
Yang Bai 1

Quark Nuggets

University of Wisconsin-Madison
Yang Bai

NOPP2024, July 21, 2024



Yang Bai 2

Collaborators

Mrunal Korwar Ting-Kuo Chen

Working in progress + 2306.17160



Yang Bai 3

What is a quark nugget?



Yang Bai 4

DERIVATION OF THE BLACKBODY RADIATION SPECTRUM. . . 1601

~48imilar ideas are contained in the work of %. E. Lamb
and M. O. Scully, in Polarization, Matter and Radiation
(Presses Universitaire de France, Paris, 1969}and P. A.
Franken, in Atomic Physics, edited by V. Hughes et al .

(Plenum, New York, 1969), p-. 377. These investiga-
tions contain numerical calculations in agreement with
the observed photoelectric effect.
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Collapsed Nuclei*

A. R. Bodmer
Nuclear Physics Laboratory, Oxford, England

and Argonne National Laboratory, Argonne, Illinois) 60489
and University of Illinois, Chicago, Illinois) 60680

(Received 29 March 1971)

15 SEPTEMBER ] 971

We discuss the observational consistency, possible properties, and detection of collapsed
nuclei C&. These may be considered as elementary particles with mass number A & 1 and of
much smaller radius than ordinary nuclei Nz. The existence of Cz of (perhaps much) lower
energy than N& is observationally- consistent if Nz are very long-lived isomers against collapse
because of a "saturation" barrier between Cz and Nz. Barrier-penetrability estimates show
that sufficiently long lifetimes ~103~ sec are plausible for A ~16-40. The properties of C„are
discussed using composite bar&on and quark models; small charges and hypercharges and,
especially, neutral Cz are possible. Cz can be effectively a source or sink of baryons. Some
astrophysical implications are brieQy discussed, in particular the possible large scale pres-
ence of C& and the possibility that accelerated collapse in massive objects may be a source
of energy comparable to the rest mass.

I. INTRODUCTION

We consider the possibility of collapsed nuclei
and conjecture about their possible properties and
about the observational consequences of their ex-
istence. By collapsed nuclei C„we understand
systems with baryon number 4 & 1 and with (pre-
sumably much) smaller radii than normal nuclei

Collapsed nuclei are thus best regarded as
elementary particles, in contrast to ordinary nu-
clei. C„of (perhaps much) lower energy than N„
can be consistent with observation if N„are ex-
tremely long-lived isomers. VFe show that this is
possible for moderate A. States with A = 2 and
nonzero strangeness have been previously consid-
ered' using SU, . However, these states consist of
baryons not bound or only loosely bound together.
Our conjectures arose on the one hand from

quark models which give no obvious reason why
tightly bound systems of quarks with A &1 should
not exist. Secondly, recent phenomenological nu-
clear forces with soft (or momentum-dependent)
repulsive cores do not necessarily satisfy the sat-
uration conditions.
The observational consequences of the existence

of C„are dependent on the properties con)ectured
for C~. To obtain some indications about these
we have considered two types of models for C„,
namely quark models with quarks as the constitu-

ents, and composite hadron models with the
known hadrons as the constituents. Some possible
astrophysical implications are also briefly dis-
cussed.

H. SATURATION CONDITIONS;
"STABLENUCLEI AS ISOMERS"

Since the A-baryon Hamiltonian H„ is not known
for collapsed conditions which could be vastly dif-
ferent from normal ones, we use H„(C}and H„(N)
for the appropriate forms of II„. Collapsed and
normal conditions, in particular states, are de-
noted by superscripts (C) and (N}, respectively.
Some speculations about H„(C) are given in Sec.1V
in connection with the discussion of the properties
of C„. For the time being we merely assume that
the radius R~ of C„ is much less than the radius
R„=rg'I' of N„and we consider two options for
Rc: (1}Rc is roughly constant, about the nuclear-
force range (40.5 F) with C„resembling the usual
collapsed state with all nucleons (generally had-
rons) within Rc; (2) Rc=r+' ' with rc %0.4 F,
corresponding to saturation at very high densities,
perhaps appropriate to a saturating quark model.
The binding energy calculated with a trial function
is barred. The exact eigenvalue ie unbarred; e.g.,
for H„(N) the binding energies B„'c'(N) and B~~'(N)
are for collapsed and normal trial functions, re-
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Fermion-field nontopological solitons. II. Models for hadrons*

R. Friedberg
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(Received 9 May 1977)

We examine the possibility, and its consequences, that in a relativistic local field theory, consisting of
color quarks q, scalar gluon a., color gauge field V„, and color Higgs field $, the mass of the soliton
solution may be much lower than any mass of the plane-wave solutions; i.e., the quark mass mq, the gluon
mass m, etc. There appears a rather clean separation between the physics of these low-mass solitons and
that of the high-energy excitations, in the range of m, and m, provided that the parameters (=(jtL/m, ) and
q=rtt/m are both &&1, where p, is an overall low-energy scale appropriate for the solitons [but the ratio
q/$ is assumed to be O(1), though otherwise arbitrary). Under very general assumptions, we show that,
independently of the number of parameters in the original Lagrangian, the mathematical problem of finding
the quasiclassical soliton solutions reduces, through scaling, to that of a simple set of two coupled first-order
difFerential equations, neither of which contains any explicit free parameters. The general properties and the
numerical solutions of this reduced set of differential equations are given. The resulting solitons exhibit
physical characteristics very similar to those of a "gas bubble" immersed in a "medium": there is a constant
surface tension and a constant pressure exerted by the medium on the gas; in addition, there are the
"thermodynamical" energy of the gas and the related gas pressure, which are determined by the solutions of
the reduced equations. Both a SLAC-type bag and the Creutz-Soh version of the MIT bag may appear, but
only as special limiting cases. These soliton solutions are applied to the physical hadrons; their static
properties are calculated and, within a 10-15%%uo accuracy, agree with observations.

