
CUDOs and their impact (literal and figurative)
Johann Rafelski

Something STRANGE is sometimes hitting planetary bodies – Where is
the meteorite? Maybe it went into the Earth? We consider compact

ultra-dense objects (CUDO) meteors made predominantly of ultra dense
matter such as STRANGElet = fragments of neutron stars filled with

strange quarks, DARK MATTER bound objects, MICRO BLACK HOLES.
For such exotic impactors each planet or moon is a macroscopic detector
accumulating CUDO impact signature over geological time scale. Only a
fraction of the CUDO kinetic energy is damaging the entry/exit surface

regions since CUDOs high density of gravitating matter assures
surface-penetrating puncture – shot into, and even through.

Major consequence for climate .
CUDOs maybe recognized by impact (exit) features, recent work suggests distinctly different crater morphology. In case of
Earth impact we are interested in impactor exit =volcano(?!) accompanied by a major climatic excursion. Rocky objects in

solar system accumulate CUDO impact scars for billions of years. Asteroid belt could harbor captured CUDOs with 31
Polyhymnia a high density (75g/cc!) candidate and the "egg in space" offering another suspect case.
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Most matter in the Universe unknown
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Domination eras of different forms of energy
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Dark Matter is Matter
From standard cosmology, fractions of Non-Baryonic and
Baryonic gravitating matter show 4/5 of gravitating matter not
identified: ‘dark’

Bullet Cluster, Abell 520, etc show
– Separation of luminous matter
and gravity source
⇒ evidence of independent
dynamics
⇒ small self-interaction

Many candidate particles could mean many components of unseen
‘dark’ matter,
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Dark Matter maybe (weakly) Self-Interacting
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Search for dark matter: cosmic impactor material

Normal matter iron-20%nickel impactor Gebel-Kamil crater: Uweinat Desert,
Egypt: 44.8m in diameter, 15.8m deep meteorite crater: 1600 kg of iron
meteorite shrapnel, 3400 kg >10 g pieces remained today. Upon
hypervelocity impact, the 1.3 meters wide 5 to 10 tons meteorite was
disrupted into thousands of fragments located up to 200 m from the crater
rim, largest known fragment 83 kg. Dated to about 4,500 years, explored first
2009/10. A possible source of Egypt-Pharaoh Iron.
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Where is the Meteorite that made Arizona Meteor
‘Barringer’ Crater?

This is about 1 mile wide and 570 ft deep recent
(50,000y old) crater where many tourists in Arizona
visit. 110 years ago Daniel Barringer searched to profit
from what he expected to be 2.5106 tons of iron-nickel
content of the meteorite. See what was found: a few (3!)
meteorite fragments found in riverbeds many miles
away. Short of a space ship crash site, of which remains
were carefully removed, what is the causes for this
gigantic hole in the ground? There are many other
“missing meteorite” impacts
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Missing meteorite case is not singular
Meteor crater

1.2km diameter/50ky old 3.44 km diameter 1.4± 0.1× 106y old

Lonar crater:1.8km, 15,000y? hole in basalt
flow from 50 million years ago.....
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Are there impactors that cut into/across a planet?

Must be made of very dense matter which cannot be supported by
surface tension. CUDOs (compact ultradense objects) loose energy
along the path inside target - not on impact. Scenario example:
collision with cold dark matter sitting still in the Universe through which
we plough across with nearly 300 km/s – a shot across the Earth is the
result. Such a CUDO would be a remnant of Universe birth. Certainly
not a frequent event. But consequences for Earth very special:

Impact-exit ionospheric deposit of material = Climate Winter
Possible raining of matter (spherules)
Mantle damage=Hot spots, continent breakup etc.

