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In this paper, we re-evaluate the estimates of dust mass in galaxies and demonstrate that current dust models are
incomplete and based on a priori assumptions. These models suffer from a circularity problem and account for only a
small portion of dust, specifically submicron-sized grains. They overlook larger dust particles and other macroscopic
bodies, despite observational evidence supporting their existence. This evidence includes the observed (sub)millimeter
excess in dust emission spectra and the power -law size distribution with a differential size index v ~ 3.5 — 4.0, which
has been measured for large particles and compact bodies across diverse environments. Examples of these large particles
include large dust grains and meteoroids detected by satellites, near-Earth objects colliding with Earth, fragments in the
Main Asteroid Belt and the Kuiper Belt, interstellar ’Oumuamua-like objects, and exoplanets. As a result, dust-type
baryonic dark matter may be more abundant throughout the galaxy by one order of magnitude or even more than
previously assumed, with a significant portion of its mass concentrated in large compact bodies. Additionally, black
holes may contribute significantly to the total mass of baryonic dark matter. Consequently, current galaxy models do not
provide reliable estimates of baryonic mass in galaxies. Clearly, a substantially larger amount of baryonic dark matter in

galaxies would have major implications for theories of galaxy dynamics and evolution.
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1. Introduction

The existence of dark matter was first postulated by Zwickyf—ll[ll, who analyzed the unexpectedly high orbital velocities of
galaxies in clusters. These velocities were inconsistent with the gravitational potential generated solely by the observed
luminous matter, suggesting a significant amount of unseen or missing mass. This ‘missing mass’ problem was later
corroborated by observations of the flat rotation curves of disk galaxies. According to Newton’s gravitation law, the
tangential velocity of stars should decrease with distance from the galaxy centre. However, observations show that in most
cases, the velocity remains nearly constant. The discovery of flat rotation curves was first made by Rubin and Ford(3 for

the Andromeda galaxy and was later confirmed for other spiral galaxiest4l[31[61(71(81(01(10)[11][12]

Originally, Zwickyl2l suggested that dark matter consisted of dust, microscopic and macroscopic solid bodies, and gas.
However, the baryonic origin of dark matter was later questioned and largely dismissed. Analyses of galaxy rotation curves

indicate that the mass of dark matter might be much higher than the mass of dust and gas in galaxies/€113)(14]151(9],
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Consequently, dark matter was considered as primarily non-baryonicl61l1711810191[201[21)(22][23] However, the existence
of non-baryonic dark matter is often criticized as physically controversiall241[251(26] Consequently, alternative theories

have been proposed to explain flat rotation curves without non-baryonic dark matter[271[281[291(301(311(32]

The problem of baryonic dark matter in galaxies is, however, more complex than previously thought. Analyses of galaxy
spectra reveal an unexpected excess in far-infrared (FIR), submillimetre and millimetre dust emission (known as the
’submm excess’). This excess is primarily observed in the spectral energy distributions (SEDs) of many low-metallicity
galaxieswﬂﬂﬂww, indicating a clear discrepancy between dust models and observations. Furthermore,
satellite and other measurements of dust and micrometeorites in the Solar Systemnl4ll(42] along with studies of asteroid
distribution in the Main Asteroid Belt in the Solar System!4311441451(48] show that the dust mass distribution in the solar

neighbourhood differs significantly from that considered by standard dust models4Z] and their modifications(481[401(50]
51j[52 .

In this paper, we address these discrepancies by revisiting current dust models and their mass estimates for dust and other
cold bodies in galaxies. We show that these models are incomplete and based on a priori assumptions, thus tracing only a
small portion of dust-type baryonic dark matter. Consequently, they do not provide reliable estimates of the total dust
mass in galaxies. We propose an alternative model, called the Cold-Body (CB) model, which assumes that the dust-type
baryonic dark matter is an order of magnitude or more higher than previously estimated. This model is consistent with
current observations of the submm excess in dust emission spectra, as well as with observations of large interplanetary
and interstellar particles and bodies. Clearly, a considerably greater amount of baryonic dark matter in galaxies would have

substantial implications for theories of galaxy dynamics and evolution.

