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ABSTRACT

The cold main classical Kuiper Belt consists of those non-resonant small solar system

bodies with low orbital inclinations and orbital semi-major axes between 42.4 and 47.7
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au. These objects likely formed in situ and the population has experienced minimal
collisional modification since formation. Using the Outer Solar System Origins Survey
(OSSOS) ensemble sample and characterization, combined with constraints from deeper
surveys and supported by evidence from the Minor Planet Center catalog and the Deep
Ecliptic Survey, we determine the absolute magnitude H, distribution of the cold clas-
sical belt from H, ~ 5 to 12 (roughly diameters of 400 km to 20 km). We conclude
that the cold population’s H, distribution exhibits an exponential cutoff at large sizes.
Exponential cutoffs at large sizes are not a natural outcome of pair-wise particle accre-
tion but exponentially tapered power-law size distributions are a feature of numerical
simulations of planetesimal formation via a streaming instability. Our observation of an
exponential cutoff agrees with previous observational inferences that no large objects
(D Z 400 km) exist in the cold population. We note that the asymptotic slope of the
H, distribution is consistent with @ ~ 0.4 and this asymptotic slope is also found in
streaming instability modelling of planetesimal formation and is thus not necessarily
associated with achieving collisional equilibrium. Studies of the transneptunian region
are providing the parameters that will enable future streaming-instability studies to
determine the initial conditions of planetesimal formation in the ~45 au region of the

Sun’s protoplanetary disk.

Keywords: Kuiper Belt — planetesimal formation — catalogs — surveys

1. INTRODUCTION

Cold main classical Kuiper belt objects (KBOs) appear to be unevolved products of the initial
planetesimal formation process in this region of the Solar System. The current number density of
cold objects is such that collisions between these planetesimals are infrequent (e.g., Greenstreet et al.
2019; Abedin et al. 2021). The cold KBOs are known to contain a large number of loosely bound
binary pairs (Noll et al. 2008); such pairs are very likely to be destroyed if collisions among KBOs

are common (Petit & Mousis 2004) implying that the number density at the epoch of formation was
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similar to that we see today. The cold KBO pairs are so loosely bound that many would not have
survived gravitational scattering into this zone of the solar system, implying they formed in-situ
(Parker & Kavelaars 2010). Recently, observations of the cold classical KBO 486958 Arrokoth by the
New Horizons mission have provided direct evidence of the low collision rate in this region (McKinnon
et al. 2020). Arrokoth impactors are dominantly cold classical KBOs and the observed low crater
density, well below the crater saturation threshold, is consistent with the ancient number density of
material being within a factor of a few of that currently observed in this region (Greenstreet et al.
2019; Abedin et al. 2021). In addition, the photometric properties of the cold belt members appear
distinct from the rest of the KBOs (e.g., Tegler et al. 2003; Pike et al. 2017; Schwamb et al. 2019).
The cold objects thus provide a window into the processes of planetesimal formation.

An examination today of the H,. (absolute magnitude) distribution of cold objects larger than 20 km
may provide a direct measurement of the distribution that emerged from the initial planetesimal
formation processes. This population, unlike the collisionally evolved asteroid belt, never experienced
the runaway growth to proto- or dwarf-planets, experienced minimal collisional erosion and has
dynamical and surface properties that are distinct from the rest of the KBOs. The cold KBOs mass
function today is the most likely to resemble the initial mass function of planetesimals.

The outcomes of planetesimal formation modeling are reaching a point where guidance from rigorous
observational constraints are needed. The mass range in current model outputs overlaps with the
well-observed range probed by the Outer Solar System Origins Survey (OSSOS). Here we present
the high-fidelity measurement of the absolute magnitude distribution of the observed cold classical
Kuiper belt as determined from an ensemble of survey samples (Kavelaars et al. 2009; Petit et al.
2011; Alexandersen et al. 2016; Petit et al. 2017; Bannister et al. 2018) and associated detection

characterizations (hereafter referred to as OSSOS++).

