear in various space-time sheets of TGD Universe. This
raises the following questions.

a) Could the isospin dependent strong force between nucleons be nothing
but a p-adically scaled up (with respect to length scale) version of the electro-
weak interactions in the p-adic length scale defined by Mersenne prime M89

with new length scale assigned with gluons and characterized by Mersenne
prime M107? Strong force would be electro-weak force but in the length scale
of hadron! Or possibly in length scale of nucleus (keff = 107 + 6 = 113) if
a dark variant of strong force with h = nh0 = 23h0 is in question.

b) Why shouldn’t there be a scaled up variant of electro-weak force also
in the p-adic length scale of the nuclear color flux tubes?

c) Could it be that all Mersenne primes and also other preferred p-adic
primes correspond to entire standard model physics including also gravita-
tion? Could be be kind of natural selection which selects the p-adic survivors
as proposed long time ago?

Positive answers to the last questions would clean the air and have quite
a strong unifying power in the rather speculative and very-many-sheeted
TGD Universe.
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a) The prediction for new QCD type physics at M89 would get additional
support. Perhaps also LHC provides it within the next half decade.

b) Electro-weak physics for Mersenne prime M127 assigned to electron
and exotic quarks and color excited leptons would be predicted. This would
predict the exotic quarks appearing in nuclear string model and conform
with the 15 year old leptohadron hypothesis [F7]. M127 dark weak physics
would also make possible the phase transition transforming ordinary deu-
terium in Pd target to exotic deuterium with vanishing nuclear charge.

The most obvious objection against this unifying vision is that hadrons
decay only according to the electro-weak physics corresponding to M89. If
they would decay according to M107 weak physics, the decay rates would
be much much faster since the mass scale of electro-weak bosons would be
reduced by a factor 2−9 (this would give increase of decay rates by a factor
236 from the propagator of weak boson). This is however not a problem if
strong force is a dark with say n = 8 giving corresponding to nuclear length
scale. This crazy conjecture might work if one accepts the dark Bohr rules!

6 Giant dipole resonance as a dynamical signature
for the existence of Bose-Einstein condensates?

The basic characteristic of the Bose-Einstein condensate model is the non-
linearity of the color contribution to the binding energy. The implication
is that the the de-coherence of the Bose-Einstein condensate of the nuclear
string consisting of 4He nuclei costs energy. This de-coherence need not
involve a splitting of nuclear strings although also this is possible. Similar de-
coherence can occur for 4He A < 4 nuclei. It turns out that these three de-
coherence mechanisms explain quite nicely the basic aspects of giant dipole
resonance (GDR) and its variants both qualitatively and quantitatively and
that precise predictions for the fine structure of GDR emerge.

6.1 De-coherence at the level of 4He nuclear string

The de-coherence of a nucleus having n 4He nuclei to a nucleus containing
two Bose-Einstein condensates having n− k and k > 2 4He nuclei requires
energy given by

∆E = (n2 − (n− k)2 − k2)Es = 2k(n− k)Es , k > 2 ,

∆E = (n2 − (n− 2)2 − 1)Es = (4n− 5)Es , k = 2 ,
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Es ' .1955 MeV . (12)

Bose-Einstein condensate could also split into several pieces with some of
them consisting of single 4He nucleus in which case there is no contribution
to the color binding energy. A more general formula for the resonance energy
reads as

∆E = (n2 −
∑

i

k2(ni))Es ,
∑

i

ni = n ,

k(ni) =





ni for ni > 2 ,
1 for ni = 2 ,
0 for ni = 1 .

(13)

The table below lists the resonance energies for four manners of 16O nucleus
(n = 4) to lose its coherence.

final state 3+1 2+2 2+1+1 1+1+1+1
∆E/MeV 1.3685 2.7370 2.9325 3.1280

Rather small energies are involved. More generally, the minimum and max-
imum resonance energy would vary as ∆Emin = (2n − 1)Es and ∆Emax =
n2Es (total de-coherence). For n = nmax = 13 one would have ∆Emin =
2.3640 MeV and ∆Emax = 33.099 MeV.