2. Observations of interstellar dust

Dust is an important component of the interstellar and intergalactic medium, playing a key role in processes ranging from
gas chemistry and thermodynamics to star formationt33l534l Dust grains form in the rapidly cooling gas of stellar
outflows[iﬂlm”l[ﬁl, emerging from asymptotic giant branch (AGB) stars, and from nova or supernova (SN) explosions.
The typical size of dust grains is less than 1 um, although larger grains are also observed. Dust grains can growth by
coagulation or accretion in dense clouds, but they may also be destroyed through thermal sputtering, SN shock waves, and

collisional shatteringl59l,

The details of the evolution process of grains are still uncertain, but it is clear that the growth of small-sized particles into
larger aggregates must be robust and rapidl®ll6il to produce not only millimetre-sized grains, as indicated by radio
observations of protoplanetary disksmm‘d@ﬂ, but also larger compact particles of sub-meter scale or even
planetesimals, asteroids, and planets[@1 as detected by the Sloan Digital Sky Survey[-‘*-’?l, the Wide-field Infrared Survey

Explorer&ﬂ, and other surveysw.

Submicron dust grains are assumed to form needle-shaped, irregular fractal, or fluffy aggregates, which are often highly
porousl7Ql7LI571[65] Ag grain size increases, porosity decreases, and dust particles become compact and rockyl37172173]
Dust consists of a mixture of amorphous carbon, silicates, graphite, and polycyclic aromatic hydrocarbons (PAH)B3] Dust

grains are electrically conductive and cause wavelength-dependent extinction characterized by the power law A ~ X\~#,
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with a dust emissivity index § ranging between 1.4 and 2. Additionally, strong extinction features at 9.7 pm and 18 ym
caused by silicates, a hydrocarbon feature at 3.4 pum, and PAH absorption at 6.2 pgm and 7.7 pm are observedl54l,
Conductivity and the elongated shape of small dust grains causes that light emitted by dust is polarized according to the
magnetic field in galaxiesZ4l. Moreover, wavelength-dependent extinction produces reddening of light measured by the
reddening coefficient Ry = Ay /(Ap — Ay ), where Ag ad Ay are the B-band and V' -band extinctions, respectively. The
mean value is Ry ~ 3.1 for the Milky Way but can vary, being larger along lines of sight of toward dense clouds (e.g.,
Ry ~ 5.5 toward the Orion nebula), see Cardelli et al.[5] or Fitzpatrick et al.[76],

Dimming and reddening due to dust significantly affect galaxy light at the UV to NIR wavelengths, with more than 30% of
starlight in galaxies absorbed by dust and re-emitted at infrared wavelengths. This percentage, however, depends on
galaxy type and age. Elliptical galaxies show rather low effective extinction Ay ~ 0.04 — 0.08, while irregular and spiral
galaxies exhibit higher extinction Ay ~ 0.3 — 0.95[7Z]. Detailed studies indicate that arms in the galaxy disks are more
opaque, with mean values Ay ~1.4 — 5.5 and peak values Ay ~ 10 — 12, while regions between arms are more
transparent with Ay ~ 0.3 — 1.1[Z81791(80] 1nterestingly, high-redshift galaxies also contain significant amount of

dust!8182]; qusty, evolved galaxies at z > 7 have been reported by Watson et al.l83] and Laporte et al.[84],

3. Models of dust in galaxies and their verification

Detailed information about stars, gas and dust in galaxies is contained in the galaxy spectral energy distributions (SEDs).
The amount of dust, its spatial distribution, and temperature can be determined using theoretical models that solve the
radiative transfer equation@ﬂl8—6:|-@7J-@]-@9-]-L921L9—1l[-‘ﬁ-'l or through semi-analytic approaches that use calibrated spectral
libraries to interpret infrared emission[23l. To reproduce the SEDs at FIR wavelengths, a mixture of warm and cold grains

with temperatures of 30-60 K and 15-25 K, respectively, is often consideredl2410931(95]

3.1. The MRN dust model

The majority of codes modelling SEDs use the so-called MRN dust model’#”] or its modifications(48142)(50)(90](511(52] The
MRN model is defined by a power-law grain-size distribution N(a)

dN ~a "da, Ay < a < apay, (1)
where dN is the number density of spherical grains with radii a within the interval (a,a + da), and N is the total number
of grains with radii less than a. The slope « is 3.5, known as the differential size index. The lower and upper size limits in
Equation (1) are usually considered as ay;, ~ 0.005 ym and a,,., ~ 0.25 pm (see Figure 1). The size index -y also controls

the grain-mass distribution N (m)

2
dN ~m~*dm, s= %, (2)

where dN is he number density of grains within the mass interval (m, m + dm), and s is known as the differential mass

index. The mass-size distribution M (a) is defined as

dM ~ a377da, M(a) ~ a477, (3)
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where dM is the total mass of grains with radii a within the interval (a, a + da), and M(a) is the total mass of grains with
radii smaller than a. Hence, for v < 4, most of the mass is concentrated in largest particles.

