PHYSICAL REVIEW LETTERS 127, 011101 (2021)

Bondi-Hoyle-Lyttleton Accretion in a Reactive Medium: Detonation Ignition and a
Mechanism for Type Ia Supernovae

Heinrich Steigerwald®
Center for Astrophysics and Cosmology (Cosmo-ufes) and Department of Physics, Federal University of Espirito Santo,
29075910 Vitoria, Espirito Santo, Brazil

Emilio Tejeda
Cdtedras CONACyT—Instituto de Fisica y Matemdticas, Universidad Michoacana de San Nicolds de Hidalgo,
Edificio C-3, Ciudad Universitaria, 58040 Morelia, Michoacdn, Mexico

® (Received 14 August 2020; revised 11 November 2020; accepted 12 April 2021; published 29 June 2021)

Detonation initiation in a reactive medium can be achieved by an externally created shock wave.
Supersonic flow onto a gravitating center, known as Bondi-Hoyle-Lyttleton (BHL) accretion, is a natural
shock wave creating process, but, to our knowledge, a reactive medium has never been considered in the
literature. Here, we conduct an order of magnitude analysis to investigate under which conditions the
shock-induced reaction zone recouples to the shock front. We derive three semianalytical criteria for self-
sustained detonation ignition. We apply these criteria to the special situation where a primordial black hole
(PBH) of asteroid mass traverses a carbon-oxygen white dwarf (WD). Since detonations in carbon-oxygen
WDs are supposed to produce normal thermonuclear supernovae (SNe Ia), the observed SN Ia rate
constrains the fraction of dark matter (DM) in the form of PBHs as logo(fpgn) < 0.8logo(Mpy/3 %
10?2g) in the range 10>'-10?? g (102°~10?* g) from a conservative (optimistic) analysis. Most importantly,
these encounters can account for both the rate and the median explosion mass of normal sub-
Chandrasekhar SNe Ia if a significant fraction of DM is in the form of PBHs with mass 10> g.
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Introduction.—Detonation ignition in a reactive medium
can be achieved by a sufficiently strong shock wave, the
requirement, known as Zeldovich’s criterion [1], being that
the shock velocity must surpass the Chapman-Jouguet (CJ)
velocity over a distance of at least the induction length (see
also Ref. [2]).

For a wedge-induced shock wave, an oblique detonation
can be ignited if the preshock flow velocity exceeds the CJ
velocity and the orthogonal postshock velocity is at most
sonic [3]. Then, a structure composed of four elements is
observed: a nonreactive oblique shock, an induction zone, a
set of deflagration waves, and a reactive shock where the
front is intimately linked to the energy release [4,5]. For
high wedge angles, where part of the postshock flow is
subsonic, the detonation detaches and travels upstream [4].

Bondi-Hoyle-Lyttleton (BHL) accretion, the process
where a gravitating center with mass M is placed in a
continuous supersonic flow, produces a bow shock as a
result of gravitational focusing of streamlines in the wake
of the accretor. The relevant length scale is the critical
impact parameter b, inside of which all matter is accreted
onto the gravitating center,

: (1)
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where v, is the relative velocity far from the accretor, and
G the gravitational constant. To our knowledge, accretion
from a reactive medium has never been considered in the
literature. One objective of this work is to fill this gap.

The second objective, as direct application of the first, is a
critical reanalysis of the situation, considered initially by
Graham et al. [6] (hereafter G15), where the passage of a
primordial black hole (PBH) through a carbon-oxygen white
dwarf (WD) initiates thermonuclear runaway through local-
ized dynamical friction heating. This evokes the possibility
of triggering thermonuclear supernovae (SNe Ia).

PBHs in the asteroid mass window (10%-10% g) are
compelling candidates for dark matter (DM), since they are
formed naturally at the end of inflation [7—14] and still resist
all observational constraints [15-18]. Given their potentially
huge number density, encounters with stellar objects should
be frequent enough to be relevant on cosmological timescales.