Also, some chance to capture shoot-through CUDOs inside Earth or
more generally the Solar system: so we do not only look at craters,
climate, but at what is flying now in Solar system, and even Earth’s
energy balance.
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Exit shot through model: Shot across glass plate

Glass shot from: Fig 1 b from Nicolas Vandenberghe, Romain
Vermorel, Emmanuel Villermaux. “Star shaped crack pattern of broken
windows” Physical Review Letters 110 174302 (2013)
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I LIKE STAR-RAYED CRATERS

Mojave Crater on Mars: Source of 80% Mars impactors on Earth –
55km large ‘recent crater’
. . . 55-kilometer-wide Mojave crater on Mars formed 3-5 million years
ago. Based on their cosmic ray exposure, the shergottites from Mars
must have broken off between 1 and 5 million years ago. Prior
confusion on dating due to melting; this supports CUDO hypothesis.

Note rayed structure.
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Mars, Mercury star-rayed craters

Mars:
Mercury:
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Mars Pavonis Mons hole?
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CUDO structure candidates

1 Stable fragments of neutron stars = nuclear ‘strangelets ’
2 Dark matter starlets

(self-interacting DM; maybe gravity bound DM)
3 Micro black holes

NOTE: Depending on primordial, or galactic origin, relative speed
vastly different; the frequency of collision very different, mass of
impactors very different. Morphology of impactor (exit) scars seen in
Solar system suggest ALL of the above has happened.
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Collisions: Stopping, Other Characteristics

Entrainment of Material
Captured matter acquires CUDO velocity⇒ reduces CUDO speed,
damage in target also reduces speed Expect⇒ Two surface
punctures! Entry and Exit signatures

Drag from Normal matter interactions
I Mixing of nearby entrained and nearly-entrained material

Pulling debris stream along behind CUDO
I Matter from previous collisions can “dress” CUDO,

giving appearance of normal (but overdense) meteor
I Fraction remains bound to impacted planet,

but re-distributed inside and above surface
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Our arguments are published&arXiv-ed
Work by other groups will be cited in text

Compact ultradense matter impactors
JR, Lance Labun, and Jeremiah Birrell, Phys.Rev.Lett. 110 (2013) 111102
http://prl.aps.org/abstract/PRL/v110/i11/e111102
Compact Ultradense Objects in the Solar System
JR, Christopher Dietl, LL; Acta Phys.Polon. B43 (2012) 12, 2251-2260
http://th-www.if.uj.edu.pl/acta/vol43/abs/v43p2251.htm
Properties of Dark Compact Ultra Dense Objects
Christopher Dietl, LL, and JR, Phys.Lett. B709 (2012) 123-127
http://dx.doi.org/10.1016/j.physletb.2012.02.015
Planetary Impacts by Clustered Quark Matter Strangelets
LL and JR, Acta Phys.Polon.Supp. 5 (2012) 381-386
http://dx.doi.org/10.5506/APhysPolBSupp.5.381
Classification of exoplanets according to density
A. Odrzywolek and JR
arXiv:1612.03556 Acta Phys. Pol. B 49, 1917 (2018)
http://dx.doi.org/10.5506/APhysPolB.49.1917
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Primordial DM Meteor Possible?
– Qualitative Consideration
High mass/energy scale help with early-universe formation:

Becoming non-relativistic at an earlier time, heavy dark matter
particles have a local high density allowing gravity to amplify local
density fluctuations (dark matter helps visible matter assemble
rapidly)

CUDO comprises 1011 − 1019 fewer particles⇒ requires smaller
correlation volume contributing

Dark particle-particle gravitational interaction 106 − 1010 times
larger maybe capable to ‘kick out’ visible matter to tightly bind .