If a mixture of graphite and silicate particles is considered, the size index 7 and the size limits a,;, and a,,., may differ
slightly for each component. The Mie theory and dielectric functions for graphite and silicate particles are used to compute
extinction cross sections and, subsequently, the wavelength-dependent extinction. Parameters of the dust model are
optimized by fitting predicted extinction functions to observationsl4Zl481(50] pore complex models incorporate ultra-
small PAH particles with irregular shapes and effective radii a < 504 to fit IR emission features at 6.2 ym and 7.7 pm{2Zl

[98] This dust model, with minor modifications, is widely used in studies modelling dust absorption/emission in

galaxies[861[901[88][52 1[99],

Grain-size distribution
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Figure 1. The grain-size distribution of the MRN model. The dashed red line

represents the power law with a size index v = 3.5; the solid blue line represents the

power law with a sharp cutoff applied in the MRN modell47. The distribution
function is normalized to its maximum value. The question mark emphasizes that

the model fails to account for grains larger than 1 pm.

3.2. Estimates of dust mass and dust-to-gas mass ratio in galaxies

The total dust mass My of radiating dust clouds is often determined using the FIR and submillimetre continuum emission
from dust grains. At these wavelengths, the emission is optically thin, meaning radiative transfer corrections are

unnecessary, and the dust mass can be estimated from the following formulalle0l[1011(54]

1‘71)\.R2 3 Q)\

= Kp=——,
P wpBNT) P 4ap
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where F), is the flux density at wavelength A, R is the distance to the cloud, B,(T) is the Planck function describing the
radiation of a blackbody at temperature T', kp is the mass opacity (or mass absorption coefficient), p is the specific density
of dust, a is the radius of the dust grains, and @, is the absorption coefficient (or emissivity at long wavelengths) of dust at
wavelength A. In the geometric limit, where a > /2, the absorption coefficient is @, ~ 1. In the Rayleigh limit, where
a < \/2m, coefficient Q, decreases as ~ 1/ for amorphous grains and as ~ 1/)?2 for crystalline grains[102]

A key factor in determining dust mass is the mass opacity k, defined in Equation (4). For example, Li and Drain in their
table 6, 1271 report a mass opacity of 0.043 kg™ m? at \ = 850um, although other values are also used: 0.057 kg™
m?2 [293] or 0.077 kg™! m2 110411931 Since xp depends on the specific density p of grains, which is affected by unknown
porosity, and on the absorption coefficient @) , whose decay with A at Rayleigh limits is not precisely known, the true value

of kp is uncertain and may easily differ by an order of magnitude from the values used in modelling.

An alternative approach is to determine the dust-to-gas mass ratio and to estimate dust mass by measuring the total
amount of gas in the cloud or galaxy. Bohlin et al. 193] found that the ratio of the total hydrogen column density to the
colour excess E(B — V) is approximately constant, with a value of 5.8 x 10*'¢m~2. By fitting the extinction curve with
various mixtures of silicate and carbonaceous dust grains, it is possible to estimate the total volumes Vg and V{; of silicate
and carbonaceous grain populations per H atom. For example, Weingartner and Draine in their case B, [50] report
Vs =3.9 x 10" ¥cm3H ! for the silicate grains and Vg = 2.3 x 10 ?cm3H ! for the carbonaceous grains, assuming
Ry = 3.1. This yields a dust-to-gas mass ratio of 0.01 for the Milky Way. Similar or lower values are reported by other
authors and for various galaxies!10611071(108](83][109] gome studies also indicate a positive correlation between the dust-

to-gas mass ratio and the galaxy metallicity[2101351(111]

3.3. Limitations of the MRN dust model

The MRN dust model and its modifications (e.g., the WDo1 modell3% in Table 1) apply a sharp cutoff to the maximum grain
size at gy, ~ 0.1 — 0.5um (see Figure 1). Clearly, strictly limiting dust grains to sizes below 1 ym is questionable and
contradicts observations of microscopic grains and macroscopic solid bodies with a broad range of sizes, detected
particularly in circumstellar disks at FIR and (sub)millimetre wavelengthsmwm. The constraint on the
maximum limit ap,, < lpm in current dust models is largely formal, based on mathematical rather than physical
considerations, as the conditions for dust grain formation and growth in the interstellar medium (ISM) remain

uncertainl281l601(61]

The strict size limit reflects the fact that absorption and emission of larger dust grains is weak or even negligible compared
to small grains. Hence, determining the distribution of larger grains with a,,,x > 1pm from their absorption/emission
properties is a difficult and ill-conditioned task. In addition, interstellar dust is commonly studied as part of gas clouds,
which are rich in small grains. While small grains are well coupled with the gas, large particles begin to decouple from gas
flow, as their surface-to-mass ratio decreases with particle growthl4l. Consequently, dust particles not bounded to gas

are mostly ignored in current dust models.
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Model WDo1 CB-A CB-B CB-C CB-D
Size index ~y 3.50 3.75 3.72 3.69 3.66
Ry, 3.16 2.97 3.09 3.05 3.03
K1.1/K300 2760 312 661 985 1420
K1.1/Kgs50 19700 1450 3110 4790 7440
B300 2.15 1.54 1.57 1.62 1.71
Bsso 1.69 1.26 1.26 1.27 1.31

