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Abstract

Macroscopic quark matter nuggets are an alternative eaptanfor Dark Matter (DM) consistent with the observa-
tional constraints on this mysterious cosmological congmdnSuch quark matter theories have strong implications
in the formation, development and current behavior of theuS8ystem, as primordial quark nuggets orbiting the
Galaxy would be subject to capture during planetary foromatieading to the retention of condensed quark matter
in the centers of the Sun, planets and asteroids today, ébpibgshat needs to be taken seriously in Solar System
Research.

As quark nuggets are expected to have a minimum mass set ibyphtysics of their formation, any $liciently
small asteroid with a quark matter core would be a strangea@idt with a high bulk density and strong gravitational
binding. Small strange asteroids would be the easiest ninggts to detect observationally, and the most accessible
source of quark matter once detected. Solar System obssrvatf small Very Fast Rotating (VFR) asteroids (those
with rotation periods< 1/2 hour) support the quark matter nugget hypothesis. If VRRragls are assumed to be
bound by quark matter cores, the inferred core mass randis pea 10'° kg, consistent with the stable quark matter
mass range predicted by the detailed theory of Zhitnitski/tda colleagues [1, 2].

As there is a prospect that quark nuggets could be used tapedarge amounts of antimatter, the economic benefit
from even a single ultra-dense strange asteroid couldttedhort of astounding. If some of the Near-Earth Objects
(NEO) are indeed strange asteroids they would truly caristih game-change resource for space exploration. It is
likely that the quark nugget theory will either be rapidlyuted using Solar System observations, or become a focus
of space exploration and development in the remainder sfcimtury.

Keywords: Quark Matter, Asteroids, Dark Matter, Space Exploration

1. Introduction interacting. Astrophysical data limit the ratio of the
cross-sectiong, and mass, g of any CDM parti-
Attractive forces of unknown origin have been shown cles; the best current limit coming from observations of
to be necessary on a wide range of astronomical scalesthe “Bullet Cluster” (1E 065756), where two colliding
from galactic satellites, disks and halos to the largest galaxy clusters show the CDM (observable with gravita-
cosmological structures, which has led to a wide vari- tional lensing) decoupled from the cluster gas [4], with
ety of proposed solutions, mostly invoking some sort of the cross section limit being [5]
particulate DM. Modern cosmological data show that e 2 kgL
CDM makes up about 26.8% of the total energy density m < 01m kg™ (1)
of the universe [3], roughly five times the energy den-
sity of ordinary matter, and also that any DM particles
must have been relatively cold (i.e., with low velocity
dispersion) in the early universe). Solutions with these
properties are referred to as Cold Dark Matter (CDM).
While many candidates for CDM are microscopic,
such as Weakly Interactive Massive Particles (WIMPSs),
the DM need not be either microscopic, or non- poRg > 30kg 2 (2)