2. THE OSSOS++ COLD-BELT ABSOLUTE MAGNITUDE DISTRIBUTION

From the OSSOS++ sample (see Table 3 of Bannister et al. 2018, for full details) we select those
321 objects with free inclination i¢... < 4° and semimajor axis in the range 42.4 au < a < 47.7 au

to provide a relatively clean sample of the properties of cold main classical Kuiper belt objects. Van
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Laerhoven et al. (2019) found the orbital parameter that best separates the cold population from
the background of the main classical Kuiper belt is the inclination with respect to the a-dependent
Laplace plane, i.e., i e, and that is... < 4° provides a reasonable split between the cold and excited
populations. The 39.9 au < a < 42.4 au zone is usually included in the nominal definition of the
main classical Kuiper belt. This zone, however, was likely destabilized by the passage of the vy
resonance during Neptune migration and KBOs on low-i orbits would have been removed. The few
low-i e KBOs in this zone today are unlikely to have formed in situ and for that reason we exclude
them when considering the cold classicals. Our sample criterion may exclude a small number of cold
members from our analysis but ensures minimal contamination from other populations that may not

have formed in situ and would distort the view of the unevolved H, distribution.

2.1. Sample characterization

Using the OSSOS++ characterization (Bannister et al. 2018) we debias the orbit and H, distri-
butions of detected objects. The low eccentricity of the cold KBO orbits result in these objects
exploring a limited range of solar distances within a constrained phase-space volume. As a result
of this constraint, the OSSOS++ sample of cold objects provide a complete sampling of the orbit
distribution (there are no hidden or unseen populations) and we can robustly debiased the detected
sample. We consider the 4-dimensional phase space (a, ¢, sin (if.e.), H,) and slice it into cells small
enough (0.2 au, 0.2 au,0.001,0.1) such that the distribution of elements within a cell are likely uni-
form (see Figure 5 of Bannister et al. 2018, to see the distribution of these elements). To determine
the detection bias we create model objects that uniformly sample each cell’s parameter range and use
the OSSOS survey simulator (Lawler et al. 2018a) to determine the fraction that would have been
detected by the OSSOS++ surveys. For each element cell k, the detection bias, By, is the number of
simulated orbits detected in that cell divided by the number of orbits drawn from the cell. For each
cell we simulated the detection of 5000 objects by OSSOS++ and the value of By is 5000 divided
by the number of draws from the model needed to achieve the 5000 simulated detection. For the
cold main classical belt, the values of the bias range from By ~ 1/10 for H, ~ 5.5 objects near the

inner boundary of the classical region to By ~ 1/100 for the H, ~ 8.3 objects near the outer exterior
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Figure 1. H, distribution of the cold main Kuiper belt. The grey-dash line represents the distribution of raw
detections in the OSSOS++ sample. Red-orange curve (shown as a dotted line for H,. > 8.3 where our sample debiasing
is less secure) represents the debiased OSSOS++ sample with the shading indicating the Poisson 95% confidence range.
The black lines represent two exponentially tapered functions matched (see Section 3) to the debiased OSSOS++ data,
with forced large-H, (small object) asymptotic slopes (dotted: o = 0.5; solid: a = 0.4). For H, < 9 the two model
curves are nearly identical. The debiased OSSOS++ measurements are well matched by the exponential taper form.
The boxes represent literature derived estimates, see Table 1 and Section 2.2.1. The cyan diamond with uncertainty
represents a direct debiasing of detected cold classicals in B04. The black open circles are located where the MPC

database indicates a cumulative total of 3 (H, ~ 5.13) and 11 (H, ~ 5.51) main-belt cold objects.

of the classical region. Although we computed bias factors for objects with larger H, values we do
not use those in our analysis as the bias correction factors grow rapidly near the limit of detection.
For each of the observed cold objects in the sample, we determine the element cell, k, the detection
belongs to and add 1/By objects to our model, with the specific elements of those model objects
drawn randomly across the cell’s element distribution. Using this procedure provides an estimate

of the number of objects in the cold population required to generate the OSSOS++ detections and
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the distribution of the population over each of the orbit and absolute magnitude (a, g, sin (isree), Hy)

parameters. Figure 1 presents the resulting OSSOS++ cumulative H, distribution.