Table 1. Parameters of extinction law for dust models

WDo1 - modified MRN model proposed by Weingartner and Draine[521, Ry is the reddening ratio, k1 1 /K300 and k1.1 /Kgso are the
ratios of the emission optical depths, and B3y and Bgso are the slopes of the extinction law at 300 and 850 pm. Note that
~v = 3.5 for WDoz1 is an overall approximate value, because this model considers slightly different size indices for individual dust

components.

4. Considering large dust particles and compact bodies

The limitations of current dust models can be addressed by introducing a more general ’Cold-Body model’ (CB model),
which incorporates cold large particles and macroscopic bodies into the MRN model. The CB model can be constructed in
several alternative ways. First, we can simply assume that the grain-size distribution described by Equation (1) applies

across the entire range of possible particle sizes
dN ~a"da, 5x 107 <a <5 x 10*m. (5)

The uniform size index ~ in Equation (5) can then be determined by satisfying two conditions: (1) the dust mass for grains
with sizes 0.005um < a < 1um matches the dust mass predicted by the MRN model, and (2) the total dust mass equals the

mass of dark matter estimated for our Galaxy (Figure 2, blue solid lines).

Alternatively, we can assume a combination of two distinct grain-size distributions: (1) the MRN distribution for ¢ < 1um,

and (2) a different grain-size distribution for ¢ > 1um:

dNy ~a*%da, 5 x 107 < a <25 x 10 m, (6)
dNy ~a"da, 1x10%<a<5x10%m, (7
dN = dN; + dN. (8)

In this case, the size index « in Equation (7) is calculated for the population of large grains to ensure the dust mass aligns
with the estimated mass of dark matter in the Galaxy (Figure 2, blue dashed lines). The three alternative distributions

shown in Figure 2 simulate models characterized by a low number density of dust grains in the range from 1 ym to 100 pm.
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Figure 2. The grain-size distribution and cumulative mass of the CB model are shown for grain size a less than 1 mm (a,c)
and for the full size range of a (b,d). The solid blue line represents the CB-A model, while the dashed blue lines represent
the CB-B, CB-C, and CB-D models. The solid red line corresponds to the MRN model. The green circle indicates the number
density and mass of ’Oumuamua-like interstellar objects, as reported by Do et al 17l plot (d) demonstrates that
considering dust grains and particles with size a > 10~° m can lead to dust mass estimates (blue lines) that are even several
orders higher than current estimates (red line). If we assume a size index « higher than that for the CB-A model, ranging
between 3.75 and 4.0, the cumulative dust mass continues to increase with a, but at a gentler slope. Consequently, the total

dust mass will be lower than the upper limit of 10!2 M, used in plot (d). For model parameters, see Table 1.

Table 1 shows that the size index +y is higher for the modified dust models compared to the WD01 model but does not exceed
a value of 4. Thus, the majority of the mass remains concentrated in the largest particles. Although the total dust mass is
substantial in the modified dust models, the impact on the extinction law is weak or moderate (see Figure 3). The larger the
particle size, the lower the opacity of these particles. For dust models with a reduced number density of particles between 1
pm and 100 pm, the reddening ratio Ry, is almost unaffected (see Figure 3 and Table 1). Visible differences appear only at
(sub)millimetre or larger wavelengths, where the CB models predict about an order of magnitude higher extinction and a
slope 8~ 1.5 — 1.6 at a wavelength of 300 um, which is lower than g ~ 2.1 — 2.2 predicted by the WDo1 model. The CB

models also predict a different behaviour for the temperature of dust grains. While small dust grains exhibit higher
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temperatures and act as grey bodies due to their limited emissivity at long wavelengths, large particles are colder and

should emit nearly as blackbodies.

Extinction law
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Figure 3. The extinction law for the standard dust model (red line) and the CB
models (blue lines). The red line represents the WDo01 dust model (Weingartner and
Draine, ApJ, 2001); the solid blue line represents the CB-A model, and the dashed
blue lines represent the CB-B, CB-C, and CB-D models. For model parameters, see
Table 1. The dashed black lines mark extinction at wavelengths of 300 and 850 ;m.
The green rectangle marks the extinction derived from the observed ratio of
emission optical depths k; 1 /K39 for the M31 galaxy as reported by Whitworth et
al. [118] The figure demonstrates: (1) the FIR and (sub)mm excess, evidenced by the
visibly higher extinction of the CB models compared to the WDo1 model for

A > 20pm, and (2) the lower values of slope  of the CB models compared to the

WDo1 model for \ > 20um.