(Observational cross section limits for specific particles
in specific mass ranges may of course be significantly
lower.) If CDM is assumed to consist of macroscopic
spherical objects, with massdviradius Ry and density
pa, the scattering cross section isl%2 and Equation 1
yelds
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While Equations 1 and 2 are powerful constraints on sion from the collapse of axion domain walls at an
particle CDM models, they are consistent, by many or- epoch near the QCD phase transition, a few microsec-
ders of magnitude, with any macroscopic compact ob- onds after the Big Bang at a temperature-df60 MeV
ject with densities at or above the nuclear dengity ¢ (2 x 10'?K). The theory predicts that with stable CCOs,
4 x 107 kg m3). at least, formed in a fairly narrow range of masses. (In
Section 2 describes some of the features of quark the theory the lower mass limit is set by the stability of
nuggets as DM, focusing on one particular macroscopic the CCO against decay; some lower CCO masses could
qguark nugget DM solution, Compact Composite Ob- potentially be metastable and survive until the present
jects (CCOs), condensations of Color-Flavor-Locked [16].) The stable CCO mass range is primarily deter-
(CFL) superfluid quark matter dating from the Quan- mined by the value off the axion decay constant, with
tum ChromoDynamics (QCD) phase transition in the the currentuncertainty in {17] creating an uncertainty
early universe [1, 2]. Section 3 describes the current of the stable CCO mass, §/bf over five orders of mag-
observational constraints on quark nuggets; CCOs arenitude, 10 kg < Mg < 4 x 10 kg. The actual range
a viable CDM candidate and pass the currently avail- of stable CCO masses would be less than two orders
able observational tests. Section 4 describes how DM of magnitude within that range, depending on the pre-
(of almost any sort) would be captured in the early cise value of £. An improved determination off or
Solar System, and how the CCO theory thus predicts a direct determination of the primordialdJithus holds
that CCOs should be present today in the Solar System,the potential for either improving the limit on the other
buried inside of most large and many small bodies, in- quantity, or ruling out the current CCO theory entirely.
cluding some of the small NEO. Section 5 briefly de- (Zhitnitsky has proposed that a majority of cosmologi-
scribes the current asteroid data, which not only support cal CCOs would actually be antimatter, to allow for a
of the existence of a set of small, ultra-dense “strange universal symmetry between matter and antimatter in
asteroids” but are consistent with the predictions of the the universe; antimatter nuggets captured in the forma-
CCO theory. This consistency between theory and ob- tion of the Solar System should have annihilated very
servation should motivate more attention and resourcesearly and will not be considered further in this paper.)
being applied tests of the CCO hypothesis; with ade-
guate resources it s_hc_>u|d be possible to co_nfirm or rgfute 3. Existing Experimental Limits on Condensed Ob-
the CCO hypothesis in the Solar System in a relatively jects
short period of time. Section 6 describes my conclu-
sions and mentions a means of extracting energy from Figure 1 displays the current observational con-
a quark nugget. Even a single exploitable quark nugget straints on quark nugget DM assuming a monochro-
would truly be a game-changing space resource, able tomatic mass spectrum, i.e., that all of the DM is con-
serve as a source of antimatter, and thus an entirely newtained at a single ld. The limits on large nugget masses
energy resource for the exploration and development of are set by gravitational lensing, while smaller nugget

the Solar System [6]. mass constraints are derived from the failure to detect
passage of nuggets through a detector, either passage
2. Quark Nuggets as Dark Matter through a laboratory mass (for the smallest mass range)

or (in the middle of the mass spectrum) passage com-

The idea that condensed quark matter could form in pletely through the Earth or the Moon [19]. The lens-
the early universe and persist until the present has a con-ing constraints and the planetary passage constraints are
siderable history, first proposed as strangelets [7] and most relevant to the CCO theory.
nuclearites [8] almost 3 decades ago, with more recent Limits on the largest nugget masses are set by the
proposals for CCOs [2] and Compact Ultra-Dense Ob- failure to detect an anomalously large number of grav-
jects (CUDOSs) [9, 10, 11]; this paper will focus on itational microlensing events, either in data from the
CCOs, a specific proposed quark nuggetDO, as the Kepler satellite [20] or from a variety of ground-based
associated theory provides testable predictions for Solarcampaigns [21]. An even more relevant constraint from
System observations. Most of its findings would apply gravitational lensing was recently set by the search
to any type of nugget (such as the gravitationally bound for gravitational femtolensing of Gamma Ray Bursts
CUDQO'’s proposed by Diett al. [12]), should they be  (GRB) observed by thé&ermi telescope [22]. Fem-
presentin sficient numbers in the relevant mass range. tolensing is caused by the time delay betweeffiedi