2.2. Other observational constraints.

We compare with other cold KBO samples to verify our total population estimates at both the
faint and bright ends of the H, distribution. Determination of population statistics requires carefully
tracking each detected object to ensure that the orbit is accurately determined and object correctly
classified. This tracking requires significant investment in telescope time if one is to avoid ephemeris
bias entering the sample (Jones et al. 2006; Kavelaars et al. 2008). This also places significant
constraint on the faintness of objects that are allowed into a particular survey as the cost of tracking
will rapidly increase. The OSSOS++ sample provides a high-quality sampling of the cold Kuiper
belt due to the near 100% effectiveness in tracking detections to obtain high-quality orbits. The
desire to achieve this high success rate in tracking, however, also limited the flux range accessible to
the survey at both the bright and faint ends of the H, distribution. Other surveys which do not have
precise orbit and distance estimates for all their objects, however, can be used to estimate the cold
classical H- magnitude distribution and extend the flux range explored. We find that these additional
samples agree well with the results measured via the OSSOS++ sample, providing a verification of

the absolute calibration of our study.

2.2.1. Deep studies

Gladman et al. (2001); Bernstein et al. (2004); Fraser et al. (2008); Fuentes & Holman (2008);
Fraser & Kavelaars (2009) (hereafter GO1, B04, Fr08, FH08, and FK09) performed deep ‘pencil-
beam’ surveys to detect faint TNOs and published their detection efficiency functions. The imprecise
determination of heliocentric distance at detection in GO1, FrO08, FHO8 and FK09, however, prevents
direct conversion from observed brightness to H,. (absolute) magnitudes. We carefully examined the
sample of detections from each of these projects. The VLT part of GO1 did not yield any detections
and we keep only the CFHT component of that project (G01/CFHT). The inclinations in the Blanco

part of FrO8 are insufficiently constrained to allow selection between cold and excited objects in that
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sample, thus we utilized only the CFHT component from that project (Fr08/CFHT). The details
provided in FHO8 and FK09 are sufficient to allow use of their full sample of detected cold KBOs.
For each survey, we examined the published detection efficiency curves and determined the limiting
apparent magnitude M, (all surveys used here reported limits in 7) up to which the efficiency of

detection, 7, is roughly constant (see Table 1). For each survey we:

e count the number n of cold objects (estimated® inclination < 4°) brighter than M,

e estimate the actual number of objects present in the field of view of the survey and brighter

than M, as n/n

e determine the fraction of the full cold population that is in the field of view of a survey at any

given time, F', using the CFEPS orbit model (Petit et al. 2011).

e compute an estimate of the implied full population brighter than M,: N(m < M,) =n/(Fn).

The 95% confidence range for N is computed from the 95% Poisson confidence range for n and listed
as N_ for the lower end of the confidence range and N, for the upper in Table 1. To add these
density estimates to our H, distribution we must convert the observed apparent magnitude limit
(M,) to an absolute (H,) value, which requires knowledge of the distance to the sources. As the
precise distances of the individual detections are not known we determine a plausible range of H,
values by adopting the 95% range of distances of the cold objects from the CFEPS model (Petit et al.
2011; Fraser et al. 2014) (40.3 to 51 au). Using this approach we determine H,(51) and H,(40.3)
(using Hsy = M, —17.03 and Hy3 = M, — 16.00) as representative of the range H, values that each
survey was sensitive to at the detection limit (M,.).