5. Observations of the FIR and (sub)millimetre excess

The excess in FIR, submillimetre and millimetre dust emission (referred to ’submm excess’) predicted by the numerical
modelling described above has been observationally confirmed by many researchers. This excess is primarily observed in
the SEDs of many low-metallicity galaxies!331(341(351(361(371(381391(40] The studies show that the emissivity spectra
flatten, particularly, in the submm and mm regions. However, a discrepancy between models and observations is also
evident in the FIR region. For example, Whitworth et al. (8] report that the observed ratio of the emission optical depths
k1.1/ K30 for the M31 galaxy is 3-5 times lower than predicted by various theoretical dust models (see Figure 3, green

square) and argue that current dust models need revision.
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Additionally, many researchers report values of the spectral emissivity index g ~ 1.2 — 1.7 for cold dust, similar to the
slope in Figure 3 and Table 1 predicted by the CB model, being significantly lower than 8 ~ 2.0 predicted by standard dust
modelsB341(1191(1201(121] The SED flatness at long wavelengths requires the presence of very cold grains with temperatures
T ~ 5 — 9 K, likely formed by dust aggregation, and indicates a substantial increase in total dust mass, with more than
50% residing in these very cold grains@lmwmﬂ. Thus, the submm excess strongly supports the proposed CB

model.

Although the hypothesis of very cold grains with a large total mass is frequently discussed as a possible explanation for the
submm excess, it is often rejected by arguments that such a dust model predicts an excessively large dust mass and an
unrealistic dust-to-gas mass ratiol1261341(38] other frequently proposed mechanisms for the submm excess include: dust
grains composed of amorphous carbon rather than graphiteh—zﬂ, spinning dustBﬁl, changes in the dust emissivity spectral

index due to anomalous intrinsic properties of dust[@l, or the cosmic microwave background (CMB) anomaly 128]

However, these theories also face criticism and remain controversial on certain pointst22811381129] and no explanation has

yet gained widespread acceptance.

6. Observations of large interplanetary and interstellar particles and bodies

Independent information on the size distribution of dust grains and particles in the ISM can be gathered from observations
within the Solar System and other circumstellar disks, where a mixed population of particles, ranging from dust grains to
large bodies such as planetesimals or planets, is observed231131] 1n such environments, dust grains must grow by at least
15 orders of magnitude in size, indicating that the formation of large bodies is likely a robust mechanism4l, Although the
number density of dust grains in circumstellar disks is several order of magnitude higher than the average density in the
interstellar medium, the statistical properties of dust grains might be similar (Table 2). Moreover, these systems are not
isolated, as they interact with the ISM. During planet formation, a considerable portion of the mass from planetary

systems is ejected into interstellar spacel1321133]

6.1. Satellite and other measurements of dust and micrometeorites

In situ measurements of interstellar dust fluxes within the Solar System were conducted by the Ulysses dust detector from
1992 to 2007[-411[-43]. The Ulysses data reveal that dust mass distribution at the solar neighbourhood differs significantly
from that of the MRN modell411[1341(1351136)  gpecifically, large dust grains with mass exceeding 10713 kg (diameter
a > 2pum) have been detected, while smaller dust grains were observed in much lower quantities than predicted by the
MRN model. The Ulysses dust measurements were later confirmed by the Galileo and Cassini spacecraftsﬂﬂl[lﬁl. Other
satellites also measured the flux and size distribution of particles with a > 10um. For example, Merouane et al.
[139) analysed data from comet 67P/Churyumov-Gerasimenko using the COSIMA instrument on board Rosetta, finding a
cumulative size distribution of dust with index of 1.9 + 0.3 for dust particles between 30 pm and 150 ym. Similarly, Love
and Brownlee their fig. 10140 ysed the Long Duration Exposure Facility satellite to study the meteoroid flux, observing a
size index from of 1.5 to 3.0 for dust particles between 50 pm and 300 um. Also, radar-detected meteoroids of the Solar
System dust cloud detected large grains (from 30 pm to 2 mm) with a differential mass index of approximately 2.0 — 2.1,

corresponding to vy = 4.0 — 4.3 [14110342) ginally, similar results were obtained by Jewitt et al.ll43l who used the Hubble
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Space Telescope data for studying dust size distribution in the tail of comet 133P/ELST-PIZARRO, finding a differential size

index in the range from 3.25 to 3.5 for particle sizes between 0.2 mm and 10 mm.