In the theory developed by Zhitnitsky and his col- ent paths across a gravitational lens, which is approxi-
leagues [2, 13, 14, 15] CCOs are created by compres-mately the period of a 100 KeV gamma ray for &%1Ky
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Figure 1: Limits on CUDOs assuming a monochromatic masstispec Shaded regions are excluded by various observatammtraints, while
“pcom(Halo)” is the Galactic DM density estimated using stellareknatics [18]. The limits on this plot apply to any type ohdensed matter
DM, although specific DM candidates may have more stringeetific limits depending on the theory of their creation,lation and observability.

condensed mass at cosmological distances [23]. (Theseshown to be important for the primordial capture of in-
constraints are converted to a constraint in the CUDO terstellar comets [25, 26] and for DM capture in stars
Halo density by assuming that the Galaxy shares the [27], should insert a significant amount of any CDM
cosmological proportion of dark and ordinary matter.) into the early Solar System, much of which would still
The various quark nugget mass constraints do not be present in the Solar System today.
overlap, creating three “windows” in the mass spectrum A molecular cloud the size of the Orion-A nebula
where a population dficient to account for Halo DM (one of the nearest star-formation regions, with a post-
would not violate current observational constraints. The collapse radius 85 ly and mass- 1.3x 10° M) [28]
middle mass window allows nugget masses in the rangewould, if collapse started at twice the background disk
1.5x 10° kg < Mg < 10" kg, which includes almost  gas density [29], have a pre-collapse radius-c200
the entire theoretically predicted range for stable CCO |y and a gravitational collapse time 2 x 10" yr. A
masses (except for the very lowest CCO masses belowDM particle with a typical Halo velocity of 300 knT$
1.5x 10° kg), as well as the entire nugget mass range would pass through the entire pre-collapse cloud-in
suggested by astronomical observations of the asteroids 200,000 yr, much less than the gravitational collapse
The best near-term prospect for an improvementin thesetime and even faster than the pre-collapse supersonic
constraints could possibly be through data fromlthe turbulence (with Mach numbers up te 50, i.e., ve-
sightspacecraft seismometer on Mars [24], if that planet |ocities up to~ 130 km s?) [30]. Such DM particles
proves to be diiciently seismically quiet. Seismolog- would be unlikely to be captured. On the other hand,
ical bounds are flux limited for larger masses, with the a DM particle that happened to be inside the cloud at
bound after a decade of observations being limited to the start of its collapse with a relative velocity compa-
Mg < 4 x 10 kg, not suficient to fully constrain the  rable to the local speed of sound (a few km)svould

theoretically predicted range of CCO masses. be almost stationary relative to the cloud’s shock waves

and would experience a large change in the local gravi-

4. Primordial Capture of Dark Matter in the Solar tational potential as the gas flowed around it, rendering
System it subject to capture.

The amount of primordially captured Solar System
Most Solar System DM would result from “primor- DM depends sensitively on the conditions of the birth
dial capture” by gravitational potential changes during of the Solar System, and particularly on the size of the
the collapse of the proto-Solar nebula (three-body cap- parent molecular cloud (larger clouds are mdfective
ture after the formation of the Solar System is rela- in capturing DM during collapse). In this paper, a "top-
tively much less fficient). This process, which has been hat” capture probability is assumed, where any particle
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with a relative kinetic energy the change in the cloud  radii < 100 m (Mg / 10'° kg)Y/3, would be gravitation-
binding energy during collapse (corresponding to rela- ally bound by their CCO cores and would have unusu-
tive velocities< 5 km s for the Orion-A cloud model)  ally small surface-area to mass ratios, but, as a CCO
is assumed to be captured; particles with a higher rela- core would be physically very smalk(1 mm radius)

tive velocity are assumed to evade capture. This captureand thus contribute negligibly to the moments of inertia,
probability, although crude, provides a conservative es- strange asteroids would have surface-area to moment of

timate of the amount of captured material. inertia ratios comparable to ordinary matter asteroids of
At least two galactic DM populations would con- the same size.
tribute significantly to the primordially captured DM, Radiation forcing is important for small asteroids in

