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CUDO=Compact UltraDense Object:
A new type of space bodies and meteors made of very dense matter:
STRANGElet fragments of neutron stars, dark matter bound objects,
micro-black-holes are a few discussed in literature. This talk discusses how
their presence is manifest

kudos (from Greek kyddos, singular) =
honor; glory; acclaim; praise

kudo = back formation from kudos
construed as a plural

cud (Polish, pronounced c-ood) =
čudo (Slovak) = miracleMars-hole Hirise#2560

cudo (colloq. Polish) =
of surprising and exceptional character (gender related)

Jan Rafelski (UA-Physics) Something STRANGE is flying around ČVUT-FJFI, June 6, 2016 2 / 42



Some of our arguments are published

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
Traveling Through the Universe: Back in Time to the Quark-Gluon Plasma Era
JRi and Jeremiah Birrell, J. Phys. G in press.
http://arxiv.org/abs/arXiv:1311.0075 [nucl-th]
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Are there‘dark’ matter meteor and asteroid-like bodies
in the Universe?

Could CUDOs have collided with solar system bodies
and the Earth?

CUDOs’ high density of gravitating matter provides
the distinct observable, the surface-penetrating
puncture: shot through

Only a fraction of the kinetic energy damaging the
solid surface.
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One slide 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 – worth
exploring/mining in coming decades . . . not public for commercial reasons.
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Impacts: THE EARTH, ALL ROCKY PLANETS ARE
DETECTORS

1 All objects in solar system are detectors for impacts
(rate enhanced by gravitational focusing)

2 On rocky planets impact signatures are long-lived
⇒ Detectors integrate over geologic timescales (Gyr)

3 Easy to access signatures: impacts on Earth! However, these
impacts are also geologically unstable and subject to weathering.
Only recent events carry clear signatures and can be discussed.
May offer guidance what to look for at a distance

Planetary mass objects not withing the resolution of direct
astronomical observation can be constrained by gravitational
microlensing, [B.J. Carr,PRD,81 04019 (2010)]
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Microlensing constraints on invisible clumps of matter

MACHOs = Massive Compact Halo Objects
sought by gravitational microlensing surveys (MACHO, EROS, OGLE)

Examples

failed stars (brown dwarfs)
supermassive planets
neutrino stars
Bose stars
black holes

B.J. Carr et al PRD 81 04019 (2010);
MSun = 2× 1033g,MEarth == 6× 1027g,
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Update of Carr’s results
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CUDO matter Example: Strangelets: uds-symmetric
matter in bulk
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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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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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. Strange stars

Collisions eject fragments [Madsen,JPG,28(2002) & Bauswein,PRL,103(2009)]
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Strangelet meteorites=
‘Nuclearites’ considered before:
CUDO impacts on Earth have been considered before:

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
What happens for heavier impactors?

Jan Rafelski (UA-Physics) Something STRANGE is flying around ČVUT-FJFI, June 6, 2016 12 / 42



Collisions: a) Tidal Forces in PRL

Consider CUDO passing through normal density matter

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 Gravitational Capture radius Rc := 2GM
v2
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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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Collisions: c) Accretion

CUDO velocity
I v ∼ 40 km/s (co-moving near solar system)
I v ∼ 200 km/s (galactic halo population)
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Strip material from target:

L
Rc

=
√

2
cs

v

(
r

Rc

)3/2

< 1

Earth mantle: cs ' 8 km/s

Example: 10−5MEarth
R = 1 m

r < Rc material separated from bulk and accreted to CUDO
r > Rc material pulled in direction of motion, but left behind
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Collisions: d) Stopping, Other Characteristics
Entrainment of Material
Captured matter acquires CUDO velocity⇒ reduces kinetic energy

∆E
E = 0.01

(
40 km/s

v

)4
M

MEarth
Objects M < 10−4MEarth not stopped

⇒ Two surface punctures! Entry and Exit signatures

Drag from Normal matter interactions
I Molten T ∼ 105 K shocked material
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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STRANGElet impacts offer possible explanation of

1 Hot spots;
2 Impacts without impactors;
3 Comet Ison survives (2013) grazing collision; Comet Lovejoy

(2011/2) C/2011 W3 grazes within Roche limit the solar corona
and survives the passage only to explode later

4 10 million tons of spherules 12.8kyears ago altered climate and
are not of ‘conventional origin

5 Climatic excursion 536-545A.D. Ice Cores indicate ‘explosive’
volcanic origin, no impact wound and upper atmosphere material
needed was initially interpreted as a 500m cometary impact.

and much more as we will see in quick slide show at the end of talk
(in lieu of summary).
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1) Hawaii is a known hot-spot
(geology and tourism experts agree)
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Hotspot=Mantleplume?
=Shot-In/Out?