I. INTRODUCTION

ln a previous paper' (hereafter called I), we have
made a systematic comparison between the quasi-
classical soliton results and the exact answer in
a quantum field theory, whenever the exact answer
is available. In a fully relativistic renormalizable
theory of a fermion field interacting with a scalar
gluon field, the exact answer is known only in the
weak-coupling region. There, it is found that the
quasiclassical result becomes exact when the
fermion number N is large. Even when N=2, the
quasiclassical result remains a fair approx.'ma-
tion. For example, the ratio between the exact
two-body binding energy and the corresponding
quasiclassical soliton result is =—0.77 in the weak-
coupling limit. When the fermions are nonrelativ-
istic (like electrons in a crystal), but the scalar
field remains relativistic, exact answers are also
known in the strong-coupling limit. We find that
the quasiclassical soliton result becomes exact for
arbitrary N, provided that the coupling is suffi-
ciently strong; it is also exact in any coupling
range, when N is sufficiently large. It is not dif-
ficult to trace the underlying reason for the valid-
ity of the quasiclassieal description. When N is

there are a large number of real particles
in the system. Similarly, when the coupling is
strong, the number of virtual particles becomes

large. In either case, the system possesses
some large coherent modes of field quanta, which
are accessible to quasiclassical descriptions. It
is quite remarkable that even in the worst case,
N = 2 and weak coupling, the quasiclassical binding
energy derived from the soliton solution remains
a fairly reasonable approximation to the exact
quantum value. (The same conclusion can be
reached if the conserved quantum number, say
N, is carried by a boson field, instead of a fer-
mion field. )
From these comparisons, we infer that strong

coupling is by no means detrimental to a quasi-
classical approximation. " gather, because of
the large number of virtual quanta involved, and
because of the strong potential energy which may
develop against fluctuations, one expects the quasi-
classieal approximation to be more reliable in the
strong-coupling region. With this assumPtion, we
shall in this paper extend our studies of quasi-
classical soliton solutions to quark models for
hadrons, where strong coupling is clearly re-
quired. Our starting point is identical to that of
Bardeen, Chanowitz, Drell, Weinstein, and Yan';
it is also similar to the work of many others. ' '
On the other hand, as we shall see, the details
are different; our analysis of the quasiclassical
soliton solutions will be more systematic. Both a
SLAC-type bag' and the Creutz-Soh version' of the

16 1096
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IUPAC Periodic Table of the Elements and Isotopes

Standard atomic weights are the best estimates by IUPAC of atomic weights that are found in normal materials, which are terrestrial materials that are reasonably possible sources 
for elements and their compounds in commerce, industry, or science. They are determined using all stable isotopes and selected radioactive isotopes (having relatively long half-
lives and characteristic terrestrial isotopic compositions). Isotopes are considered stable (non-radioactive) if evidence for radioactive decay has not been detected experimentally.

© IUPAC | This version is dated June 2019.

For the interactive version see ISOTOPESMATTER.COM

Element has two or more
isotopes that are used to

determine its atomic weight.
Variations are well known,
and the standard atomic

weight is given as lower and
upper bounds within square

brackets, [ ].

Element has two or more
isotopes that are used to

determine its standard atomic
weight. The isotopic

abundance and atomic
weights vary in normal

materials, but upper and
lower bounds of the standard
atomic weight have not been

assigned by IUPAC.

Element has only one isotope
that is used to determine its

standard atomic weight.
Thus, the standard atomic
weight is invariant and is

given as a single value with
an IUPAC evaluated

uncertainty.

Element has no standard
atomic weight because all of
its isotopes are radioactive
and, in normal materials, no

isotope occurs with a
characteristic isotopic

abundance from which a
standard atomic weight can

be determined.

hydrogen

H
1
1.008
[1.007 84, 1.008 11]

helium

He
2
4.002 602(2)

lithium

Li
3
6.94
[6.938, 6.997]

beryllium

Be
4
9.012 1831(5)

boron

B
5
10.81
[10.806, 10.821]

carbon

C
6
12.011
[12.0096, 12.0116]

nitrogen

N
7
14.007
[14.006 43, 14.007 28]

oxygen

O
8
15.999
[15.999 03, 15.999 77]

fluorine

F
9
18.998 403 163(6)

neon

Ne
10
20.1797(6)

sodium

Na
11
22.989 769 28(2)

magnesium

Mg
12
24.305
[24.304, 24.307]

aluminium

Al
13
26.981 5385(7)

silicon

Si
14
28.085
[28.084, 28.086]

phosphorus

P
15
30.973 761 998(5)

sulfur

S
16
32.06
[32.059, 32.076]

chlorine

Cl
17
35.45
[35.446, 35.457]

argon

Ar
18
39.95
[39.792, 39.963]

potassium

K
19
39.0983(1)

calcium

Ca
20
40.078(4)

scandium

Sc
21
44.955 908(5)

titanium

Ti
22
47.867(1)

vanadium

V
23
50.9415(1)

chromium

Cr
24
51.9961(6)

manganese

Mn
25
54.938 043(2)

iron

Fe
26
55.845(2)

cobalt

Co
27
58.933 194(4)

nickel

Ni
28
58.6934(4)

copper

Cu
29
63.546(3)

zinc

Zn
30
65.38(2)

gallium

Ga
31
69.723(1)

germanium

Ge
32
72.630(8)

arsenic

As
33
74.921 595(6)

selenium

Se
34
78.971(8)

bromine

Br
35
79.904
[79.901, 79.907]

krypton

Kr
36
83.798(2)

rubidium

Rb
37
85.4678(3)

strontium

Sr
38
87.62(1)

yttrium

Y
39
88.905 84(2)

zirconium

Zr
40
91.224(2)

niobium

Nb
41
92.906 37(2)

molybdenum

Mo
42
95.95(1)

technetium

Tc
43

ruthenium

Ru
44
101.07(2)

rhodium

Rh
45
102.905 49(2)

palladium

Pd
46
106.42(1)

silver

Ag
47
107.8682(2)

cadmium

Cd
48
112.414(4)

indium

In
49
114.818(1)

tin

Sn
50
118.710(7)

antimony

Sb
51
121.760(1)

tellurium

Te
52
127.60(3)

iodine

I
53
126.904 47(3)

xenon

Xe
54
131.293(6)

caesium

Cs
55
132.905 451 96(6)

barium

Ba
56
137.327(7)

hafnium

Hf
72
178.49(2)

tantalum

Ta
73
180.947 88(2)

tungsten

W
74
183.84(1)

rhenium

Re
75
186.207(1)

osmium

Os
76
190.23(3)

iridium

Ir
77
192.217(2)

platinum

Pt
78
195.084(9)

gold

Au
79
196.966 570(4)

mercury

Hg
80
200.592(3)

thallium

Tl
81
204.38
[204.382, 204.385]

lead

Pb
82
207.2(1)

bismuth

Bi
83
208.980 40(1)

polonium

Po
84

astatine

At
85

radon

Rn
86

francium

Fr
87

radium

Ra
88

rutherfordium

Rf
104

dubnium

Db
105

seaborgium

Sg
106

bohrium

Bh
107

hassium

Hs
108

meitnerium

Mt
109

darmstadtium

Ds
110

roentgenium

Rg
111

copernicium

Cn
112

nihonium

Nh
113

flerovium

Fl
114

moscovium

Mc
115

livermorium

Lv
116

tennessine

Ts
117

oganesson

Og
118

lanthanum

La
57
138.905 47(7)

cerium

Ce
58
140.116(1)