Clearly, the loss of coherence at this level is a low energy collective phe-
nomenon but certainly testable. For nuclei with A > 60 one can imagine
also double resonance when both coherent Bose-Einstein condensates possi-
bly present split into pieces. For A ≥ 120 also triple resonance is possible.

6.2 De-coherence inside 4He nuclei

One can consider also the loss of coherence occurring at the level 4He nuclei.
In this case one has Es = 1.820 MeV. In this case de-coherence would
mean the decomposition of Bose-Einstein condensate to n = 4 → ∑

ni = n
with ∆E = n2 −∑

ni
k1(ni) = 16 −∑

ni
k2(ni). The table below gives the

resonance energies for the four options n → ∑
i ni for the loss of coherence.

final state 3+1 2+2 2+1+1 1+1+1+1
∆E/MeV 12.74 25.48 27.30 29.12
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These energies span the range at which the cross section for 16O(γ, xn)
reaction has giant dipole resonances [17]. Quite generally, GDR is a broad
bump with substructure beginning around 10 MeV and ranging to 30 MeV.
The average position of the bump as a function of atomic number can be
parameterized by the following formula

E(A)/MeV = 31.2A−1/3 + 20.6A−1/6 (14)

given in [18]. The energy varies from 36.6 MeV for A = 4 (the fit is probably
not good for very low values of A) to 13.75 MeV for A = 206. The width
of GDR ranges from 4-5 MeV for closed shell nuclei up to 8 MeV for nuclei
between closed shells.

The observation raises the question whether the de-coherence of Bose-
Einstein condensates associated with 4He and nuclear string could relate to
GDR and its variants. If so, GR proper would be a collective phenomenon
both at the level of single 4He nucleus (main contribution to the resonance
energy) and entire nucleus (width of the resonance). The killer prediction is
that even 4He should exhibit giant dipole resonance and its variants: GDR
in 4He has been reported [19].

This hypothesis seems to survive the basic qualitative and quantitative
tests.

a) The basic prediction of the model peak at 12.74 MeV and at triplet
of closely located peaks at (25.48, 27.30, 29.12) MeV spanning a range of
about 4 MeV, which is slightly smaller than the width of GDR. According
to [20] there are two peaks identified as iso-scalar GMR at 13.7 ± .3 MeV
and iso-vector GMR at 26 ± 3 MeV. The 6 MeV uncertainty related to
the position of iso-vector peak suggests that it corresponds to the triplet
(25.48, 27.30, 29.12) MeV whereas singlet would correspond to the iso-scalar
peak. According to the interpretation represented in [20] iso-scalar resp. iso-
vector peak would correspond to oscillations of proton and neutron densities
in same resp. opposite phase. This interpretation can make sense in TGD
framework only inside single 4He nucleus and would apply to the transverse
oscillations of 4He string rather than radial oscillations of entire nucleus.

b) The presence of triplet structure seems to explain most of the width of
iso-vector GR. The combination of GDR internal to 4He with GDR for the
entire nucleus (for which resonance energies vary from ∆Emin = (2n− 1)Es

to ∆Emax = n2Es (n = A/4)) predicts that also latter contributes to the
width of GDR and give it additional fine structure. The order of magnitude
for ∆Emin is in the range [1.3685,2.3640] MeV which is consistent with the
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with of GDR and predicts a band of width 1 MeV located 1.4 MeV above
the basic peak.

c) The de-coherence of A < 4 nuclei could increase the width of the
peaks for nuclei with partially filled shells: maximum and minimum values
of resonance energy are 9Es(4He)/2 = 8.19 MeV and 4Es(4He) = 7.28 MeV
for 3He and 3H which conforms with the upper bound 8 MeV for the width.

d) It is also possible that n 4He nuclei simultaneously lose their coher-
ence. If multiplet de-coherence occurs coherently it gives rise to harmonics
of GDR. For de-coherent decoherence so that the emitted photons should
correspond to those associated with single 4He GDR combined with nuclear
GDR. If absorption occurs for n ≤ 13 nuclei simultaneously, one obtains a
convoluted spectrum for resonant absorption energy

∆E = [16n−
n∑

j=1

∑

ij

k2(nij )]Es . (15)

The maximum value of ∆E given by ∆Emax = n× 29.12 MeV. For n = 13
this would give ∆Emax = 378.56 MeV for the upper bound for the range of
excitation energies for GDR. For heavy nuclei [18] GDR occurs in the range
30-130 MeV of excitation energies so that the order of magnitude is correct.
Lower bound in turn corresponds to a total loss of coherence for single 4He
nucleus.

e) That the width of GDR increases with the excitation energy [18] is
consistent with the excitation of higher GDR resonances associated with the
entire nuclear string. n ≤ nmax for GDR at the level of the entire nucleus
means saturation of the GDR peak with excitation energy which has been
indeed observed [17].