Thermonuclear supernovae, though commonly thought
to explode in binary systems, are consistent with detona-
tions of single WDs with median mass 1 M, [19].
Intriguingly, a high percentage of massive single WDs
originates from main-sequence or post-main-sequence
mergers [20]. These have carbon-oxygen cores and are
potential progenitors for PBH triggers of SNe Ia.

A careful analysis of the work of G15 and the follow-up
study of Montero-Camacho et al. [15] (hereafter M19)

© 2021 American Physical Society
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shows that the investigated criteria match with triggers of
deflagrations (subsonic combustion waves). Given the low
single WD core temperature (107 K) and the sharp temper-
ature profile created by the passage of the PBH, these
deflagrations cannot transition to detonation, as is possible
in near-Chandrasekhar preheated WDs [21]. They would,
therefore, eject large portions of unburnt carbon and
oxygen, which is unobserved in normal SN Ia spectra
[22]. The second objective of the present Letter is to
consider direct detonation ignition from BHL accretion.

The Letter is organized as follows. First, we briefly
review the BHL preshock flow, analyze the shock geom-
etry, and then derive general criteria for detonation ignition.
Next, we reinvestigate PBH triggers of SNe Ia, presenting
our WD modeling, the ignition cross section, and the
resulting SN Ia event rate and explosion mass. Finally, we
present our conclusions.

Reactive Bondi-Hoyle-Lyttleton Accretion.—Preshock
flow equations: Consider spherical coordinates (r, 6, ¢)
with the accretor at rest at the origin. A homogeneous ideal
fluid is entering from the south pole (6 = ) along the z
axis with velocity v, (see Fig. 1). Axial symmetry implies
that the equations are independent of ¢. The fluid has
density p, pressure p, specific heat ratio y, sound speed

a = \/0p/dp, and Mach number M = v/a. Indices oo, 1,
and 2 denote “far from the accretor,” “immediateley before
the shock,” and “immediately after the shock,” respectively.
For highly supersonic inflow (M2 > 1), the stream field
around the accretor is well described in ballistic approxi-

mation (see, for example, Refs. [23,24]):
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FIG. 1. Schematic profile view of reactive BHL flow, entering

from the left (9 = x). Matter inside the shaded area is ultimately
accreted onto the central object (black disk, largely enhanced for
illustrative purposes). Postshock flow is omitted for clarity. Letter
C (T) denotes the critical (triple) point.

vy =00, o)
r
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4p2\ —1/2
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where v, and vy are radial and polar velocity components,
respectively, of a given fluid particle with impact parameter
b and related to the total velocity by v* = v + v3, b, is
given by Eq. (1), 6, is the periastron angle, and sgn(x) the
sign function [25]. Streamlines of this flow are shown
in Fig. 1.

Nonreactive shock geometry: The BHL shock is differ-
ent from a classical bow shock produced by a blunt body in
that both preshock Mach number M, and density p, vary
along the front. The incoming orthogonal flow velocity at
any point (r, ) on the shock is given by

11 = =cos(0 = f)vg —sin(0 = f)v,, (7)

where f is the shock opening half-angle (the angle between
the tangent to the shock and the z axis) and v, and vy are
specified by Egs. (2) and (3), respectively.

If the shock geometry is a known parametric function of
the form y(z), then the opening half-angle is

d
tanﬂ:d—i). (8)

In general, y(z) depends on M., y, and the size of the
accretor r, [26]. By performing numerical simulations of
wind accretion flow onto a point mass, we find that for a

polytropic fluid around a small accretor (r, < b,.), the bow
shock is well approximated by the hyperbola,

y(@) 2 tanfoy/ (e + 2~ =20 (9)

where S, is the asymptotic half-opening angle, —z, is the
apex of the asymptotic shock cone, and —z, the offset of the
shock at y =0 (see Fig. 1). In Sec. ST of Ref. [27], we
provide fitting formulas for the coefficients f,, z,, and z,
for the parameter ranges 1.3 <y < 1.7and 2.5 < M < 8.