B04 provides precise distance estimates and even rough orbital elements and the characterization
of the detection efficiency. Thus, for B04, we also debiased the 3 detections of that survey following

the same procedure as for OSSOS++4-. For B04, the full debiasing results in a population estimate

! We cannot compute if.¢. as the semimajor axis of the orbits of the objects are, generally, unknown.
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Table 1. Deep Surveys.

Surveya n Mr Neold 1/F H51 H40.3 N_ N+

Fuentes & Holman (2008) 0.88 25.1 30 930 81 9.1 22300 45300
Fraser et al. (2008) CFHT 0.97 25.2 11 1726 82 9.2 11000 35000
Gladman et al. (2001) CFHT 1.00 25.8 3 11700 8.8 9.8 10733 94100
Fraser & Kavelaars (2009) 0.95 26.5 10 11594 9.5 10.5 67000 224500
Bernstein et al. (2004) 1.00 28.5 3 115325 11.5 12.5 125700 1011100

Af a telescope is listed, the sample is restricted to that particular portion of the study.

at the largest H, of the detected B04 objects that is compatible with the estimate using the process
outlined in the preceding paragraph (Figure 1).

We discuss implications for the observed H, distribution in Sections 3.

2.2.2. Inventory of the Brightest Cold Classicals

The now nearly complete, and sparse, inventory of the lowest H (largest) cold classical KBOs
provides a further constraint on the size distribution. We select from the Minor Planet Center
(MPC) database KBOs consistent with the a and i cuts given above and with good orbits (2
oppositions or more, 6 observations or more, and MPC orbit uncertainty parameter less than or
equal to 6). The MPC database provides the visual absolute magnitude H which we convert into
H, using (H — H,) = 0.19, the mean value for the cold objects from OSSOS++ present in the MPC
database. We then determine the number of known cold classical KBOs with H, < 5.1 (3) and
H, < 5.5 (11) and include this as an estimate of the cumulative H, distribution; see Figure 1. These
MPC-derived population estimates are nearly identical to the OSSOS++ based estimate of the total
numbers at these H, values, confirming the global population estimates obtained by our debiasing.
That the OSSOS++ estimate of the total population of cold objects is the same size as the currently
known sample, suggests that, as previously noted (e.g. Sheppard et al. 2011), the MPC database has
reached (near) completeness for H around 5-6 mag. The expectation that the brightest members of

the cold population would be in this range was also noted in Figure 7 of Bernstein et al. (2004) and
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is apparent in Figure 9 of Fraser et al. (2014). The expectation of completeness in the MPC sample
is also coherent with the reported detection of large cold objects by Pan-STARRS, which surveys
the whole ecliptic. During the period 2010-2014, Pan-STARRS found 7 of the 20 largest objects
in the cold belt region defined above. Since 2014 no new large cold objects have been reported by
Pan-STARRS, despite continuous operation. An absence of H, < 4 cold objects was also predicted a
decade ago based on the CFEPS project (see Sec. 5.1.1 of Petit et al. 2011) whose sample is included
in OSSOS++. The total inventory of known cold population objects with H, < 5.5 matches precisely

the prediction from the OSSOS++ H,-distribution, appears to be complete, and is small in number.
3. AN EXPONENTIALLY TAPERED Hyr DISTRIBUTION.

The shape of the cold population H, distribution presented in Figure 1 is inconsistent with two-
component power-law? fits. Using our de-biased model we imposed various two-component power-
laws (see Fraser et al. 2014) onto our model and compared the resulting orbit and H, distributions
with our observed sample. No acceptable models (rejected by AD test statistic at more 99% con-
fidence, see Lawler et al. 2018a, for details of our statistical procedure) were found. Moving to a
multi-component power-law could provide a solution, but is difficult to physically motivate. The
shape is also not consistent with the rolling power-law utilized in Bernstein et al. (2004). The steep
and continuously evolving shape at the bright-end of the H, distribution is inconsistent with these
representations.