the “dark disk” [31] and the galactic dark Halo [32]. the inner Solar System, causing both changes in semi-
The dark disk is a thin disk of DM with relatively small major axis (the Yarkovskyfect, which scales with the
peculiar velocities £ 50 km s?) relative nearby ordi-  surface-area to mass ratio), and rotational torques (the
nary matter in the Galactic thin disk [33, 34], while the Yarkovsky-OKeefe-Radzievskii-Paddack, or YORP, ef-
galactic Halo is a much thicker cloud of DM containing fect, which scales roughly with the surface area to mo-
most of the mass in the Galaxy. While the Halo is more ment of inertia ratio) [36]. The Yarkovskyflect is
massive, Halo DM has a nearly random virial velocity thought to be responsible both for delivering Main Belt
of ~ 200 km s?, and thus large velocities relative to  asteroids, via resonances, into near-Earth orbits [37],
any molecular clouds in the Galactic plane, which sig- and also for sweeping such objects out of near-Earth or-
nificantly reduces its capturdfiiency compared to the  bits, limiting their lifetime as NEO. YORP torquing of
lower relative velocities of DM in the dark disk. small bodies is thought to be responsible for the large
This paper assumes that the Sun formed in the galac-number of rapidly rotating small asteroids.
tic plane at its present galactic radius, and uses the disc The CCO theory makes several firm predictions about
DM density estimate of Just & JahreiR [29]%% 10722 strange asteroids, based on thffatence in mass and
kg m~3), assuming that the dark disk and Halo DM den- gravitational binding, but not in moments of inertia, be-
sities were locally equal at the time of formation [34]. tween these bodies and comparably sized ordinary mat-
If the parent cloud is assumed to be the size and masster asteroids. The CCO theory predicts that there should
of the Orion-A Nebula the total amount of primordially be a population of small strange asteroids, that these
captured DM from both sources would be2 x 107° bodies, once placed in a near-Earth orbit, should have
Mo (~ 3 x 1074 kg), with ~ 98% of the captured ma- longer residence times than ordinary matter asteroids
terial coming from the dark disk. If the Sun was not in (due to the smaller sensitivity to Yarkovsky accelera-
the Dark Disk at the time of its formation, then the total tions), that some of these bodies should be be spun-up
primordially captured DM would be 3 x 108 M, (~ by YORP toques, and that (due to the higher gravita-
6 x 1072 kg). tional binding), these bodies could be spun up to sub-
stantially faster rotational periods before disruptios. A
longer residence times in near Earth orbits imply that
5. Ultra-Dense Asteroidsin the Solar System Today a relatively high fraction of the small NEO could be
strange asteroids, and as the rotational period is one of
Most primordially captured quark nuggets would the few dynamical variables known for a large set of
now be either in the Oort cloud or at the centers of the small asteroids, the first Solar System test of the CCO
Sun, planets and larger asteroids, where they would betheory resides in comparing these predictions with the
difficult to detect with current technology. Some pri- observed rotation of the asteroids.
mordial nuggets would, however, reside today in the
smaller asteroids, where the prospects for their detec-5.1. Quark Matter Fects in the Rotation of Small As-
tion are considerably better. “Small” asteroids (defined teroids
as those with radig 200 m) have masses comparable  Figure 2 reveals something of the complicated rela-
to the theoretical predictions for the largest stable CCOs tionships [39, 40] between asteroid radii and rotation
(< 4 x 10'9kg) [1]. The existence of small hyper-dense periods, using the complete set of rotation data avail-
strange asteroids is a direct prediction of the CCO DM able as of December, 2013 [35, 41]. YORP apparently
hypothesis and leads to direct tests for the theory in accelerates the rotation of many asteroids, with a siz-
the Solar System. Any small body with a majority of able fraction of the medium sized NEO and Main Belt
its mass in a strange matter quark nugget core will be objects being spun up to rotate at or near their limit
denoted a “strange asteroid,” such bodies, with mantle rotation [40], the so-called “Rubble Pile Limit” (RPL)
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Figure 2: The asteroid rotation period-radius relationalb#598 bodies with unflagged rotation data, based on thember, 2013, Asteroid Light
Curve Database [35], after the removal of any flagged data.Hiungaria and Mars Crossing asteroids are included in the8&&oid category in
this image. The change in the character of asteroid rotasites at R~ 200 m is obvious to the eye, with many asteroids witk R0O0 m having
rotation periods< 1 hour while almost all asteroids with R 200 m have periods 2 hours. The horizontal lines show the 2.2 hour Rubble Pile
limit and the 0.5 hour VFR limit.