praseodymium

Pr
59
140.907 66(1)

neodymium

Nd
60
144.242(3)

promethium

Pm
61

samarium

Sm
62
150.36(2)

europium

Eu
63
151.964(1)

gadolinium

Gd
64
157.25(3)

terbium

Tb
65
158.925 354(8)

dysprosium

Dy
66
162.500(1)

holmium

Ho
67
164.930 328(7)

erbium

Er
68
167.259(3)

thulium

Tm
69
168.934 218(6)

ytterbium

Yb
70
173.045(10)

lutetium

Lu
71
174.9668(1)

actinium

Ac
89

thorium

Th
90
232.0377(4)

protactinium

Pa
91
231.035 88(1)

uranium

U
92
238.028 91(3)

neptunium

Np
93

plutonium

Pu
94

americium

Am
95

curium

Cm
96

berkelium

Bk
97

californium

Cf
98

einsteinium

Es
99

fermium

Fm
100

mendelevium

Md
101

nobelium

No
102

lawrencium

Lr
103
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Quantum Chromodynamics (QCD)

ℒQCD = ∑
q

ψq(i Dμ γμ − mq)ψq −
1
4

Ga
μνGa μν

41 9. Quantum Chromodynamics

Table 9.1: Unweighted and weighted pre-averages of –s(m2

Z) for each sub-
field in columns two and three. The bottom line corresponds to the com-
bined result (without lattice gauge theory) using the ‰

2 averaging method.
The same ‰

2 averaging is used for column four combining all unweighted
averages except for the sub-field of column one. See text for more details.

averages per sub-field unweighted weighted unweighted without subfield
· decays & low Q

2 0.1173 ± 0.0017 0.1174 ± 0.0009 0.1177 ± 0.0013
QQ̄ bound states 0.1181 ± 0.0037 0.1177 ± 0.0011 0.1175 ± 0.0011
PDF fits 0.1161 ± 0.0022 0.1168 ± 0.0014 0.1179 ± 0.0011
e

+
e

≠ jets & shapes 0.1189 ± 0.0037 0.1187 ± 0.0017 0.1174 ± 0.0011
hadron colliders 0.1168 ± 0.0027 0.1169 ± 0.0014 0.1177 ± 0.0011
electroweak 0.1203 ± 0.0028 0.1203 ± 0.0016 0.1171 ± 0.0011
PDG 2023 (without lattice) 0.1175 ± 0.0010 0.1178 ± 0.0005 n/a

αs(mZ
2) = 0.1180 ± 0.0009

August 2023

α s
(Q

2 )

Q [GeV]

τ decay (N3LO)
low Q2 cont. (N3LO)

Heavy Quarkonia (NNLO)
HERA jets (NNLO)

e+e- jets/shapes (NNLO+NLLA)
e+e- Z0 pole fit (N3LO)

pp/p-p jets (NLO)
pp top (NNLO)

pp TEEC (NNLO)

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 1  10  100  1000

Figure 9.5: Summary of determinations of –s as a function of the energy scale Q compared to
the running of the coupling computed at five loops taking as an input the current PDG average,
–s(m2

Z) = 0.1180 ± 0.0009. Compared to the previous edition, numerous points have been updated
or added.

weighted fits with our standard procedure in columns two and three of Table 9.1. We observe
that the weighted averages are rather close to the unweighted ones. However, the uncertainties
become significantly smaller. This approach may be too aggressive as it ignores the correlations
among the data, methods, and theory ingredients of the various determinations. We feel that the
uncertainty of ±0.0005 is an underestimation of the true error. We also note that in the unweighted
combination the estimated uncertainty for each sub-field is larger than the spread of the results as
given by the standard deviation. In the weighted fit this crosscheck fails in four out of six cases.

The last several years have seen clarification of some persistent concerns and a wealth of new
results at NNLO, providing not only a rather precise and reasonably stable world average value

1st December, 2023

vacuum: ⟨ψqψq⟩ ∼ Λ3
QCD ⟨Ga

μνGa μν⟩ ∼ Λ4
QCD

PDG 2023
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vacuum pressure 
( )B ∼ Λ4

QCD
n ∝ p3

F
A ∝ R3 n
pF ∝ A1/3 R−1

Ekin ∝ R3 p4
F ∝ A4/3 R−1 Evac ∝ R3 B Etot = Ekin + Evac

Rmin ∝ B−1/4 A1/3 Etot,min/A = 3 × 21/4 π1/2 (2/nf )1/4 B1/4

= 917 MeV (B1/4/145 MeV)

“Ground state of QCD”



Yang Bai 10

u
d

u
d d

u

uu

u
uu

u

u

u

u
u uu

u

u

u
d

d

d

d
d

d
d

d
d

d

d
d

d

d

d

Degenerate Fermi gas

vacuum pressure 
( )B ∼ Λ4

QCD
n ∝ p3

F
A ∝ R3 n
pF ∝ A1/3 R−1

Ekin ∝ R3 p4
F ∝ A4/3 R−1 Evac ∝ R3 B Etot = Ekin + Evac

Rmin ∝ B−1/4 A1/3 Etot,min/A = 3 × 21/4 π1/2 (2/nf )1/4 B1/4

= 917 MeV (B1/4/145 MeV)

“Ground state of QCD”
Bodmer (1971’), Witten(1984’)
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Why do we care?
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Dark world

from PLANCK, 1807.06209

Dark Energy

Dark Matter

68.5%

26.5%

Ordinary Matter
5.0%
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Quark nuggets for dark matter
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Quark nuggets for dark matter
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Quark nuggets for dark matter
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Explain dark matter using states in the Standard Model
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Properties
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Degenerate Fermi gas model

ℒ ⊃ Tr(∂μΣ†∂μΣ) − V(Σ, Σ†) − g (ψ̄ Σ ψ + h.c.)

A phenomenological linear sigma model plus constituent 
quark model

Σ =
1
2

σn 0 0
0 σn 0

0 0 2 σs

In the normal chiral-symmetry-breaking vacuum

vn ≡ ⟨σn⟩ = 92 MeV vs ≡ ⟨σs⟩ = 91 MeV

mp ≈ 3 g vn ≈ 940 MeV
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Degenerate Fermi gas model

∇2σn =
∂V
∂σn

+ g ∑
i=u,d

⟨ψ̄iψi⟩ ∇2σs =
∂V
∂σs

+ 2g⟨ψ̄sψs⟩

⟨ψ̄iψi⟩ =
2 Nc

(2π)3 ∫
pFi

0
d3p

mi(σ)

p2 + m2
i (σ)

Finite-density of quarks modifies the EOMS of scalars 

3

densities. QCD confinement on the other hand prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD e↵ects on the energy
per baryon are minor, similar to the way they are minor
for the constituent quark model description of much of
the QCD spectrum.