A tapered power-law form appears to be emerging as a preferred functional form for planetesi-
mal mass distributions. Disk instability mechanisms, and the streaming instability (SI) process in
particular, have recently become highly favored solutions to overcoming various physical barriers in
planetesimal formation (e.g., Safronov 1972; Johansen et al. 2007; Lyra & Umurhan 2019) and enable
planetesimal formation to proceed more rapidly at lower surface densities, like those in the primordial

cold Kuiper belt. Independent groups have investigated the initial mass function of planetesimals

2 We sometime use the term power-law to refer to the exponential forms such as N(< H) o 10%H as the underlying mass
distribution is, in-fact, a power-law form and H is used as a proxy for that quantity, and referring to exponentially

tapered exponential functions becomes exponentially confusing, but does reflect the exponential complexity of reality.
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resulting from the SI (Johansen et al. 2015; Simon et al. 2016; Schéfer et al. 2017; Abod et al. 2019;
Li et al. 2019; Liu et al. 2020; Rucska & Wadsley 2021). Due to limitation in the simulated mass
resolution, the low-mass end of the mass function that emerges from SI models is not strongly con-
strained. The existing works, however, exhibit similar-shaped mass distributions that a power-law
can roughly approximate at the small mass end but require a rather sharp, exponential, cut-off at the
large mass end. Several functional forms to fit the mass distributions have been proposed. We select
the exponentially tapered (Schéfer et al. (2017) or variably tapered, Li et al. (2019)) power-law form.
According to Bayes criterion these forms provide better matches to the SI outcomes than simpler,
single parameter functions (Schéfer et al. 2017; Li et al. 2019).

The exponentially tapered power-law mass distribution (Schéifer et al. 2017) can be transformed

into an H, distribution assuming a constant albedo and density, and spherical shape:
N(< HT') — 1O%QSI(HT*H0) exp [107%BSI(HT7HB) (1)

where N will be the total population number and H, is a normalization, gy is the asymptotic slope
at large H,, Bsr is the strength of the exponential tapering and Hp is the H, value at which the
exponential taper begins to dominate. The « in the single exponential H, distribution, N(< H,) =
10*(Hr=Ho) 'ig given by @ = %CVS[ and can be seen as related to the faint/small object exponent when
considering multi-component exponential distributions.

The OSSOS++ sample confirms the general shape of an exponential taper and can be used to
determine the strength of that tapering (8s;). The OSSOS++ sample is, however, limited to the
large H, end where our debiasing factors are small; the value of a,g; is not robustly constrained by the
OSSOS++ sample. Crater counts on Pluto and Charon (Singer et al. 2019a), the observed sizes of
Jupiter-family comets (Solontoi et al. 2012) and results from deep surveys shown in Figure 1 indicate
that a ~0.3-0.5 faint-ward of H, ~ 9. In Figure 1 we present fits of Equation 1 with fixed values of
a € {0.4,0.5} (agr € {0.66,0.83}), with the value of Sy and the other free parameters determined
using maximum likelihood MCMC parameter exploration via the emcee package (Foreman-Mackey

et al. 2013) over the range H, € {5.0,8.3} The OSSOS++ estimates of Bg; € {0.427012,0.597033},
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H, € {—2.6753,0.0703} and Hp € {8.1755,7.1709} provide a remarkably smooth match to our
debiased observations and our estimates of the value of Bg; are steeper than, but consistent with,

the range of values found in SI modeling (0.28-0.37; e.g. Schéfer et al. 2017).

3.1. Comparison with published distributions.

Figure 2 presents our measured debiased H, distribution along with a number of results from the
literature. The double or broken exponential forms presented in Figure 2 do not provide as compelling
a match to the observations as the tapered exponential. There is good agreement that asymptotic
small object exponential must be around o ~ 0.4 but the forms do not provide a good match to the
data at small H, which exhibits a continuously steepening slope. The OSSOS++ data is consistent
with the bright end exponential slopes over some limited range of H, then drops away from those
curves for smaller H, and larger H,. The bright/large object end of the H, distribution is not single

sloped value and thus double exponential functions are not a good match.

