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Abstract

Planet Nine has been proposed to potentially be a black hole (BH) in the outer solar system. We investigate the
accretion flares that would result from impacts of small Oort Cloud objects, and find that the upcoming Legacy
Survey of Space and Time (LSST) observing program will be able to either rule out or confirm Planet Nine as a BH
within a year. We also find that LSST could rule out or confirm the existence of trapped planet-mass BHs out to the
edge of the Oort Cloud, indirectly probing the dark matter fraction in subsolar mass BHs and potentially improving

upon current limits by orders of magnitude.

Unified Astronomy Thesaurus concepts: Transient sources (1851); Primordial black holes (1292); Oort cloud

objects (1158); Dark matter (353); Accretion (14)

1. Introduction

Observed clustering of extreme trans-Neptunian objects in
the outer solar system suggests the possible existence of a
planet with a mass of ~5-10 M., dubbed Planet Nine, at a
distance of ~400-800au from the Sun (Brown & Baty-
gin 2016; Batygin et al. 2019). Scholtz & Unwin (2019)
suggested that Planet Nine could potentially be a black hole
(BH) since the likelihood of trapping for a BH may be
comparable to that for a free-floating planet. Zderic & Madigan
(2020) argued that Planet Nine may not exist, and its observed
gravitational effects could potentially be caused by an
unobserved ring of small bodies in the outer solar system.
There is also the possibility that the clustering is a statistical
fluke (Clement & Kaib 2020).

Christian & Loeb (2017) proposed the use of interferometry
to measure masses of planets from relativistic spacecraft such
as those envisioned by Breakthrough Starshot." The outer solar
system generally (Parkin 2018) and Planet Nine specifically
(Loeb 2019) were mentioned as potential targets for Break-
through Starshot. Witten (2020) proposed a search for Planet
Nine using subrelativistic spacecraft, which was further
investigated by Lawrence & Rogoszinski (2020). Hoang &
Loeb (2020) showed that the noise due to density and magnetic
fluctuations would dominate over Planet Nine’s gravitational
signal, making such a search infeasible at speeds well above
~1073 ¢ = 300 km s~!. Additionally, such a search would not
differentiate between a planet and a BH. Here, we propose a
method that does distinguish between a planet and a BH. In
particular, we explore the possibility that accretion flares
resulting from the tidal disruption of small Oort Cloud bodies
by a putative Planet Nine BH (PNBH) could power an
observable optical signal that could be searched for with the
upcoming Vera C. Rubin Observatory Legacy Survey of Space
and Time? (LSST). The search method described here is not
restricted solely to primordial BHs, but applies generally to
subsolar mass BHs including ones produced by other
mechanisms (Shandera et al. 2018).

Our discussion is structured as follows. In Section 2, we
consider the tidal disruption of impactors in the vicinity of a

' hups: //breakthroughinitiatives.org /initiative /3
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planetary-mass BH, which occurs after impactors are melted
due to heating by the Bondi accretion flow of gas in the
interstellar medium (ISM). In Section 3, we explore the img)act
rate of small bodies onto a BH in the outer solar system.” In
Section 4, we investigate the accretion flares that would result
from such impacts. In Section 5, we compute the rate at which
LSST would be expected to detect such accretion flares if a BH
in the outer solar system existed. Finally, in Section 6 we
summarize key predictions and implications of our model.

2. Tidal Disruption of Impactors

Since the putative PNBH is located at 400-800 au (Batygin
et al. 2019), well beyond the heliopause (~100 au), gas from
the ISM will undergo Bondi accretion into the PNBH. For a
background ISM density of p, ., and temperature of T, -
(corresponding to a background sound speed of
Cs.0,00 ~ +J kBT /m,, where kg is the Boltzmann constant and
m,, is the proton mass) surrounding a PNBH with mass Mgy,
the density and temperature begin to increase significantly
beyond their background values interior to a radius of
Rice ~ QGM / Qfg,x). In particular, the ISM density
(Ryden 2011) at a distance from the PNBH, R < R, is

3/2
Py ~ Pg,oo[%] R3/2, €))
2kB 7;;00

Since the ambient gas has pressure while the object is on a
ballistic orbit, we assume that the gas encounters the object at a
speed comparable to the object’s freefall velocity, vg. Given
that the freefall velocity for an impactor near the BH is
vir ~ 2GMpy /R, the energy flux from the ISM on the
impactor, ¢g ~ pgvf3f, can be expressed as follows (Zubovas
et al. 2012):