With the Yukawa coupling to quarks, Ly = �2g ̄� ,
the equations of motion for the spherically symmetric
meson fields of interest are [28, 29]

r2�n(r) =
@V

@�n
+ g

X

i=u,d

h ̄i ii,

r2�s(r) =
@V

@�s
+

p
2gh ̄s si.

(5)

r2 = d2

dr2 + 2
r

d
dr and there are NC = 3 colours of quarks.

The quark gas is described by the Fermi momentum for
each flavor pFi = pF fi

1/3 where the quark fractions are
fi = ni/(NCnA), pF = (3⇡2nA)1/3 and nA is the baryon
number density. The r dependence of these quantities is
determined by the equations of hydrostatic equilibrium.

The forces driving the field values are from the
scalar potential and the quark gas densities h ̄i ii =
2NC
(2⇡)3

R pFi

0 d3p mi/
p
p2 +m2

i . In the interior the quark

massesmu,d(r) = g�n(r)+mud0 andms(r) =
p
2g�s(r)+

ms0 become smaller than the vacuum values mudv and
msv. The radius R of the bound state is defined where
�i(r) and pFi(r) quickly approach their vacuum values.

Electrons play a minor role for any A, and they need
not be contained when R becomes smaller than the elec-
tron Compton wavelength, i.e. A . 107 [7]. The quark,
scalar and Coulomb energy densities are [7, 27]

⇢ =
X

i=u,d,s

2NC

(2⇡)3

Z pFi

0
d3p

q
p2 +m2

i ,

⇢� = �V +
1

2

X

i=n,s

(r�i)2, ⇢Z =
1

2

p
↵VC nZ . (6)

�V is the potential energy w.r.t. the vacuum. nZ =
2
3nu � 1

3 (nd + ns) is the charge density, VC is the elec-
trostatic potential and ↵ = 1/137. The flavor compo-
sition of the quark gas and the radius R can be de-
termined by minimizing the energy of the bound state

E =
R R
0 d3r(⇢ + ⇢� + ⇢Z) [30].

Quark matter in the bulk limit. At large A, finite
size e↵ects can be ignored and then both the meson fields
and quark densities can be taken to be spatially constant.
From (5) and for given (pF , fi) the meson fields take
values where the two forces balance. Among these force
balancing points we can find the values of (p̄F , f̄i) that
minimize the energy per baryon " = (⇢ + ⇢� + ⇢Z)/nA,
with the uniform charge density ⇢Z = 4⇡

5 ↵R
2n2

Z . The
flavor composition f̄i is driven to charge neutrality in the
large A limit to avoid the dominance of ⇢Z .

Fig. 1 presents the field values and the energy per
baryon as functions of pF , after minimization w.r.t. the
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FIG. 1: The field values �n, �s (blue dashed, left axis) and the
energy per baryon number " (red solid, right axis) in the bulk

limit. The vertical lines denote the values of p
(n)
F , p̄F and p

(s)
F .

fi, for the Set 1 benchmark withmudv = 330 MeV (which
implies g = 3.55 and msv = 548 MeV). The minimum en-
ergy per baryon is "̄ = 903.6 (905.6) MeV at p̄F = 367.8
(368.5) MeV with f̄s ⇡ 0 for Set 1 (Set 2). For both sets
udQM is the ground state of baryonic matter in the bulk.
As pF increases from small values the fields move away

from the vacuum along the least steep direction, which
is a valley oriented close to the �n direction. �n drops

rapidly at p(n)F and at p̄F the minimal energy per baryon
"̄ is reached. p̄F can be estimated by minimizing the
relativistic quark and potential energies " ⇡ 3

4NCpF� +

3⇡2�Vn/p3F w.r.t. pF only. � =
P

i f
4/3
i and �Vn is

the potential di↵erence along the valley. This gives "̄ ⇡
NC �̄ p̄F and p̄4F ⇡ 12⇡2�Vn/(NC �̄), with only u and
d quarks contributing in �̄. fs will finally turn on for

pF & p(s)F when it is energetically favorable to produce
strange quarks (that may or may not be relativistic).
Our conclusion regarding udQM relies on the features

that p(n)F . p̄F . p(s)F and "̄ . 930 MeV. These quanti-
ties can be estimated with a parameter scan of the me-
son model along with mudv ⇡ 330-360 MeV. The scan is
constrained to be no more than about 10% outside the
experimental ranges and with NDA coupling magnitudes

less than 15. We find the ranges p(n)F ⇡ 280-305 MeV,

p̄F ⇡ 355-395 MeV, p(s)F & 550 MeV and "̄ ⇡ 875-
960 MeV. As an example of sensitivity to the lightest
meson masses, Fig. 2 shows a "̄ vs m� projection of the
parameter space where we see that realistic values of m�

favor stable udQM.

Determination of Amin for udQM. At smaller A
we need to include finite size e↵ects and the Coulomb
energy contribution. We adopt the approximation that
the values of pF and fi are constants, nonvanishing only
for r < R, which has been found to give a good approxi-
mation for the binding energy [31]. For each A we solve
for the profile of the field �n(r) moving along the valley
using (5) and find the configuration, including the radius
R, that minimizes the energy E.

Holdom, Ren, Zhang, PRL 
120 (2018) 22, 222001

ϵ = ϵσ + ϵψ + ϵZ

T. D. Lee et. al
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Friedberg-Lee shell model

(iγμ∂μ − mq(r))ψ(t, r) = 0

Here, we neglect the small contribution from mud0, and consider �n(r) ! 0 for r < R. In this
case, the solution to the Dirac equation is

anl(r) =

(
ainnl(r) = d1 r jl(Enl r) , r  R ,

aoutnl (r) = d2 r [jl(i
p
m2

0 � E2
nl r) + i yl(i

p
m2

0 � E2
nl r)] , r > R .

(22)

Here Enl is the bound state energy. Imposing the wave function continuity, continuous derivative
condition at the boundary r = R leads to the quantization condition

Enljl+1(EnlR)

jl(EnlR)
=

q
m2

0 � E2
nl

Kl+3/2(
p
m2

0 � E2
nlR)

Kl+1/2(
p
m2

0 � E2
nlR)

, (23)

where Kl(x) is the modified Bessel function of second kind.
For l = 0, quantization condition gives Eq.23 simple relation � cot(EnR) =

p
m2

0 � E2
n/En.