4. DISCUSSION

The H, distribution of the OSSOS-++ sample clearly demonstrates an exponentially tapered shape.
OSSOS was designed to be an absolutely calibrated survey that could be debiased to measure intrinsic
absolute distributions inside each dynamical group, with the group membership based on high-
precision orbits. These orbits permit the computation of free inclinations and the exclusion of resonant
objects enabling the selection of relatively uncontaminated sample of cold belt members. We find
the debiased H, distribution of this sample is inconsistent with a single power-law at the bright end
(see Figures 1 and 2). The functional form of the cold component H, distribution is well represented
by an exponential taper of the type seen in numerical simulations of streaming instability driven
planetesimal formation.

The OSSOS++ derived H, distribution matches well onto independent constraints at both ends
of the distribution. At the faint (large H,) end the debiased OSSOS-++ sample connects smoothly
to the faintest pencil-beam studies. Although each individual study is difficult to map to a precise

N(< H,) value, the ensemble of deep apparent-magnitude studies, collectively, match OSSOS++,



12 OSSOS CoRE

[72] 64
8 10 ] — this work(a=0.4)
X . F14
® .5 .ccc. At
S 10° 4 A4 '
a 3 B04
© .
o 10" 3
o) =
o 2
© 10° 4
o 3
o) -
E 2]
c 10 o
) 3
= 3
© 1
= 10 ?
e ]
3 . o]
10 T T T T T T T T
4 6 8 10 12

H,

Figure 2. As in Figure 1 the red-orange region represents the debiased OSSOS++ sample. The green
shaded area represents the debiased detections from the Deep Ecliptic Survey (DES) (Adams et al. 2014)
with the green dashed line their best-fit double exponential. Also shown are the best fits from Bernstein
et al. (2004, cyan dotted line) and Fraser et al. (2014, magenta dashed line). The curves have been scaled
to reflect difference in survey filters and for differences in selection function for cold classical KBOs. In
particular we use (r — R) = 0.25 (Jordi et al. 2006) for (V — R) = 0.6 cold classical KBOs and we scale
the apparent magnitude distribution given in B04 using a fixed distance of 42 au to transform from r to
H,. The Al4 total population is slightly low compared to OSSOS++ sample, this may be due to tracking
losses reported in Al4. The F14 fit has been scaled to match the OSSOS++ sample at H, = 8 as we were
uncertain of the scaling from the surface density reported in F14 and the absolute total numbers reported

here.

implying that the asymptotic form of a single exponential from H, > 9 down to at least H, ~ 12
does not violate known constraints. The cratering records on Pluto and Charon (Robbins et al.
2017; Singer et al. 2019a) and Arrokoth (Spencer et al. 2020), however, indicate at least one further
transition to an even shallower exponent beyond H, > 17. The OSSOS++ sample provides strong

constraints in the H, ~5-8.3 range; for H, > 8.3, where our detected sample drops off, a constant
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slope in log-space appears plausible for several more magnitudes. We highlight that within the hot
component there is evidence for a knee or divot (Shankman et al. 2013, 2016; Alexandersen et al.
2016) feature near H,=8.5 with a similar shallow slope for H, > 9. On the large object end, the
cumulative distribution of the intrinsically brightest known cold-classical KBOs fall directly on the
OSSOS-++ curve and its bright-ward extrapolation. This close match confirms the very steep nature
of the H-magnitude distribution of the largest objects, and implies that the inventory of these largest
objects is essentially complete. These connections to independent constraints at H,=5 and 9 (with
no tuning) gives confidence that in OSSOS++ we have an absolutely calibrated survey and that the
H-magnitude distribution’s shape between these two ends is correctly represented by our debiased
measurement.