6.2. Near-Earth objects colliding with the Earth

Asteroids with a < 100 m can be studied by measuring the flux of near-Earth objects colliding with Earth. Brown et al.
[144] yeport that the flux of objects in the 1 — 10 m size range follows the same power-law distribution as bodies larger
than 50 m. Based on various datasets, such as satellite data, infrasonic/acoustically measured bolide fluxw-l, Lunar
cratering flux246), and Near-Earth Asteroid Tracking and Spacewatch surveys!247] the cumulative size index was
determined to be 2.7, corresponding to a differential size index y of 3.7. As shown by Bland and Artemievall‘*ﬁl, this value

holds even when data are extended to cm-sized asteroids using the Canadian camera network atmosphere datal149],

6.3. Asteroids, planetesimals and exoplanets

The size distribution of asteroids has been also studied through observations of fragments in the Main Asteroid Belt in the
Solar System. This research is based on surveys such as the Sloan Digital Sky Survey (SDSS) and the Sub-Kilometer
Asteroid Diameter Survey (SKADS)LA3U4AI1451[46] and covers a size range from hundreds of metres to hundreds of

kilometres. Bottke et al. 431 report a size index ranging from 2.3 to 4.0 with an average value of 3.5.

Additionally, Artemieva et al. [130] analysed the mass distribution of 210 exoplanets detected and confirmed by the Kepler
space telescope, as well as over 300 transiting giant exoplanets observed by ground-based surveys and the CoRoT space
telescope. They studied planets with masses between 0.02 and 13 Jupiter masses, and found a mass distribution described
by a power law, dN/dm ~ m~s. The mass index s is between 1.9 and 2.1, translating to a size index « between 3.7 and 4.3

(see Equation 2).
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Figure 4. The cumulative mass distribution of interplanetary bodies. The blue line represents the
observed mass distribution as reported by Ceplecha et al. [131) while the red dashed line represents
the power-law distribution with a differential mass index s = 1.8, corresponding to a size index

v = 3.4 (see Table 2).

6.4. Large interstellar objects

The discovery of the interstellar object ’Oumuamua, observed by the Pan-STARRS1 telescope on October 19, 2017, provided
evidence of large, cold interstellar objects not gravitationally bound to any star(1521015311154] Characterized by an extremely
elongated shape with a mean radius of 102 m and by a hyperbolic orbit as it passed through our Solar System, it radically
changed our understanding of interstellar object density in the Galaxy. Estimates place the number density of the
'Oumuamua-like objects at 72,5, ~ 2 x 10'® pe3U7UM5] suggesting that such objects could indeed form outside of stellar
systems. The high observed density contrasts with previous assumptions that large objects are unlikely to form in
interstellar space. The estimated high number density of ’Oumuamua-like objects points to their formation in the
interstellar space, as the ejection of material from planetary systems into interstellar space during planet formation{132]

[133] j5 insufficient to populate the Galaxy by such objectsw‘

If large particles can indeed evolve in interstellar space, they might follow a similar power law in particle size distribution
as found in circumstellar disks. Consequently, cold large particles and bodies can be ubiquitous in interstellar space.
Assuming a Galaxy radius of 26 kpc and a width of 1.2 kpc, a rough estimate of the number density of ’Oumuamua-like
asteroids predicted by the CB model is in the range neor ~ 1.9 — 5.7 X 10% pc3, which aligns well with the density

Tobs = 2 x 10 pc=3 obtained from the ’Oumuamua observation. Thus, the discovery of 'Oumuamua provides key
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observational support for the existence of ambient baryonic dark matter in the galaxy, with a size distribution consistent

with the CB model (see Figure 2b,d, green circle).
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Mass range Size range Index
Mmin Mimax Amin Amax Mass Size Method/Data/Model Authors
(kg) (kg) (m) (m) s v
Interstellar dust models
1.3 1.6 5 2.5 1.8 3.5 MRN model Mathis et al. 471
x1072 | x 107 [ x107° | x 1077
1.3 1.3 5 5 x 108 1.92 3.75 CB-A this paper
x 10721 | x10%° | x107°
1.3 1.6 5 2.5 1.8 3.5 CB-B this paper
x1072 | x107 [ x107°| x 1077
36 13 7 5 X 108 1_91 372
x107% | x10% | x 1077
1.3 1.6 5 2.5 1.8 3.5 CB-C this paper
x1072 | x 10710 | x107° | x 1077
3.6 1.3 7 5x10° | 190 3.69
x1075% | x10%° [ x 1077
1.3 1.6 5 2.5 1.8 3.5 CB-D this paper
x 10721 | x 1071 | x 1079 | x 1077
3.6 13 7 5x10%| 189 3.66
x1075 | x10% | x 1077
Measurements of interplanetary dust and bodies
3.5 44 L.5 7.5 1.5-1.7 2.6-3.2 Satellite comet Merouane et al. [1391
x107 | x 107 | x107° | x 107"
data