Notice that this only has a solution when m0R > ⇡/2, and thus we have threshold for R for the
existence of at least one bound state R > Rth = ⇡/2m�1

0 . For general l, we get the threshold
for R as, R > Rl

th = Jl�1/2,1m
�1
0 . Here Jl�1/2,1 is the first zero of Bessel function Jl�1/2. For

instance, J0�1/2,1 = ⇡/2, J1�1/2,1 = ⇡, and J2�1/2,1 = 4.49. For general R, or has the largest
value of l or lmax, above which there are no bound states. The lmax is given by

Jlmax� 1
2 ,1

 Rm0 < Jlmax+
1
2 ,1

. (24)

For a given value of R, we can calculate the energy levels Enl. We show an example of energy
levels for R = 30m�1

0 in Fig.3.

Figure 3: Examples of energy levels for R = 30m�1
0 . There are a total of 116 energy levels.

To obtain analytic formulas for the energy levels, we note that the outside wave function has
the following approximate formulas

d[aoutnl (r)/r]/dr

aoutnl (r)/r

���
r=R

⇡ � k � 1

R
, (25)

6

0 2 4 6 8 10 12
0.0
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m0 = g vn = 326.6 MeV

Obtain the actual energy levels of quarks

Assuming a step-function profile for the sigma field
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Energy of quark nuggets
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Add electrons to neutralize the total electric charge
ϵe = ∫

pF,e

0

2
(2π)3

d3p p2 + m2
e
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Charge over mass
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Radioactivity of quark nugget
Gamma-decay
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More precise solutions
Solving the coupled scalar and fermion EOM’s

(iγμ∂μ − mq(r))ψ(t, r) = 0

 nljm(r) =

✓
i fnlj(r)Yljm(r̂)

gnlj(r)~� · r̂Yljm(r̂)

◆
=

 
i anlj(r)

r Yljm(r̂)
bnlj(r)

r ~� · r̂Yljm(r̂)

!
, (15)

with  nljm(t, r) =  nljm(r)e�iEt. Here, Yljm(r̂) is the two-component Pauli spinor harmonic
with

Yljm(r̂) =
X

ml ms

hlml;
1

2
ms|jmiYlml

(r̂)�ms . (16)

There is a useful relation: ~� · r̂Yljm(r̂) = Y`jm(r̂) with ` = l ⌥ 1 when l = j ± 1/2, as well as
(~� · r̂)2 = I2.

The coupled equations for anlj(r) and bnlj(r) are

danlj
dr

=
lj
r
anlj(r) + [mq(r) + E] bnlj(r) ,

dbnlj
dr

= [mq(r)� E] anlj(r)�
lj
r
bnlj(r) . (17)

Here, lj =
1
2 ± (l+ 1

2) for j = l± 1
2 . Combining the two first-order di↵erential equations, and in

the special case of constant mass, one has the second-order di↵erential equation for anlj(r) as

a00nlj(r)�
l(l + 1)

r2
anlj(r) + [E2 �m2

q] anlj(r) = 0 . (18)

The general solution to the above equation is

anlj(r) = c1 r jl
⇣q

E2 �m2
q r
⌘
+ c2 r yl

⇣q
E2 �m2

q r
⌘

, (19)

with jl(x) and yl(x) as the spherical Bessel functions. For a step function mass for quarks

mq(r) =

⇢
0 , r  R ,
m0 ⌘ g vn , r > R .

(20)

Here, we neglect the small contribution from mud0, and consider �n(r) ! 0 for r < R. In this
case, the solution to the Dirac equation is

anl(r) =

(
ainnl(r) = d1 r jl(Enl r) , r  R ,

aoutnl (r) = d2 r [jl(i
p
m2

0 � E2
nl r) + i yl(i

p
m2

0 � E2
nl r)] , r > R .

(21)

Here Enl is the bound state energy. Imposing the wave function continuity, continuous derivative
condition at the boundary r = R leads to the quantization condition

Enljl+1(EnlR)

jl(EnlR)
=
q
m2

0 � E2
nl

Kl+3/2(
p
m2

0 � E2
nlR)

Kl+1/2(
p
m2

0 � E2
nlR)

, (22)

where Kl(x) is the modified Bessel function of second kind.

6

danlj

dr
=

κlj

r
anlj(r) + [mq(r) + E] bnlj(r)

dbnlj

dr
= [mq(r) − E] anlj(r) −

κlj

r
bnlj(r)

dσ
dr2

+
2
r

dσ
dr

=
dV
dσ

+ g Nc
1
r2

(a2
nlj − b2

nlj)

κlj =
1
2

± (l +
1
2

)

anlj(∞) = 0, bnlj(0) = 0, σ(∞) = vn dσ/dr(r = 0) = 0



Yang Bai 22

 vs Qc Qs

8 10 12 14 16
-50

0

50

100

*

*

0 5 10 15 20

-0.5

0.0

0.5

1.0

1.5

2.0

Figure 8: Left panel: Binding energy as function of number of quarks (N) which is three times
the baryon number (A). Here NC ⇡ 8 and NS ⇡ 10. The purple and brown star points at
N = 10.5 show the binding energy of the solution shown in the right panel. Right panel:
Dashed line, Dot-dashed line, and Solid line shows the profile of ā(r̄), b̄(r̄) and �̄n(r̄) for Q-ball
(brown) and Q-cloud (purple) solution. For both the solutions we have same number of quarks
N = 10.5, but di↵erent binding energy as shown in the left panel by purple and brown stars.

A Linear Sigma Model

In this appendix, we give details of the Linear sigma model which is used to derive the properties
of quark nuggets in Sec.3. The linear sigma model is an e↵ective theory model used to derive
the mass spectra and some decay rates of scalar and pseudo-scalar nonets of sub-GeV mesons.
The Lagrangian, without including quark degrees of freedom, is given by

Lm = Tr(@µ⌃
†@µ⌃)� V . (36)

Here ⌃ = Ta(�a + i⇡a) is meson field where Ta = ⇤a/2 with a = 0, · · · , 8 are generators of U(3)

and satisfy Tr(TaTb) = �ab/2. ⇤a for a = 1, · · · , 8 are Gell-Mann matrices and ⇤0 =
q

2
3 3.

The potential V = Vinv + Vb has U(3) flavor preserving term Vinv given by

Vinv = �1(Tr(⌃
†⌃))2 + �2Tr((⌃

†⌃)2) + m2Tr(⌃†⌃)� (det(⌃) + h.c.) , (37)

and explicit flavor-breaking terms are given by Vb =
P8

i=1 Vbi with

Vb1 = c1Tr(⌃
†M+ h.c.),

Vb2 = c2✏ijk✏mnlMim⌃jn⌃kl + h.c.,

Vb3 = c3Tr(⌃
†⌃⌃†M) + h.c.,

Vb4 = c4Tr(⌃
†⌃)Tr(⌃†M) + h.c.,

Vb5 = c5Tr(⌃
†M⌃†M) + h.c.,

Vb6 = c6Tr(⌃⌃
†MM† + ⌃†⌃M†M),

Vb7 = c7(Tr⌃
†M+ h.c.)2,

Vb8 = c8(Tr⌃
†M� h.c.)2 . (38)

12

τ ≈ (g vn)−1 e# (N−Nc) for Nc < N < Ns

Levkov, Nugget, Popescu, 1711.05279 Son, Stephanov, Yee, 2112.03318

Some light quark nuggets could be metastable 
and eventually evaporate to ordinary nucleons
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How to form it?
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Origin for ordinary nuclei 
Baryon anti-baryon asymmetry (unknown)
Light elements from nucleosynthesis

4 24. Big Bang Nucleosynthesis
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

reflects the combined statistical and systematic errors, with the latter, estimated to be ±0.002 [67],
being dominant.