One can look whether the model might work even at the level of de-
tails. Figure 3 of [17] compares total photoneutron reaction cross sections
for 16O(γ, xn) in the range 16-26 MeV from some experiments so that the
possible structure at 12.74 MeV is not visible in it. It is obvious that the
resonance structure is more complex than predicted by the simplest model.
It seems however possible to explain this.

a) The main part of the resonance is a high bump above 22 MeV spanning
an interval of about 4 MeV just as the triplet at (25.48,27.30,29.12) MeV
does. This suggest a shift of the predicted 3-peak structure in the range
25-30 MeV range downwards by about 3 MeV. This happens if the photo
excitation inducing the de-coherence involves a dropping from a state with
excitation energy of 3 MeV to the ground state. The peak structure has
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Figure 1: The comparison of photoneutron cross sections 16O(γ, xn) ob-
tained in one BR-experiment (Moscow State University) and two QMA ex-
periments carried out at Saclay (France) Livermoore (USA). Figure is taken
from [17] where also references to experiments can be found.

peaks roughly at the shifted energies but there is also an additional structure
which might be understood in terms of the bands of width 1 MeV located
1.4 MeV above the basic line.

b) There are three smaller bumps below the main bump which also span
a range of 4 MeV which suggests that also they correspond to a shifted
variant of the basic three-peak structure. This can be understood if the
photo excitation inducing de-coherence leads from an excited state with
excitation energy 8.3 MeV to ground state shifting the resonance triplet
(25.48, 27.30, 29.12) MeV to resonance triplet at (17.2, 19.00, 20.82) MeV.

On basis of these arguments it seems that the proposed mechanism might
explain GR and its variants. The basic prediction would be the presence
of singlet and triplet resonance peaks corresponding to the four manners to
lose the coherence. Second signature is the precise prediction for the fine
structure of resonance peaks.
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6.3 De-coherence inside A = 3 nuclei and pygmy resonances

For neutron rich nuclei the loss of coherence is expected to occur inside
4He, tetra-neutron, 3He and possibly also 3n which might be stable in
the nuclear environment. The de-coherence of tetra-neutron gives in the
first approximation the same resonance energy spectrum as that for 4He
since EB(4n) ∼ EB(4He) roughly consistent with the previous estimates for
EB(4n) implies Es(4n) ∼ Es(4He).

Figure 2: Pygmy resonances in 44Ca and 48Ca up to 11 MeV. Figure is
taken from [22].

The de-coherence inside A = 3 nuclei might explain the so called pygmy
resonance appearing in neutron rich nuclei, which according to [21] is wide
bump around E ∼ 8 MeV. For A = 3 nuclei only two de-coherence transi-
tions are possible: 3 → 2 + 1 and 3 → 1 + 1 + 1 and Es = EB(3H) = .940
MeV the corresponding energies are 8Es = 7.520 MeV and 9 ∗ Es = 8.4600
MeV. Mean energy is indeed ∼ 8 MeV and the separation of peaks about
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1 MeV. The de-coherence at level of 4He string might add to this 1 MeV
wide bands about 1.4 MeV above the basic lines.

The figure of [22] illustrating photo-absorption cross section in 44Ca and
48Ca shows three peaks at 6.8, 7.3, 7.8 and 8 MeV in 44Ca. The additional
two peaks might be assigned with the excitation of initial or final states.
This suggests also the presence of also A = 3 nuclear strings in 44Ca besides
H4 and 4n strings. Perhaps neutron halo wave function contains 3n + n
component besides 4n. For 48Ca these peaks are much weaker suggesting
the dominance of 2×4n component.
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