High surface acceleration CUDOs stable against gravitational
disruption (especially in collisions with normal matter
objects)
⇒ persist into present era nearly at rest in CBM frame of
reference
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Dark impacts and CLIMATE excursions: 1) AD 536
Event
E. Rigby, M. Symonds, D. Ward-Thompson, A comet impact in AD 536?
Astron. Geophys. 45, 1.23-1.26 (2004).
L.B. Larsen, et al.New ice core evidence for a volcanic cause of the A.D. 536 dust veil
Geophys. Res. Lett. 35, L04708 (2008).
...cause is contested: a comet or a
giant volcano(not found) eruption. The
6-month (time measurement
resolution) dual event coincidence has
probability 10−3. Can be more
naturally explained by a dressed
CUDO puncture and associated
transport of material into upper
atmosphere.2) Other recent climate
fluctuations are also not well
understood: BBC: It was 10 October
1465 -the day of the wedding of King
Alfonso II of Naples ... middle of the
day, the Sun had turned a deep azure,
plunging the city into eerie darkness
... Four years later, Europe was hit by
a mini ice age... It was the biggest
eruption for 700 years but scientists
still can’t find the volcano

U. Büntgen, et al 2500 Years of European Climate
Variability and Human Susceptibility Science 331 (6017)
pp. 578-582 (2011)Jan Rafelski CUDOs and their impact Uni. of West HU, Sopron, July 9, 2021 18 / 52



BBC: 10 October 1465 Event

ALSO reported by Janus Pannonius, a poet of King Matthias of
Hungary. Source: http://mek.oszk.hu/06700/06722/06722.htm#975
(Thanks to Prof. László Szarka)
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Groenland temperatures
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Spherules
10.1073/pnas.1301760110

Proceedings of National Academy of Sci-
ences (US) PNAS June 4, 2013 vol. 110
no. 23 E2088-E2097
How did an impact distribute these
spherules, that is the question here!

Jan Rafelski CUDOs and their impact Uni. of West HU, Sopron, July 9, 2021 21 / 52

10.1073/pnas.1301760110


Some Earth puncture crates a lasting damage that
cures slowly
Hawaii is a ‘hot-spot’: the central pacific plate moving NW over
the deep hot spot giving birth to chain of a dozen islands (edge:
next slide)
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Plume may by (nearly) stable
The edge in island ridge explained to be dominated by plume
dynamics implies plume stable over 50 million years. WHY?
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Hotspot=Mantleplume? Shot-In or Out?

Global distribution of the 61 hot-spots listed in
https://en.wikipedia.org/wiki/Hotspot_(geology); Eurasian Plate:
Eifel hotspot (8) 50012’N 6042’E, w= 1 az= 0820 ±80 rate= 12 ±2 mm/yr
Iceland hotspot (14) 64024’N 17018’W Azores hotspot (1) 37054’N 26000’W
Jan Mayen hotspot (15) 710N 90WHainan hotspot (46) 200N 1100E, az= 0000 ±150

http://www.mantleplumes.org/Hawaii.html: The Emperor and Hawaiian
Volcanic Chains: How well do they fit the plume hypothesis? by G. R. Foulger &
Don L. Anderson
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Hot Spots provide lasting (50mY) reference frame
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Some hot spots coincide with gravitational
anomalies (mascons)

A mass concentration (or mascon) is a region of a planet or moon’s
crust that contains a large positive gravitational anomaly.
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Moon gravity anomalies
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Kimberley open pit diamond mine coincides with

negative mascon - ‘made(??) by asupersonic gas ejection’
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Have CUDOs been captured: Earth energy balance

We begin to recognize that Earth heat radiance estimated at 44.2 TW is
out of balance: we radiate about 2-3 times the amount produced
radiogenically.

Extreme condition measurement of iron heat conductivity: Earth should
have cooled in one billion years (lots of discussion about that in recent
years). Easy way to reconcile these two observations is that Earth has a
20+ TW internal power generator. How??
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Have CUDOs been captured: Solar system?

