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PHYSICAL REVIEW D VOLUME 4, NUMBER 6 15 SEPTEMBER 1971

Collapsed Nuclei*

A. R. Bodmer
Nuclear Physics Labovatory, Oxford, England
and Avgonne National Labovratovy, Avgonne, Illinoist 60439
and University of Illinois, Chicago, Illinoist 60680
(Received 29 March 1971)

We discuss the observational consistency, possible properties, and detection of collapsed
mnuclei C,. These may be considered as elementary particles with mass number A >1 and of
much smaller radius than ordinary nuclei N4. The existence of C, of (perhaps much) lower
energy than N, is observationally consistent if N, are very long-lived isomers against collapse
because of a “saturation” barrier between C , and N,. Barrier-penetrability estimates show
that sufficiently long lifetimes 210% sec are plausible for A 216-40. The properties of C, are
discussed using composite baryon and quark models; small charges and hypercharges and,
especially, neutral C, are possible. C, can be effectively a source or sink of baryons. Some
astrophysical implications are briefly 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.
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PHYSICAL REVIEW D VOLUME 16, NUMBER 4 15 AUGUST 1977

Fermion-field nontopological solitons. II. Models for hadrons*

R. Friedberg
Barnard College and Columbia University, New York, New York 10027

T. D. Lee
Laboratoire de Physique Théorique de I’Ecole Normale Supérieure, Paris, France
and Columbia University, New York, New York 10027
(Received 9 May 1977)

We examine the possibility, and its consequences, that in a relativistic local field theory, consisting of
color quarks ¢, scalar gluon o, 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 m,, 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 £ =(n/m, )? and
= pn/m, are both << 1, where p is an overall low-energy scale appropriate for the solitons [but the ratio
1n/€ 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% accuracy, agree with observations.
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Structure within
the Atom
Quark

Size <1079 m

p

Nucleus »l)a Electron

i -18
Size =~ 10714 m Size < 107'9m

\

~<
~ Atom
Size =107 10m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.




Quantum Chromodynamics (QCD) @
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Ordinary Nucleus Quark Nugget
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Ordinary Nucleus Quark Nugget
A
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Ordinary Nucleus Quark Nugget
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Degenerate Fermi gas @

|

&= vacuum paessure
(B ~ AQCD)
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Degenerate Fermi gas @

|

<= vacuum pressure

3
n X p;i (B ~ A‘éCD)
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Degenerate Fermi gas @

|

<= vacuum pressure

3
n X p;i (B ~ A‘éCD)

AxRn
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Degenerate Fermi gas @

|

<= vacuum pressure

3
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AxRn

Pp X A1/3 R—l
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Degenerate Fermi gas @

|

h vacuum pressure

3
n X p;i (B ~ A%CD)
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Degenerate Fermi gas @

|

<= vacuum pressure

3
n X p;i (B ~ A‘éCD)

AxRn
Pp X A1/3R—1
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Degenerate Fermi gas @

|

=== vacuum pressure

3
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Degenerate Fermi gas @

|

=== vacuum pressure

3
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Degenerate Fermi gas @

|

&= Vvacuum pressure
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Degenerate Fermi gas @

|

3 &= Vvacuum pressure
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=917 MeV (BY*/145 MeV)
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Degenerate Fermi gas @

|

3 == vacuum pressure
n X pF3 (B ~ AQCD)
AxR’n
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=917 MeV (BY*/145 MeV)

“Ground state of QCD”

Yang Bai 10



Degenerate Fermi gas @

|

3 &= vacuum pressure
n X p]g (B ~ AgCD)
AxR’n

Pp X A1/3 R—l

Ly R3p1f£ x AYS R E,, . R>B E . =E;, +E,.
Rmin X B_1/4A1/3 tot mm/A = 3 X 21/4 17z (2/nf)1/4Bl/4
=917 MeV (BY*/145 MeV)

“Ground state of QCD”

Yang Bai 10 Bodmer (1971°), Witten(1984°)
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Dark world @

from PLANCK, 1807.06209
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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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Quark nuggets for dark matter @

+ Explain dark matter using states in the Standard Model
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Degenerate Fermi gas model @

+ A phenomenological linear sigma model plus constituent
quark model

Z D Tr(0,2'0"%) - V(Z,2") — ¢ (Zw + h.c.)

o, 0 0
Ezl 0 o, O
2
0 0 420,

+ In the normal chiral-symmetry-breaking vacuum

= (0,) =92 MeV V

\)

= (0,) =91 MeV

Vn

m, ~ 3 gv, ~ 940 MeV
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Degenerate Fermi gas model @

Finite-density of quarks modifies the EOMS of scalars

v v T.D. Lee et. al
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Holdom, Ren, Zhang, PRL
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Friedberg-Lee shell model @