11th August, 2022

PDG 2022
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Origin for ordinary nuclei 
Heavy elements from nucleosynthesis of neutron star 
mergers

© 1989 Nature  Publishing Group

LETTERS TO NATURE 

evidence that during folding an early framework intermediate 
forms in which there is significant secondary structure2

,3 and 
the proposal that the transition state occurs late on the folding 
pathwai. The initial results from our protein engineering study 
have begun to map out the energetics of these processes and to 
show new details such as a major loop not being formed in the 
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LETTERS TO NATURE 

Nucleosynthesis, neutrino bursts 
and "V-rays from coalescing 
neutron stars 
David Eichler*, Mario Liviot, Tsvi Piran:j: 
& David N. Schramm§ 

* Department of Physics, Ben Gurion University, Beer Sheva, Israel, and 
Astronomy Program, University of Maryland, College Park, 
Maryland 20742. USA 
t Department of Physics, The Technion, Haifa, Israel 
:j: Racah Institute for Physics, Hebrew University, Jerusalem, Israel, and 
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§ Departments of Physics and Astrophysics, University of Chicago, 
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and NASA/Fermiiab Astrophysics Center, Batavia, 
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NEUTRON-STAR collisions occur inevitably when binary neutron 
stars spiral into each other as a result of damping of gravitational 
radiation. Such collisions will produce a characteristic burst of 
gravitational radiation, which may be the most promising source 
of a detectable signal for proposed gravity-wave detectorsl. Such 
signals are sufficiently unique and robust for them to have been 
proposed as a means of determining the Hubble constane. 
However, the rate of these neutron-star collisions is highly uncer-
tain3

• Here we note that such events should also synthesize neutron-
rich heavy elements, thought to be formed by rapid neutron capture 
(the r-process)4. Furthermore, these collisions should produce 
neutrino burstsS and resultant bursts of JI-rays; the latter should 
comprise a subclass of observable JI-ray bursts. We argue that 
observed r-process abundances and JI-ray-burst rates predict rates 
for these collisions that are both significant and consistent with 
other estimates. 

The binary pulsar system will coalesce in roughly 108 yr. Using 
this fact together with the pulsar birth rate and the observed 
frequency of occurrence of close binary pulsars (then, one in 
every 300 pulsars), Clark et al. 3 estimated the formation rate in 
the Galaxy to be (3 ± 1.6) x 10-4 yr-!, As 450 pulsars have now 
been observed, this estimate should be decreased by a factor of 
1.5, but this does not change the following discussion. The 
natural progenitor for a close neutron-star binary system is a 
massive X-ray binary, from which the neutron-star binary will 
form following a supernova explosion. Clark et ae estimated 
that the probability of disruption of such a close binary in the 

126 

transition state or the lack of hydrogen bonds from N caps to 
the exposed backbone NH groups of the helices. These studies 
now point to new questions that can be answered by studying 
further mutations. For example, are all the loops exposed to 
solvent in the transition state and are they the last elements of 
structure to be formed? 0 

13. Mauguen. Y. et al. Nature 297, 162-164 (1982). 
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supernova of the secondary is 0.1-0.2, and this led them to a 
formation rate consistent with that based on pulsar statistics. 

Alternatively, neutron stars formed in separate events might 
become associated in a dense globular cluster6

,7. Such modes 
of formation will lead to roughly equal-mass binaries with both 
neutron stars of mass 1.4 M ('). 

On the other hand, were there to exist a separate class of 
neutron-star binaries in which the stars are in close proximity 
on formation of the binary, these might escape detection because 
they would decay on a short timescale, 'Tgn via gravitational 
radiation. For example, it has been suggested recentll that 
millisecond pulsars arise from accretion-induced collapse of 
white dwarfs in binaries7

• It is argued on statistical grounds6 

that low-mass X-ray binaries are too rare to be the progenitors 
of millisecond pulsars, as had been proposed previousll. As 
the white dwarfs are likely to be spun up to maximum angular 
momentum, the collapse to a neutron star is likely to 'fizzle', 
leading to two neutron stars in orbit around each other". It is 
not unlikely that the two neutron stars would have significantly 
different masses. Although the statistical arguments have been 
criticized (F. Verbunt, J. van Paradijs and W. Lewin, personal 
communication), such criticism does not exclude the possibility 
that close neutron-star binaries are indeed formed from white 
dwarfs in globular clusters. 

Essentially for all equations of state, the less massive 
component (the secondary) has a larger radius!O, R 2 . As it also 
has the smaller Roche-lobe radius, R L , it is invariably this 
lighter component that fills its tidal lobe first, following 
which mass transfer ensues. If ?2'= (a In R2/ a In M 2 ) > ?L '= 
(a In RL/ a In M 2 ) the mass transfer is dynamically stable, 
whereas for?2 <?L it is unstable. The latter situation arises when 
the secondary ('donor') neutron star has a mass that is compar-
able to or only slightly smaller than that of the larger, whereas 
a high initial mass ratio will result in a stable mass-stripping 
process. 

Clark and Eardlei have discussed the evolution of a close 
neutron-star binary. In systems that are unstable to mass transfer 
on a dynamical timescale, the margin by which the less massive 
neutron star is the first to overfill its lobe grows until the orbital 
evolution is dominated by mass exchange (rather than by gravi-
tational radiation), for which the timescale!! iltex is -6 ms for 
masses of M! = 1.4 M (,), M2 = 1.2 M ('). Once the mass-transfer 
timescale becomes shorter than the gravitational-radiation 
timescale, mass loss accelerates rapidly. In a three-dimensional 
simulation of this process for a doubly degenerate binary system, 
it is found that the lighter component is completely dissipated 
in a little more than two orbital periods (-4 ms in our case). 

NATURE ' VOL 340 ' 13 JULY 1989 

Nature, Vol 340, 126 (1989)

L156 K. Hotokezaka et al. 