(GMgn)*m, ]3/213—3, )
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3 Since there are only ~10% stellar-mass BHs in the Milky Way galaxy
(Olejak et al. 2019), the nearest one should be at a distance ~20 pc, well
beyond the region under consideration here.
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Assuming that a large proportion of the energy is re-radiated as
blackbody radiation, the surface temperature of the object is
Ty ~ (Pgr/ osp)'/4, leading to melting within a distance from
the PNBH of

m |72 p, |/

,00 _

Rab ~ (GMpy)| —=2 (g—) T2, A3)
kpTy 0SB

where ogp is the Stefan—Boltzmann constant. Assuming the
impactor is made of water ice, we find its self-consistent
sublimation temperature at the ambient ram pressure of ~p, Vi
to be Ty, ~ S0K (Feistel & Wagner 2006). This yields a
sublimation distance

Ryp ~ 6.3 x 106 cm Msu
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where the typical background ISM  density is

Ppoo ~ 107 gem™  and  the

Ty o ~ 10* K (Draine 2011).
The tidal disruption radius for a self-gravitating body with
density pop; near a BH with mass, Mgy, is

3M, 13
Rrp ~ [ BH]

47Tp obj

1/3 13
MBH pobj
~ 10°cm , 5

(lozgg) (lgcm‘3) )

typical temperature is

which is well outside of the sublimation radius Rg,. Since
R < Rrp, the sublimation radius, Ry, can be considered to
be the effective disruption radius for chemically bound icy
impactors (r < 100 m; see Walsh 2018). The scale of the
Schwarzschild radius does not affect the physics of tidal
disruption as long as it is smaller than the tidal disruption
radius (Stone et al. 2019).

3. Impact Rate

The gravitational focusing factor at a distance R from the BH
and a distance d. from the Sun is
~(J2GMgu /R [2GM /d:,* = (Mud. /M R) (see
Appendix A of Jones & Poole 2007). For an impactor
population described by a power law, N(> r) oc '~ 9, with a
normalized flux of F for objects with radius r > s, objects are
disrupted by the BH at a rate
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Figure 1. Peak frequency of the flare radiation spectrum emitted by an
accretion flow as a function of the BH distance from the Sun (in au), with the
range of possible Planet Nine distances and the range of frequencies
encompassed by the LSST g band shown for reference. The associated
accretion rate M corresponds to the LSST flare detection limit, which is
discussed in the text. The dashed line corresponds to Mgy ~ 10M, and the
solid line to Mgy ~ SM;.

For the Kuiper Belt, g ~ 2.6 for objects sizes in the range of
0.1-1km, and g ~ 3.7 for 0.01-0.1 km (Minton et al. 2012;
Schlichting et al. 2013). In general, g ~ 3.5 for collisionally
evolved populations (Dohnanyi 1969), which might apply in
the limit of small objects. Since a ~1 km object collides with
Neptune every ~4 x 10° yr (Zahnle et al. 2003),
Floom ~ 2 x 1072 cm~? s~ 2 The space density of Oort Cloud
objects is nearly uniform in our region of interest (Dones et al.
2004; Sheppard et al. 2019). For sizes smaller than ~100 m, we
consider a single power-law distribution with g ~ 3.7, a second
option with g ~ 3.5, and a third possibility with a transition
between the two regimes at ~10m. Next, we estimate the
parameters of the accretion.

4. Accretion Flares

The accretion timescale from a radius R 1S Tuec ~ Rz/u,
where v is the kinematic viscosity, v, ~ OzCSZ /%, where « is
the dimensionless alpha-disk parameter, c, is the sound speed,
and 4 ~ /GM/R? is the Keplerian angular velocity. In the
Advection-Dominated Accretion Flow (ADAF) regime,
¢ ~ 1.2 x 10° cm s~'(R/Rs)"'/2, where Rg is the Schwarzs-
child radius of the BH (Yuan & Narayan 2014). As a result, the
accretion timescale is

R 3/2 M —1/2 a Y
~05s — . 8
Tacc (106 cm) (IOMG)) (0.1) ®

Figure 1 of Yuan & Narayan (2014) yields a peak frequency
of

Mgy )0'38( Mg,/ Mgda )0'36 )

~ 10'5 Hz
T (10 M., 10-°

where the Eddington accretion rate Mgqq = 10Lgaq/c? is
related to the Eddington luminosity Lgqq = 47GMc/ Kes, With
Kes ~ 0.4cm? g~ ! being the electron scattering opacity.