13 2.8 5 3 1.5-2.0 2.5-4.0 Satellite data Love and Brownlee [142]
x107% | x1077 | x107° | x107*
3 1 3 2 2.0-2.1 4.0-4.3 Radar-detected Galligan and Baggaley 1411,
x1070 | x107* | x107°| x1073

meteor data Pokorny and Brown [142]
8 1 2 1 1.75-1.83 | 3.25-3.5 HST main-belt Jewitt et al. 2431
x107% | x1072 [ x107*| x 1072
comet data
1 1x10% |1 5 x 10° 1.8 3.4 Flux data on Ceplecha et al. 1511
x 1072 x 1078
Earth-crossing
asteroids
1.0 1.0 0.5 100 1.9 3.7 Asteroids colliding Brown et al. [144]
x 1071 | x 10%
with the Earth Halliday et al. [149]
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Mass range Size range Index
Mmin Mimax Amin Amax Mass Size Method/Data/Model Authors
(kg) (kg) (m) (m) s v
7.4 1.6 500 | 3% 10° 18 3.5 Main Asteroid Ivezic et al. [43]
X 1011 X 1020
(1.4-2.0) | (2.3-4.0) Belt Jedicke et al. [441
Bottke et al. 451
Gladman et al. 1461
3.5 1.1 1.5 2.2 2 4 Kuiper Asteroid Schlichting et al. ﬂ'i‘ﬂ,
x 10" | x10%® | x10* | x 10°
Belt Fuentes et al. 1561
3.8 2.5 1.5 1.3 1.9-2.1 3.7-4.3 Exoplanets Ananyeva et al. 1301
x10% | x10%® | x 10" [ x 108

Table 2. Differential mass- and size-distribution index for the MRN model and observational dust data

HST - Hubble Space Telescope. The mass-size limits are recalculated under the assumption of spherical particle shapes and a
specific mass density of 2500 kg m~3. The mass and size differential power law indices, s and -, are related by the following

equations: s = (y+2)/3,7y=3s — 2.

7. Discussion

The presence of dark matter in the Universe is widely accepted, supported by evidence such as the flat rotation curves of
spiral galaxies, the galaxy orbits, hot gas in clusters, and gravitational lensing of background galaxiesl3711381 A
fundamental question, however, is to what extent this dark matter is baryonic or non-baryonic and how it influences the

galaxy formation and evolution.

For example, the 'missing mass problem’ observed in rotation curves might partially stem from the currently low
estimates of dust mass in galaxies, which is often assumed to be about 1% of the gas mass. However, these estimates are
unreliable, as current dust models limit the estimated dust mass in galaxies to align with Big Bang (BB) theory and the A
CDM model, assuming the absence of large dust grains and particles in the ISM. This leads to a ’circularity problem’ where
studies trace only a small fraction of baryonic dark matter, specifically submicron-sized dust grains coupled with gas. This
dust component is detectable by reddening and significantly affects the extinction curve. In contrast, larger dust grains
interact weakly with light, making them difficult to detect using standard methods based on absorption/emission of dust.
As noted by Galliano et al.[126] derived dust mass can be regarded as an a priori constraint rather than a genuine result. If
we acknowledge the presence of large particles and bodies in the ISM, observations would support a galaxy model in which

the mass of baryonic dark matter is at least one to two orders of magnitude greater than currently assumed.
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There are several key pieces of evidence that baryonic dark matter in galaxies is significantly more abundant than current

estimates:

Size distribution of asteroids and planets.

Observations of large particles and compact bodies across various environments confirm a power-law size distribution
dN ~ a "da with an index = 3.5 — 4.0, valid over a wide size range from micrometres to hundreds of thousands
kilometres (see Figure 4 and Table 2). This distribution includes large dust grains and meteoroids detected by satellites
such as Ulysses, Copernicus, Cassini and others[1341[411[13711381[135][136] 'hear-Earth objects colliding with Earth[1421(151]
M&@l, and fragments in the Main Asteroid Belt and the Kuiper Belt[451(4611531156] 1t g]50 applies to exoplanets
detected and confirmed by the Kepler and CoRoT space telescopes[1591. The broad validity of this power-law size
distribution with an index v = 3.5 — 4.0 is further supported by laboratory measurements and collision dynamics models
on dust destructionl32, Since interstellar disks interact with the ISM and a considerable portion of mass of planetary

systems is ejected into interstellar space, this power-law dust size distribution likely applies to interstellar dust as well.