MNRASL 526, L155–L159 (2023) 

2 . 10 µm is the strongest fine structure emission line in the near 
infrared region. In Section 3 , we conclude the results and discuss the 
uncertainties and implications. 
2  TE  I I I LINE  IN  K I L O N OVA  
The emission lines produced through radiative de-excitation of atoms 
emerge from the optically thin region of the ejecta. The optical depth 
of the kilonova ejecta with an expansion velocity of v ej and a mass 
of M ej is 
τ ≈ κM ej 

4 π ( v ej t) 2 , (1) 
≈ 1 ( κ

1 cm 2 g −1 
)(

M ej 
0 . 05 M ⊙

)( v ej 
0 . 1 c 

)−2 ( t 
10 d 

)−2 
, (2) 

where κ is the opacity and t is the time since merger. The opacity 
is dominated by bound–bound transitions of heavy elements and 
depends on the composition and wavelengths. Tanaka et al. ( 2020 ) 
show that the expansion opacity decreases with wavelength, e.g. 
∼10–100 cm 2 g −1 around 0 . 5 µm and ! 1 cm 2 g −1 around 2 µm . 
Therefore, infrared emission lines are expected to emerge at the 
earlier time than optical lines. For AT 2017gfo, we expect emission 
lines to dominate o v er the photospheric emission as early as ∼ 10 d 
around 2 µm . 

Fig. 1 shows the spectral series of the kilonova AT 2017gfo from 
7.5 to 10.5 d after the merger taken by X-shooter on the Very Large 
Telescope (Pian et al. 2017 ). The observed spectra are composed of 
several line features and a continuum component extending from the 
optical to near infrared bands. We model the underlying continuum 
spectrum by blackbody radiation, where the photospheric velocity 
and temperature for 7.5–10.5 d are 0.06–0.08 c and 1700–2400 K, 
respectively. 

The observed spectra clearly show an emission line at 2 . 1 µm . The 
e xpansion v elocity of the line emitting re gion is ∼0.07 c deriv ed from 
Doppler broadening of the line, which is consistent with the picture 
where the emission line is produced outside the photosphere. The 
line flux remains roughly constant with time while the continuum 
flux declines, and thus, the line-to-continuum ratio increases from 
∼1 at 7.5 d to ∼1.5 at 10.5 d. This development of the emission line 
without a blueshifted absorption feature indicates that the emission 
at 2 . 1 µm is a forbidden line driven by electron collision rather than 
an emission line associated with an absorption line, e.g. a P-Cygni 
line or a fluorescence line. 

The wavelength of the peak of the emission line feature indeed 
coincides with a fine structure line, [Te III ] 2 . 10 µm , arising from the 
transition between the ground level 3 P 0 and the first excited level 3 P 1 . 
It is worth noting that [Te III ] 2 . 10 µm has been detected in planetary 
nebulae (Madonna et al. 2018 ). Note that the transition between the 
ground level 3 P 2 and the second excited level 3 P 1 of Te I also produces 
an emission line at 2.1 µm. As discussed later, the contribution of 
Te I line is weaker than Te III line. 

It may not be surprising that Te III produces the strongest emission 
lines because Te is among the most abundant elements in the second 
r-process peak. Fig. 2 shows the mass fraction of each atom at 10 d 
after the merger. Here, we assume that the final abundance pattern 
matches the solar r-process residual with atomic numbers A ≥ 88 
(Hotokezaka & Nakar 2020 ), i.e. the elements beyond the first r- 
process peak. With this assumption, the most abundant element is Sr 
and the second most is Te at 10 d. 

Note also that [Te III ] 2 . 10 µm is particularly expected to be strong 
as long as Te III is abundant outside the photosphere because this line 
is produced by radiative decay of the first fine structure level, which 

Figure 1. Spectral series of the kilonova AT 2017gfo 7.5–10.5 d after 
the merger. The observed data were taken by X-shooter on VLT (Pian 
et al. 2017 ). The synthetic spectra are composed of fine structure emis- 
sion lines (dashed curve) and a continuum (dotted curve), where the 
continuum emission is approximate by a blackbody with temperatures 
T BB = 2400 , 2100 , 1800 , 1700 K at 7.5, 8.5, 9.5 and 10.5 d, respectively. 
The electron temperature is fixed to be 2000 K. The ejecta model assumes 
M ej = 0.05 M ⊙, v exp = 0.07 c , and n e = 10 7 cm −3 ( t/ 9 . 5 d) −3 . We use 
ionization fractions of ( Y + 0 , Y + 1 , Y + 2 , Y ≥+ 3 ) = (0 . 25 0 . 4 , 0 . 25 , 0 . 1) for 
all the atomic species for simplicity. The composition is assumed to be the 
solar r-process abundance pattern with A ≥ 88 (Fig. 2 ). The shape of each 
emission line is assumed to be a Gaussian profile with a broadening parameter 
of 0.07 c . The distance to the source is set to = 40 Mpc . The wavelength 
of [Te I ] 2 . 10 µm and [Te III ] 2 . 10 µm is shown as a vertical dashed line. 
Also shown as vertical lines are possibly strong emission lines at 10.5 d. 
The grey shaded vertical regions depict the wavelength ranges between the 
atmospheric windows. The wavelength of [Te I ] 2 . 10 µm is shown with an 
offset of + 0 . 04 µm . 
is easily excited by electron collision. For the iron peak elements, 
[Co III ] 11 . 89 µm and [Co II ] 10 . 52 µm represent lines of the same 
nature. Indeed, these are among the most prominent mid-IR lines 
observed in SNe Ia and SN 1987A, respectively (e.g. Wooden et al. 
1993 ; Kwok et al. 2023 ). 

Let us first give an estimate of the amount of Te III from the 
observed line flux by assuming that the observed line flux is 
predominantly produced by Te III and the ejecta is optically thin 
to the [Te III ] 2 . 10 µm . The total line luminosity is given by ### 
L ∼ hν10 A 10 f 1 N ( Te III ) , (3) 
where h ν10 , A 10 ≈ 2 s −1 , and f 1 are the excitation energy, the radiative 
decay rate, and the fraction of Te III ions in the 3 P 1 le vel, respecti vely, 
and N ( Te III ) is the total number of Te III ions in the ejecta (see 
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Formation of quark nuggets
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Formation from 1’st order phase 
transition
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T > Tc

u

d

s
u

d
s

u

d

s

u
d
s

u
d
s

u

d

s u
d
s

u

d

s

u
d
s

u
ds

u
d
s

u
d

s

u
d
s

u d
s

u
d
s

u
d
s

u

d

s

u
d

s

u
d s

u

d

s

u
d
s

u d
s

u
d
s

u

d

s



Yang Bai 29

T ~ Tc
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T ~ Tc
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Hadron bubbles grow
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Isolated quark nuggets

u
d
su

d
su

d
s

u
d
su

d
s
u

d
s

u
d
s u

d
s u

d
s
u

d
su

d
s u

d
s

u
d
s

u
d
s

u
d
su

d
s

u
d
s u

d
s

u
d
s
u

d
su

d
s

n p

n p
n p

n p

n p

n p

n p

n p



Yang Bai 32

Properties of quark nuggets
The mass of the quark nugget is

The radius of the quark nugget is 

MQN ∼ 1014 g

RQN ∼ 1 cm
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Properties of quark nuggets
The mass of the quark nugget is