Global distribution of the 61 hotspots 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 90W Hainan 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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Where is the Meteorite that made the ‘Barringer" Meteor 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? Normal impact example: Egypt-Pharaoh Iron came
from a recently rediscovered Kamil crater in the South-West
Egypt border desert.
There are many other missing meteorite impacts
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Comparison: Normal impact with
visible impactor

Iron meteorite Gebel-Kamil: 22001’06"N, 26005’16"E East Uweinat Desert,
Egypt: A total of about 1600 kg of iron meteorite shrapnel (thousands of

pieces), ranging in mass from < 1 to 35,000 g, plus a single 83 kg individual
completely covered with well developed regmaglypts, was found in and

around the 45 m diameter (148 ft) Kamil impact crater by an Italian-Egyptian
geophysical team in February 2009 and February 2010.
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Citation from Morgan et al 2003

Sudbury, Canada: Vredefort, South Africa; major mining districts of the
world, where “something” called an impact seems to have pulled from
the depth the Earth siderophile metals.
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Comet stability = a CUDO seed?
Examples: Comet Lovejoy C/2011 W3 (and similar ISON C/2012 S1)
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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!
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AD 536 Event
...is hotly contested: a comet or a giant volcano eruption (not found). Is it a
‘6-month coincidence’, probability 10−3? Or, a modest size dressed CUDO
puncture and associated transport of material into upper atmosphere. Further
milder weather fluctuations are also not well understood.
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Instead of conclusions - a few riddles in pictures
Mojave Crater on Mars, source of all Mars impactors on Earth.
Candidate for CUDO exit. Note rayed structure.
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Do you like diamonds?

Kimberley Open pit mine - made by a ‘supersonic gas ejection’
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Kenntucky Mamouth Cave: “Center-of-the-Earth”
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Richat three impacts
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Ahuna Mons anomalie on CERES: Man made mining
pit or CUDO uplifted & turned fragment?
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Remote Sensing: MASCONS
MASCONs (mass concentration): Lunar mascons appear due to old impacts, but how such
strong anomalies were created/preserved is debated. Is excess mass due to denser lava
material filling the crater or due to upwelling of denser iron-rich mantle material to the crust?
Mascons make the Moon the most gravitationally lumpy body known in the solar system,
anomaly is 0.5%. Mascons also exist on Mars, none have been found on Venus or Earth – as of
2001; those two larger planets, however, have had an active tectonic (geological) past that has
drawn their crusts down into their interiors several times in the past few billion years,
homogenizing the distribution of mass. Forward to 2012/2013: High-resolution gravity GRAIL
mission show that gravitational fields resembling a bull’s-eye pattern: a center of strong, or
positive, gravity surrounded by alternating rings of negative and positive gravity.
http://web.mit.edu/newsoffice/2013/an-answer-to-why-lunar-gravity-is-so-uneven-0530.html

Jan Rafelski (UA-Physics) Something STRANGE is flying around ČVUT-FJFI, June 6, 2016 32 / 42



What made this?
The Gravity Field and Steady-State Ocean
Circulation Explorer (GOCE) produced geoid
view of Earth showing a spherical impact-like
depression South-West off the India coast.
In India there is a large lava flow region called
“Deccan Traps” dating to 65 million years ago -
was this the Dinosaur killer? Geologists argue
about that.
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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, some could cluster
form a halo of dark matter asteroids?
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Primordial DM Meteor Possible
– Qualitative Consideration
High mass/energy scale help with early-universe formation:

a)Becoming non-relativistic at an earlier time, dark matter has a density
proportionally higher at the time when gravity can begin to work on local
density fluctuations

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

c)Dark particle-particle gravitational interaction 106 − 1010 times larger.

d)Normal (SM) matter in same correlation volume easily ejected carrying
away energy and angular momentum (Auger process)

High surface acceleration CUDOs stable against gravitational
disruption (especially in collisions with normal matter objects)
⇒ persist into present era
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Example: New elementary particle

LIMITS ON DARK MATTER PARTICLE MASS
Beyond the standard model particles: mass limit pushed up by

CERN-LHC and now electron dipole moment to 1000’s of proton mass:
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We consider two types of DM CUDOs

Analogous to compact objects composed of SM matter:
Narain et al, PRD 74 (2006), Dietl et al, PLB 709 (2012)

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 equations
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TeV-scale Fundamental Fermi particle

M⊕ = 6 1024 kg
= Earth mass

Mmax ∝ mχ
−2

F upper end of curve are objects stable and robust in collisions
EROS Collaboration, Astron.Astrophys. 469 (2007) Dietl et al, PLB 709 (2012)
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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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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 density (visible) matter
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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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Summary: Fundamental Fermi vs. 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

Scaling solution⇒ gravitational binding also scales!

⇒ as stable as white dwarf/neutron star solutions with SM particles
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