Interstellar object ’Oumuamua.

The discovery of the interstellar object ’Oumuamua, observed by the Pan-STARRS1 telescope on October 19, 2017, and
identified by its hyperbolic orbitl152115311154] suggests a higher density of such objects than previously assumedZ1115]

These density estimates align with the predictions of the CB model proposed in this paper (see Figure 2b,d).

Submm excess.

The widespread detection of the FIR and (sub)millimetre excess in galaxy emission spectra (see Figure 3) suggests the
presence of large, cold particles in the ISM. This excess has been discussed extensively by various authorst221(160]123](33]
[124)035)125]  though it has often been dismissed due to concerns that the resulting dust-to-gas ratio would be
unrealisticl2611(1621(38] o1 doubts regarding the formation of such bodies!28]. These arguments are problematic because
they rely on dust models that impose an unrealistic maximum size limit on dust grains, restricting them to be only a few
microns. Ignoring large, cold particles can lead to a significant underestimation of both the dust mass and the dust-to-gas

ratio, potentially by one to two orders of magnitude or even more.

Black holes and other extremely massive cold compact objects.

For completeness, it should be noted that a portion of dark baryonic matter is contained in black holes (BHs)L1631(164](165]
Black holes exist in three mass categories: stellar-mass black holes (M ~ 3 — 200, ), intermediate-mass black holes (
M ~ 10% — 10* My, ), and supermassive black holes (M ~ 10° — 101°M1,) typically located at the centres of galaxies[@1
[167]1 BHs are often identified through X-ray emissions from accretion processes, though isolated stellar-mass BHs, the
number of which is estimated to be an order of 10% in our Galaxy[168l are radiatively inefficient, making them difficult to
observe. Additionally, the masses of two of the most well-studied supermassive BHs provide insight into the substantial
role BHS play in contributing to baryonic dark matter in galaxies. These include the supermassive BH at the centre of our

Galaxy, with M ~ 3.7 x 10° M, 269101701 and the supermassive BH in galaxy M87, with M ~ 6.6 x 10° M, 7L Note that
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formation processes of supermassive BHs are still not fully understood, and observations of supermassive BHs in the early

Universel1Z211173111741[175] present challenges to the standard cosmological model and the BB theory.

8. Conclusion

Current observations suggest that the Zwicky’s original idea of substantial mass of baryonic dark matter in galaxies and
galaxy clustersi2ltl was prematurely rejected without solid evidence. The rejection aimed to support the BBN and BAO
theories and justify the ACDM model. However, the current galaxy dust modelsl4Z1[481[50](98] designed to align with the A
CDM model face fundamental challenges and inconsistencies with observations. Specifically, these models suffer from a
circularity problem, as they neglect the absorption/emission effects of large dust grains and compact bodies, considering
only grains smaller than a few microns. Observations of other baryonic dark matter components, such as supermassive

black holes in the early universel2721173111741(173] deepen the tensions with the current baryonic dark matter models.

In the proposed CB model, the restriction to small grains is removed. Based on observations, the dust component of
baryonic dark matter is assumed to consist of grains, particles, fragments, and solid bodies that follow a power-law size
distribution with a size index between 3.5 and 3.75, slightly varying over the size range from 1079 to 10® m. In the CB
model, most of the mass is concentrated in large compact bodies located in galaxy disks, in contrast to non-baryonic dark
matter, which is assumed to reside in galaxy halos. The baryonic dark matter need not be gravitationally bound to stars or
coupled with gas, except for submicron dust grains, which often form part of gas clouds. Large dust grains are presumed to
form efficiently from supernovae ejecta and other stellar flows, producing substantial amounts of macroscopic particles

and solid bodies not only in circumstellar disks but also throughout the ISM.

Consequently, baryonic dark matter may be ubiquitous throughout the galaxy, with most of its mass concentrated in large
bodies. These bodies are challenging to detect using standard galaxy SED analysis, and their number density is
considerably lower than that of planetesimals in circumstellar disks. Despite this, the density remains sufficient for
interstellar bodies to significantly contribute to the total galactic mass, potentially exceeding current estimates by more
than one to two orders of magnitude. Due to their large size, these bodies do not cause reddening and have minimal light
extinction because their low number density and small cross-sectional area make their impact negligible compared to
small dust grains. Larger bodies interact weakly with light: thus, weak light interaction is a common attribute of both
large, cold bodies (including non-accreting BHs) and hypothesized non-baryonic dark matter. Notably, a significantly
higher amount of baryonic dark matter in the Universe would challenge current estimates of the age of the Universe and

question the validity of the standard cosmological model.
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