at which the rotational acceleration cancels the gravita- CCO core, M, (further assuming a uniform densipa,
tional acceleration on the body’s equator, implying the for a spherical ordinary matter mantle), yielding
beginning of surface rotational disruption. A spherical 02 4r

ordinary matter asteroid (denoted by subscript “A”) with Mo =R} (E - %). (4)

uniform densitypa, is subject to mass loss ata rotational )
frequencyQrpL, Where the equatorial rotational accel- Figure 3 shows a histogram of the number of CCO can-
didates as a function of the CCO mass inferred using

eration matches the acceleration due to gravity, with : ¢ :
Equation 4, assuminga = 2300 kg n?, for two inde-

% = 4”§pA. 3) pendent sets of asteroids, thoses0 m and> 50 m
A in radius. Gaussians are fit to each histogram to es-

2 _
QRPL -

Equation 3 shows that for a spherical body the RPL ro-
tation depends only on the bulk density of the object;
apparent rotation limits can thus be used to directly in-
fer density, under the assumption that the RPL holds.
The situation is, however, very fiirent for small
NEO, those with R < 200 m, where there is little or
no evidence for the 2.2 hour RPL and the rotational dis-
tribution peaks at periods 1 hour. The VFR period
limit corresponds to a rubble pile density40,000 kg
m~3, well above that expected from any ordinary mat-
ter. Of the 185 NEO with a radius estimat@00 m, 107

timate the center and spread of the distribution, with
estimated centroid masses of 1 andx@0'° kg for

the smaller and larger bodies, respectively. It is strik-
ing that these independently inferred mass ranges both
overlap the mass range predicted by the axion domain
wall model for CCO formation. The agreement be-
tween these quantities is striking, especially given the
uncertainties in both the rotational mass estimates and
quark matter cosmology. These results suggest that,
if the CCO theory is valid, the axion decay constant,
fa, should be found near the upper end of its predicted

(58%) are FR and almost half (81 objects, or 44%) are range (i.e.,f ~ 3 x 10! GeV).

VFR. It is noteworthy that, for the asteroid size range

and location for which ultra-dense core-dominated as- 6. Conclusions: Applicationsof Solar System Quark

teroids are expected in the CCO hypothesis, there is a
substantial population possessing the very fast rotation
rates that are indicative of high densities. It is certainly possible that the use of asteroid ro-
In the CCO hypothesis, assuming a lack of internal tation rates to infer the existence of condensed matter
cohesion, it is straightforward to take the observed ra- cores could be misleading. The agreement between the-
dius and rotation frequency and estimate the mass of theory and observations visible in Figure 3 is not in itself
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Figure 3: Histogram of the CCO core mass required to prewational disruption assuming gravitational binding andrernal tensile strength,
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predicted (completely independently) by the axion domaafi theory.

proof of the existence of strange asteroids, as small bod-development of the Solar System.

ies could have internal cohesion or tensile strength, and

a suficiently high tensile strength would explain any Copyright 2013 International Academy of Astronautics
observed rotation period [42]. However, the striking

agreement between theory and experiment, as seen that

Figure, does suggest that this theory is worthy of further References

research.
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