Why is Valetudo not long destroyed by in collisions?? Mybe orbit
characteristics are ‘recent’ and moon stable in collision?
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On asteroids of high density

33 Polyhymnia: ρ = 75.28 ± 9.71g/cc. Other with high probability above
ρAu−U = 20g/cc: 152 Atala 47.92±13.10g/cc; & 675 Ludmilla 73.99±15.05
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Asteroids of high density
there are a few more suspects: List of anomalies/CUDO candidates:

M [1018kg] Diameter [km] ρ [g /cm3]
33 Polyhymnia 6.20± 0.74 53.98± 0.91 75.3± 9.7

152 Atala 5.43± 1.24 60.03± 3.01 47.9± 13.1
675 Ludmilla 12.0± 2.4 67.66± 0.95 74.0± 15.1

1686 DeSitter 6.76± 3.18 30.60± 1.41 450.5± 221
57 Mnemosyne 12.6± 2.4 113.01± 4.46 16.62± 3.73
72 Feronia 3.32± 8.49 83.95± 4.02 10.71±27.44

112 Iphigenia 1.97± 6.78 71.07± 0.52 10.48±36.06
126 Velleda 0.47± 5.79 44.79± 1.33 10.00±123.00
132 Aethra 0.41± 2.71 35.83± 6.59 17.09±112.83
148 Galia 4.89± 1.67 83.45± 5.07 16.06± 6.22
204 Kallisto 0.60± 1.81 50.36± 1.69 8.98±27.07
210 Isabella 3.41± 1.09 73.70± 8.47 16.26± 7.65
234 Barbara 0.44± 1.45 45.62± 1.93 8.84± 29.17
485 Genua 1.36± 0.44 56.31± 4.15 14.53± 5.68
582 Olympia 0.43± 1.17 43.39± 1.49 10.00±27.35

1013 Tombecka 0.17± 1.43 35.18± 2.24 7.50±62.74
1036 Ganymed 0.167± 0.318 34.28± 1.38 7.91± 15.10
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Egg moon of Saturn: Methone

Low ‘density’ and yet surface reforms and object not blown into pieces
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Comet Lovejoy survives encounter with Sun
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Comet Ison survives encounter with Sun
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To conclude: one new idea: CUDO allows to explain

“Disappearing” ‘giant’ meteorites

Persistent hot-spots in middle of tectonic plates

Dual impact/volcanic activity cooling climate events

Young (post-cool-freezing) volcanic activity on Moon, Mars
(not described in detail today)

Recent large rayed crater on Mars, transfer of material to Earth

Comets fly through Sun

Superdense extraterrestrial bodies and other flying anomalies

Earth (all rocky bodies) seem to be punctured many times – NOTE
crust puncture not possible with normal matter impactor
[e.g. Ivanov, Geology, 31 (2004)]
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What broke-up Pangea
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Example of Strangelett Mass and Size Scales

1030 < A < 1056 ⇔

{
104 kg < M < 1029 kg
10−20 < M/MEarth < 105

Constant density: M ∼ R3

Density scale set by nuclear length Rnuc ∼ 1 fm
(105 reduction relative to normal matter atomic length Ratom ∼ 1Å)

Normal matter asteroid SQM “asteroid”

M ∼ 10−5MEarth M ∼ 10−5MEarth
R ∼ 100 km R ∼ 1 m

Compactness and high density mean...

I gravity relevant in interactions: gsurf =
GM
R2 =

4πG
3

ρR

I Normal matter cannot support SQM: a strangelet “falls through”
[e.g. DeRujula/Glashow,Nature,312(1984), Herrin,PRD,53(1996) & 73(2006)]
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CUDO matter Example: Strangelets:
uds-symmetric matter: p = uud ,n = ddu,Λ = uds
Strangelet = piece of nu ' nd ' ns matter, large baryon number A

Simple argument for (meta)stability

Chemical equilibrium:

µd = µu = µs

Charge neutrality:
2
3

nu −
1
3

nd −
1
3

ns = 0

Compute thermodynamic potentials Ωu,d = −
µ4

u,d

4π2

with massive strange quark ms > 0

Ωs = − µ4
s

4π2

(√
1− x2(1− 5

2
x2) +

3
2

x4 ln(x−1+
√

x−2− 1)