+ Obtain the actual energy levels of quarks

+» Assuming a step-function profile for the sigma field

nl]l—i—l an Kl—|—3/2(\/m0 ’?LZR)
. //l - — m n 9
(iy"0, — m (e, x) =0 5 —Vm - B e
e -
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S 04f I
02t
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ooLb-—mrur e o v
0 2 4 6 8 10 12
14 my = gv, =326.6 MeV
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Energy of quark nuggets @

+ Add electrons to neutralize the total electric charge

e 2 53 [
€, = d +m
: [0 Qrp TP T

940

E/A (MeV)

0 2000 4000 6000 8000 10000
A
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Charge over mass
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Radioactivity of quark nugget @

+ Gamma-decay

10— ———————————— _

+ Beta-decay

|E(Z +1) — E(Z)| (MeV)
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More precise solutions @
+ Solving the coupled scalar and fermion EOM’s

(iy#d, — m (r)y(t,r) =0
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Binding Energy (MeV)
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for N.<N <N,

+ Some light quark nuggets could be metastable
and eventually evaporate to ordinary nucleons

Yang Bai

Levkov, Nugget, Popescu, 1711.05279
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Origin for ordinary nuclei

« Baryon anti-baryon asymmetry (unknown)

+ Light elements from nucleosynthesis

baryon density parameter Qph?
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Origin for ordinary nuclei

+ Heavy elements from nucleosynthesis of neutron star
mergers GW170817

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 detectors'. Such
signals are sufficiently unique and robust for them to have been 0.2
proposed as a means of determining the Hubble constant®.

However, the rate of these neutron-star collisions is highly uncer-

tain>. Here we note that such events should also synthesize neutron-

rich heavy elements, thought to be formed by rapid neutron capture 0.1
(the r-process)’. Furthermore, these collisions should produce
neutrino bursts® and resultant bursts of y-rays; the latter should
comprise a subclass of observable y-ray bursts. We argue that
observed r-process abundances and y-ray-burst rates predict rates = 20 25 3.0 3.5
for these collisions that are both significant and consistent with ' ) ' '
other estimates. A [um]

Nature, Vol 340, 126 (1989) Hotokezaka, MNRAS, 526, L155-L159 (2023)
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Formation of quark nuggets @

before
BBN
e ‘ - from
Y - astrophysical
l objects

ng —ng =10
‘ no _ phase transition
l yes domain wall

Baryon-symmetric
universe

B,,+Boy =Bgy (?)
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Formation from 1’st order phase
transition

Witten, '1984
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T>Tc

Yang Bai 28



Yang Bai 29



Yang Bai 29



Hadron bubbles grow
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Isolated quark nuggets
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Properties of quark nuggets
+ The mass of the quark nugget is
Mgy ~ 10'* g
+ The radius of the quark nugget is
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Properties of quark nuggets

+ The mass of the quark nugget is

Mgy ~ 10 g

+ The radius of the quark nugget is
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Properties of quark nuggets

+ The mass of the quark nugget is

Mgy ~ 10 g

+ The radius of the quark nugget is

+ 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

Yang Bai 32



QCD phase transition

+ Crossover in the minimal Standard Model of Particle
Physics with the normal early universe history

Fodor and Katz, '’2004

165 -~ T B

164

* hadronic phase @ "x _endpoint

L Z'im Tl
L

T (MeV)

162

100 200 300 400
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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)

Yang Bai 34



QCD phase transition with @ #= @
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QCD with 0 = 7

In large N, the periodicity in & and continuity of the

vacuum energy function suggests a multibranched
function
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Phenomenological LSMqg @
V(@) = uTr (®'®) + 4, |Tr (0'®) ST (@'0)*

- e det () + ¢ det (@) | ~Tr | H (@ + @)
Pisarski, hep-ph/9601316
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QCD PT inside domains

» The early universe could have different domains with

different effective & angle

0 T 0
T 0 T
0 T 0
T 0 T

+» One half of the domains could have FOPT for QCD

Yang Bai
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Direct Detection

+ A suppressed flux for
a heavy quark nugget , @
as dark matter 7

1~ PDM A 19 Adet teXP
Mpm DM *7det “exp MpM (100 m)2 IOyI’
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Flux (m ?yr ‘'sr™ 1)
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Detectors with large A ;. Lexp

De Rujula, Glashow, Nature, 312, 734, (1984)

Madsen, PRL, 61,2909 (1988)
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Detectors with large Ay 7., @

De Rujula, Glashow, Nature, 312, 734, (1984)

Madsen, PRL, 61,2909 (1988)
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AMS, Phys. Reports, 894 (2021) |
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New opportunities: @
Quark nuggets from NS mergers

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

+ 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 @

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

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

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

Yang Bai 45



Yang Bai