The existence of the exponential taper also resolves some literature confusion regarding the mea-
sured exponent of the KBO H, distribution. Much of the historical literature fit a single exponential
to the apparent magnitude N (< M) o 10“M. Because of the finite sky area and the small number of
objects detected in any given survey, even fitting a simple exponential was challenging due to a lack
of dynamic range. Generally, larger-area surveys were shallower, while deeper surveys made up for
their smaller area via the steep H, distribution to end up with comparable (but small) samples. Mag-
nitude distribution shape estimates done in apparent magnitude space (because they lack the precise
distance estimates required to translate apparent to absolute magnitude) ‘blur’ the H-magnitude
distribution, resulting in slope estimates that are a function of the depth of the survey; a similar
conclusion was reached in Fraser et al. (2014).

Papers that attempted to combine surveys to enlarge the apparent magnitude and dynamic range
of observational constraints tended to average this out to an intermediate slope (e.g. Gladman et al.
1998; Fraser et al. 2008). With an even larger apparent magnitude range it became clear that a
single exponential could not represent the data, and double/rolling exponent forms were introduced.
Magnitude distribution studies near the solar system’s invariable plane (which are thus dominated

by low-inclination cold-component objects) exhibited a change of a to shallower values fainter than
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m, ~24-25 (thus H, ~8-9 in the main belt), when using a rolling (Bernstein et al. 2004), double
(Fuentes et al. 2009) or broken power-law (Fraser & Kavelaars 2009) size distributions.

Although computationally convenient, there is no physical motivation for a broken power-law being
the correct functional form. Numerical simulations of the streaming instability, however, appear to
naturally produce the exponentially tapered form (Schéfer et al. 2017; Li et al. 2019). The OSSOS++
sample demonstrates that this functional form is an excellent representation of the cold-component
H-magnitude distribution. Much of the discussion of what value of o best matches the actual H,
distribution and where to put a break to attempt to mimic the slope evolution, appears to be due to
trying to model an exponential taper by combining multiple exponential distributions.

Having such examples of the danger of over-imposing a functional form on reality, we note that
although this tapered exponential is clearly impressively similar to the distribution derived from the
OSSOS++ sample, numerical simulations (e.g. Li et al. 2019) show that there can be smaller features
superposed on this dominant form which, in differential space, manifest themselves as local ‘knees’
(broken or double exponents) or ‘divots’ (Shankman et al. 2013). In particular, the weak relative
under-abundance just past H, ~ 7 present in previous data sets (e.g. Adams et al. 2014; Fraser et al.
2014) may be real, in addition to a proposed knee near H, ~ 8.4 in the dynamically hot populations
(e.g. Alexandersen et al. 2016; Lawler et al. 2018b).

The SI modeling prediction of the shape of the H-magnitude distribution at small sizes (large
H) is not yet firmly established. The value of the asymptotic power-law slope seen at small sizes
in simulations (Simon et al. 2017, 2016; Abod et al. 2019; Rucska & Wadsley 2021) may result
from resolution effects. Li et al. (2019) demonstrate that as resolution is improved, what initially
appeared to be a roll-over to a ‘single-a’ asymptotic form, continues to evolve and the transition
to the asymptotic form appears to occur at ever smaller sizes. Interestingly, the existing estimates
of these asymptotic limits (see Figure 10 in Abod et al. 2019, for example) are not very far from
the often-suggested value of o« ~ 0.4 £ 0.1 for H, > 8 (Bernstein et al. 2004; Fuentes & Holman
2008; Fraser et al. 2010, 2014). This allows the possibility that this value of « is then set by the

formation size distribution and the similarity of the observed H, distribution slope to the collisional
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equilibrium value is not evidence of collisional equilibrium having been achieved. The small object
size distribution of the cold classical Kuiper Belt appears to be unaltered over the age of the Solar
System and to preserve a shape consistent with SI planetesimal formation down to of order kilometer
scale.