We calculate the accretion rate, M, during a flare as
~M/Tyee, Where M is the mass of the evaporated impactor
interior to Ry, The peak frequency as a function of BH
distance is shown in Figure 1, corresponding to the flare
accretion rates at the LSST detection limit, discussed in
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Figure 2. LSST detection rate per year as a function of the BH distance from
the Sun (in au), for ¢ ~ 3.7, g ~ 3.5, and a broken power-law transition
between the two slopes at impactor size r ~ 10 m. The range of possible Planet
Nine distances is shown for reference. The dashed lines correspond to
Mgy ~ 10M, and the solid lines to Mgy ~ SM,.

Section 5. Below and above the peak frequency, the luminosity
falls off as a power law with index ~1.3. For an electron
heating parameter of 6 ~ 0.5, Figure 2 of Yuan & Narayan
(2014) yields a radiative efficiency, €= L/Mgyc?,
of e~ 6 x 1077 (MBH/1079MEdd)O.63'

5. LSST Detection Rate

With its field of view of ~9.6 deg® and duty cycle of ~1 /3,
LSST will observe ~10~* of all flares that originate from point
sources and last for a timescale shorter than the exposure time
of ~30s. LSST’s sensitivity in the g band could find a flare
with  an energy output in the g band of
E ~ 10" erg (d- /200 au)?® over a timescale <30s near the
detection limit of ~3 x 107" erg cm~2 s~!. For peak frequen-
cies above the LSST g- band 11m1t feak > 17 x 10" Hz, we
solve the equation (4/3) mr'pc’ev™ ' = E, for r, and then
derive the LSST detection rate, ~10~*I". The results are shown
in Figure 2.

6. Discussion

We find that if Planet Nine is a BH, its existence can be
discovered by LSST due to brief accretion flares powered by
small bodies from the Oort Cloud, which would be detected at
a rate of at least a few per year. Based on the ADAF emission
spectrum (Yuan & Narayan 2014), such flares would not be
expected to have already been discovered by previous optical,
X-ray, or radio surveys. If a flare is detected, follow-up
integration on the source at a similar flux limit to LSST should
yield a flare rate ~10* more frequent than observed by LSST,
allowing for rapid confirmation of the source as a BH. If
multiple bursts are observed over the course of a year, the
proper motion of the source can be used to identify the orbital
parameters of the BH.

This search method is limited in constraining the subsolar
mass BH population since the high speed relative to the Oort
Cloud would lead to a low disruption rate I', yet it should
match the EROS limit of ~10% of dark matter for PBHs with
masses of ~10°' g (Tisserand et al. 2007) by being capable of
detecting the nearest one at such a density (~2 x 10° au) at a
rate of ~0.3 yr~!
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However, since the capture rate by the solar system for free-
floating planets and BHs with masses of ~5M,; may be
comparable (Scholtz & Unwin 2019), and since our method
could potentlally detect or rule out trapped ~5 M4, BHs out to a
distance of ~10” au, we could 1nd1rectly limit the subsolar mass
BH dark matter fraction. Specifically, since the capture rate for
a given density scales as the product of cross-section and
ve10c1ty, and the former scales as R> while the latter scales as
R™'/2,in total the capture rate at ~10° au would be expected to
be a factor of N(IO au/500 au)3 2 <3 % 10° larger than at the
distance of Planet Nine, allowing a nondetection of trapped
PBHs over LSST’s lifetime to indirectly probe the dark matter
fraction of ~5 Mgr BHs to a few times 10>, potentially
improving on previous limits (Tisserand et al. 2007; Niikura
et al. 2019) by orders of magnitude. Additionally, if Planet
Nine is a BH with a magnetic charge, then the synchrotron
emission from the accretion flow around it could make its flares
much brighter and more easily detectable.

This work was supported in part by a grant from the
Breakthrough Prize Foundation, and Harvard’s Black Hole
Initiative—which is funded by grants from JTF and GBMF.
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