The radius of the quark nugget is 

MQN ∼ 1014 g

RQN ∼ 1 cm

The energy density of the QM is similar to a Neutron 
Star, except with a much smaller radius

“micro Neutron Star”

One example of Macroscopic Dark Matter
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JHEP04(2004)050

Figure 2: The phase diagram in physical units. Dotted line illustrates the crossover, solid line the
first order phase transition. The small square shows the endpoint. The depicted errors originate
from the reweighting procedure. Note, that an overall additional error of 1.3% comes from the
error of the scale determination at T=0. Combining the two sources of uncertainties one obtains
TE = 162 ± 2MeV and µE = 360 ± 40MeV.

The small change of the mass parameter on the line of constant physics (caused by the
change of the lattice spacing) slightly decreases the curvature.

The endpoint is at TE = 162± 2 MeV, µE = 360± 40 MeV. As expected, µE decreased
as we decreased the light quark masses down to their physical values (at approximately
three-times larger mu,d the critical point was at µE=720 MeV; see [8]).

The above result is a significant improvement on our previous analysis [8] by two
means. We increased the physical volume by a factor of three and decreased the light
quark masses by a factor of three. We carried out the whole analysis using four subsets of
our volumes (Ls = 6, 8, 10, Ls = 6, 8, Ls = 8, 10, 12 and Ls = 10, 12) and found that the
results changed only within their uncertainties. This fact indicates that the volumes of the
present study are large enough and that the finite volume analysis is reliable. We do not
expect finite size effects on µE. Clearly, more work is needed to get the final values. Most
importantly one has to extrapolate to the continuum limit.
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How to have QCD 1’st-order PT?
Making the strange quark lighter during the transition time 
(FOPT for 3 massless quarks)

For instance, using Froggatt-Nielsen fields to dynamically 
control quark masses (suffers fine-tuning and flavor 
constraints)

Supercool the electroweak phase transition to be below 
the QCD scale (requires a non-trivial flat potential)

Existing a large lepton number chemical potential (suffers 
from BBN and CMB constraints)
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QCD phase transition with θ ≠ 0
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QCD with θ = π

Dashen ’1971; Witten ’1980; 
Gaiotto, Kapustin, Komargodski, Seiberg, ’2017

In large , the periodicity in  and continuity of the 
vacuum energy function suggests a multibranched 
function

Nc θ

V(θ) = − N2
c Λ4 mink cos ( θ + 2π k

Nc ) , k = 0,⋯, Nc − 1
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Phenomenological LSMq
V(Φ) = μ2Tr (Φ†Φ) + λ1 [Tr (Φ†Φ)]

2
+ λ2Tr [(Φ†Φ)2]

−
κ
2 [e−iθ det (Φ) + eiθ det (Φ†)]−Tr [H (Φ + Φ†)]

Φ = Ta (σa + iπa) H = Taha ℒYukawa ⊃ q [−gTa (σa + iγ5πa)] q
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QCD PT inside domains
The early universe could have different domains with 
different effective  angleθ
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How to find it?
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Direct Detection
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Detectors with large Adet texp

De Rujula, Glashow, Nature, 312, 734, (1984)
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Detectors with large Adet texp

De Rujula, Glashow, Nature, 312, 734, (1984) AMS, Phys. Reports, 894 (2021) 1

M. Aguilar, L.A. Cavasonza, G. Ambrosi et al. Physics Reports 894 (2021) 1–116

Fig. 103. AMS results on the search for strangelets together with results of the PAMELA experiment [168] and accelerator experiments [166] for
Z = 2.

Fig. 104. AMS results on the search for strangelets together with results of the lunar soil experiments [165] for Z = 6, 7, 8.

Summary of the AMS results on the search for strangelets with Z = 2, 3, 4, 5, 6, 7, 8 is presented in Fig. 105 together
with the theoretical prediction [169]. As seen, cosmic-ray strangelets with 2  Z  8 are excluded by AMS well below
the model prediction.

AMS will continue collecting data to improve the sensitivity of this important study and to explore a new territory for
strangelets with Z > 8.

15. Time-dependent proton and helium fluxes

Cosmic rays entering the heliosphere are subject to diffusion, convection, adiabatic energy losses, and magnetic drift.
The temporal evolution of these processes leads to cosmic ray intensity variation at Earth’s orbit around the Sun. These
variations correlate with solar activity, which has several cycles. The most significant is the 11-year solar cycle during
which the number of sunspots changes from minimum to maximum and then back to a minimum. Another is the 22-year
cycle of the Sun’s magnetic field polarity, which reverses every 11 years during the maxima of the solar cycle. Cosmic
ray spectra may also have temporary reductions due to the interactions of cosmic rays with strong disturbances in the
magnetic field, especially during solar maxima, that can last from days to months. Time correlations at low rigidity among
different particle spectra (p, He) due to solar modulation are expected by models of cosmic ray transport based on the
Parker equation. This is because the time-dependent cosmic ray transport in the heliosphere is rigidity dependent and
related to changes in solar activity. Numerous models of the propagation of charged particles in the heliosphere exist that
predict different flux variations with time. The large acceptance and high precision of AMS allow us to perform accurate
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New opportunities:
Quark nuggets from NS mergers
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I
) EoS.

NATURE PHYSICS | VOL 16 | SEPTEMBER 2020 | 907–910 | www.nature.com/naturephysics910

Annala et. al, Nature Physics, 907, vol 16 (2020)

How can we know that quark nuggets are produced there?
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Radioactivity of quark nuggets
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To be understood 
Distribution function in A for the generated quark nuggets

Any unique features for the electromagnetic signatures 
from the radioactivity of “hot” quark nuggets? 

Can we distinguish them in the busy environment of 
neutron star merger events?

Can we “measure” the vacuum pressure parameter using 
neutron star properties?
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Conclusions

45

Neutron star mergers could produce quark nuggets on site. 
One may use the radioactivity properties of quark nuggets 
to observe them.

The quark nugget could be a dark matter candidate, with 
additional BSM physics that can modify the QCD phase 
transition.

“Exotic elements” or quark nuggets could exist in the QCD 
sector of the Standard Model.
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Thanks!
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