The comparison with current modeling of SI driven planetesimal formation is not, however, without
a significant hurdle. Although the shape of the distribution is compelling, the inferred mass ranges
are not a good match. If the current cold component is indeed a relatively unevolved population,
then the current surface density may be taken as a proxy of the density at formation. Based on our
estimate of the total cold population (Figure 1) we can infer the surface density at the time of the SI
process. To estimate this density we convert our H, distribution to a mass distribution by assuming
a constant albedo of 0.15 and object bulk density of 500 kg/m? (Spencer et al. 2020) and then spread
the inferred total mass into a 2 au wide ring centered at 43 au. The resulting estimated primordial
surface density in solids is 3, ~ 5 x 107° g/cm?. This is 100 times lower than the mass scale required
for most SI modeling to produce D ~ 400 km objects (e.g., Abod et al. 2019). The number densities
inferred from the current population are far too low to be consistent with SI processes forming the
sizes of KBOs in our observed size distribution, which we claim follows the shape seen in SI modeling!
Conversely the number density at the time of planetesimal formation implied by SI modeling results
appears to be significantly higher than that inferred from the currently observed population.

There appear to be at least the following possible issues to consider:

e The current density could be many factors lower than at the time of planetesimal formation.
This appears unlikely as any process that removed significant mass would very likely have
disrupted the binary KBO population we see today. The cratering record seen on Arrokoth is
fully consistent with the low total populations reported here (see Greenstreet et al. 2019; Singer
et al. 2019b; Abedin et al. 2021) indicating that any period of high number density would have
been very rapidly removed which would have implications for the orbit distribution in the cold
belt (Gladman & Volk 2021). Thus, it appears unlikely that the surface density at ~ 43 au

was significantly higher than today.
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e The SI process is not directly responsible for the production of the objects we see today, but
they formed instead after the SI process via particle-particle interactions. A 2 au wide ring
would contain many hundreds to thousands of ST cells (e.g. Li et al. 2019), and perhaps the
planetesimals from these cells coalesce to form the largest bodies. Here, again, the currently
observed density makes this appear improbable as the inferred particle-particle encounter rate
would be very low (thus the low numbers of craters) making the rate of planetesimal growth
so slow that the largest sized objects would have not yet formed. In addition, there is no
reason that the observed H, distribution of the post-growth populations would then so closely

resemble that which emerges from the SI processes.

e The models of SI are incomplete and the process happens on scales and at densities that have
not yet been fully modelled. This appears unlikely to be the case as the modeling is done in

scale free units and then the mass scales are set by imposing a density.

e The classical Kuiper belt was much more tightly confined, radially and azimuthally, at the time
of SI driven planetesimal formation and then rapidly dispersed shortly after the planetesimals
emerged. This ad hoc solution has some appeal as many planet forming disks exhibit density
enhancements (e.g. van der Marel et al. 2013) and the shearing out of particles that might form
in such dense regions would be quite rapid compared to collisional time-scales. To achieve the
required density enhancement, however, would require a concentration that is 100 times that

seen today. Are such density enhancements feasible?

Some caution is thus warranted because what is observed today in the cold-classical Kuiper belt is, in
this paradigm, the end state of streaming instability plus later accretion and erosion. If the latter two
processes are indeed negligible (or could be successfully modeled) then the shape of the cold classical
belt H-magnitude distribution becomes a direct measure of the outcome of the planetesimal formation
process from the streaming instability. Future numerical work can then in principle constrain the
protoplanetary disk’s parameters (surface density, viscosity, etc.) as one targets reproducing the

observed distribution in the preserved cold classical belt.
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Regardless of a possible link with the SI process, our analysis of the OSSOS++ sample has provided
a robust high-fidelity measure of the H, distribution of the cold component of the Kuiper belt. This
analysis is enabled by the precise characterization of the OSSOS++ surveys. The derived shape
exhibits an exponentially tapered form and, from the current evidence, is representative of the initial

distribution resulting from planetesimal formation.
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