)
x = ms/µs

Third fermi sea reduces Energy/baryon:
E/A(3 flavors)

E/A(2 flavors)
< 1
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Proposed sources of Strangelets
1. Cosmological

First order phase transition to hadronic vacuum [Witten,PRD,30(1984)]

Objects A < 1055 evaporate at T ' 50 MeV [Alcock & Farhi,PRD,32(1985)]

Strangeness enriched at surface→ reduced emissivity of
nucleons

∗∗ Quasi-equilibrium A ∼ 1046 ⇔ M ' 1019 kg = 10−5MEarth ∗∗

[Madsen,PRD,34(1986) & 43(1991)]

I Large objects A & 1023Ω3
nugh6f 3

N consistent with BBN
I Quark matter in nuggets does not contribute to BBN limit on Ωb

2. Strangeness in depth of compact stars

(30y track of work [Glendenning, Alcock, Alford, 1986-present])
Neutron star mergers or collisions eject fragments
[Madsen,JPG,28(2002) & Bauswein,PRL,103(2009)]
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Strangelet meteorites=‘Nuclearites’ considered
for 30+ years:

micro-micro-CUDO impacts on Earth:
de Rujula & Glashow, Nature (1984)
Proposed searching for

1 tracks preserved in mica
2 visible light emission
3 large scale scintillators
4 Seismic waves

continued: Herrin et al, PRD, 53
(1996) & 73 (2006), AMS (ongoing),
Lunar Soil Search, PRL (2009)

I all but (1) above require real time observation of impact, and we
do not think this is realistic: small strangelets unstable, large
CUDO’s rare.
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Example of Strangelet Mass and Size Scales
Strangelet = piece of nu ' nd ' ns matter, large baryon number A
Madsen astro-ph/9809032, astro-ph/0612740

1030 < A < 1056 ⇔

{
104 kg < M < 1029 kg
10−20 < M/MEarth < 105

Constant density: M ∼ R3

Density scale set by nuclear length Rnuc ∼ 1 fm (105 reduction
relative to normal matter atomic length Ratom ∼ 1Å)

Normal matter asteroid SQM “asteroid”

M ∼ 10−5MEarth M ∼ 10−5MEarth
R ∼ 100 km R ∼ 1 m

Compactness and high density ρnuc ∼ 1015ρatomic mean...

I gravity relevant in interactions: gsurf =
GM
R2 =

4πG
3

ρR

I Matter cannot support a strangelet: “punctures the Earth”
[ see e.g. DeRujula/Glashow, Nature,312(1984), Herrin et al,PRD,53(1996) & 73(2006)]
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High Density (×1015+) =
Strongly Interacting Gravity

Moving fast across the following physics pages, those interested
please consult these references:
Compact ultra dense matter impactors
JR, Lance Labun, and Jeremiah Birrell, Phys.Rev.Lett. 110 (2013) 111102
http://prl.aps.org/abstract/PRL/v110/i11/e111102
Properties of Gravitationally Bound Dark Compact Ultra Dense Objects
C. Dietl, L. Labun and JR, Phys. Lett. B 709, 123 (2012)
http://www.sciencedirect.com/science/article/pii/S0370269312001463
Compact Ultradense Objects in the Solar System
JR, Christopher Dietl, LL; Acta Phys.Polon. B43 (2012) 12, 2251-2260
http://th-www.if.uj.edu.pl/acta/vol43/abs/v43p2251.htm
Planetary Impacts by Clustered Quark Matter Strangelets
LL and JR, Acta Phys.Polon.Supp. 5 (2012) 381-386
http://dx.doi.org/10.5506/APhysPolBSupp.5.381
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We considered two types of DM CUDOs

Analogous to compact objects composed of SM matter:

Fundamental fermion Composite
mass mχ & 1 TeV Bag model vacuum pressure

B & (1 TeV)4

supported by pressure of self-bound by interactions
degenerate fermi gas

analogy to white dwarf, analogy to quark-star, strangelet
neutron star

Solve for equilibrium configuration in Oppenheimer-Volkoff
equationsC. Dietl, L. Labun and J. Rafelski, Properties of Gravitationally Bound Dark
Compact Ultra Dense Objects, Phys. Lett. B 709, 123 (2012) [arXiv:1110.0551]
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TeV-scale Fundamental Fermi particle

M⊕ = 6 1024 kg
= Earth mass

Mmax ∝ mχ
−2

F upper end (near ‘diagonal’ of curve are objects stable and
robust in collisions
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Gravitational Stability and Tidal Force
Compact: Size of object comparable to gradient of gravitational

field⇒ Tidal force important atidal =
2GM

r2
L
r

= asurf
R2

surf
r2

2L
r
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a⊕ = 9.8m/s2

= Earth surface

• Tidal acceleration
pulls apart atoms in
solids: asurf > 3.5 1015a⊕

Dietl et al, PLB 709 (2012)

CUDOs not stopped by impact with normal visible matter
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Summary: Fundamental Fermi and Composite/Bag

Fundamental fermion Composite particle

mass mχ & 1 TeV vacuum pressure B & (1 TeV)4

Mmax = 0.209
(

1 TeV
mχ

)2

M⊕ Mmax = 0.014
(

1 TeV
B1/4

)2

M⊕

R = 0.809
(

1 TeV
mχ

)2

cm R = 0.023
(

1 TeV
B1/4

)2

cm

M⊕ = 6 1024 kg = Earth’s mass

F Due to high mass scale, common M < Earth mass, R < 1 cm

⇒ Highly compact and not too heavy
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Summary: Mass and Size Limit Examples
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Character of Gravit Bound Objects: Scaling Solution
If we have only m,MPl and need only 1 equation of state p(ρ)

Dimensionless...

1) pressure, density
p̃(ρ̃) = m−4 p

(
ρm−4)

2) total mass of solution

M̃ = M
m2

M3
Pl

3) surface radius of solution

R̃ = R
m2

MPl
[Narain, Schaffner-Bielich, Mishutsin, PRD 74 (2006)]

TOV equations now dimensionless – Solve once!

NOT the whole story: check stability against perturbation
Oppenheimer/Serber 1936
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Composite with TeV confinement energy

M⊕ = 6 1024 kg = Earth mass B = bag model vacuum pressure

Mmax ∝ (B1/4)−2

EROS Collaboration, Astron.Astrophys. 469 (2007)

Dietl et al, PLB 709 (2012)

Tidal force destructive for
asurf > 3.5 1015a⊕
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Collisions: a) Tidal Forces in PRL

Consider CUDO passing through normal density matter: capture for
distance Rc when energy gain of attached matter is greater than the
kinetic energy this material must acquire Rc := 2GM

v2

Rc

R⊕
=

MCUDO

M⊕

(v⊕
v

)2

Matter disrupted due to differential acceleration

a(r − L/2)− a(r + L/2) = atidal =
2GML

r3

To compromise structural integrity,

gravitational pressure > compressional strength
Ftidal

area
= ρ L atidal > ρ c2

s (bulk modulus)

⇒ Material fails somewhere within Fracture length

L
Rc

=
√

2
cs

v

(
r

Rc

)3/2

cs = Bulk sound speed
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Collisions: b) Fracture length and capture radius
Length scale: Gravitational capture radius Rc =

2GM
v2

r < Rc material accreted to passing CUDO
r > Rc material pulled in direction of motion, but left behind

v

cR

L

In solid medium, material
must be broken into pieces

small enough to accrete

L
Rc

=
√

2
cs

v

(
r

Rc

)3/2

< 1

sound speed cs representing bulk modulus (strength) of medium
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