Detonation formation: The propagation velocity of det-
onation vcy is entirely determined by the reactions’ total
specific heat release g. For a perfect fluid and high Mach

numbers, vey = 1/2(y + 1)q (see, for example, Ref. [28]).
According to the Zeldovich-von Neuman—Doring (ZND)
model, the wave structure is a lead shock followed by a
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reaction zone. These are separated by the induction length
. In a self-sustained detonation, pressure waves (shown as
double arrows in Fig. 1) created by the heat release in the
reaction zone can reach the shock and power it.

Since v,; and p; are decreasing functions of r and b,
reactions are more propitious to occur close to the “critical
point” C (see Fig. 1), remembering that the gas crossing the
shock inside C accretes onto the central object. Using
Eq. (5) and the shock function y(z), the coordinates (z, y..)
of the critical point are solution to the equation

bo[\/y(2)? + 22 + 2] +2by(z) —2b* =0,  (10)

with b = b,.

Let us note &, the “critical induction length,” calculated
for the preshock conditions at C. An inspection of the
nonreactive downstream flow at C reveals that streamlines
are approximately parallel to the z axis (see Fig. S1 of
Ref. [27]). Therefore, the reaction zone sets in at an
effective distance &, = &,,./sinf,. up the z axis, where
& . is computed with the one-dimensional ZND model (see
Refs. [27,29]), and the preshock conditions at C. The
orthogonal projection from the reaction zone on the shock
front defines the “triple point” 7 (see Fig. 1), with
coordinates (z,,y,) given by

d . -
() =t (11)
t — Ve

At this point, the oblique shock can transition to an
oblique detonation if the reaction zone is sonically con-
nected with the shock front.

First, in virtue of the oblique detonation ignition criteria
[3], the postshock orthogonal Mach number at the end of
the critical induction length must be at most sonic:

MJ_Z(rnat) <1 (12)

Second, since the total preshock veloctiy v; is a
decreasing function of r, if it exceeds the CJ velocity at
the triple point, then it also does so over the whole
induction length. Therefore, we must have

Ul(rtvgz) > Ucy- (13)

Finally, the postshock state is spatially and temporally
limited as it fades out at large radii as a Mach wave, and
rarefies after the passage of the shock through an expan-
sion wave. To ensure that reactions occur during the
high-pressure postshock state, the critical induction length
must be at most of the order of the critical impact
parameter,

§J_c < abcv (14)

where « is a parameter of order unity. Since determining o
exceeds the scope of the present work, in the next section
we will consider two cases: @ = 1 (conservative) and
a = 10 (optimistic). Equations (12)—(14) constitute the
three semianalytical criteria necessary for successful
shock-induced, self-sustained detonation ignition in a
BHL flow.

PBH triggers of SNe Ia.—In this section, we investigate
if PBHs can ignite detonations in WD cores according to
criteria (12)-(14), considering PBHs in the mass range
10'°-10% g and WDs in the mass range 0.6 My—1.4 M.

WD modeling: The velocity of a PBH relative to the WD
matter is the sum of the mean galactic velocity and the free-
fall velocity. Neglecting the galactic velocity, the relative
velocity inside the WD at a radial position R from the center
of the WD is

po(R) = {1 —exp (Zqz(f)ﬂ o as)

where @(R) is the gravitational potential of the WD
normalized by ®(oc0) = 0 and c is the light speed.

We model the initial WD state as a zero temperature ideal
Fermi gas of degenerate electrons. The mass-radius relation
is obtained from the numerical integration of the Tolman-
Oppenheimer-Volkoff equation, and the gravitational
potential is obtained from numerical integration of the
Poisson equation.

For the considered parameter space, the asymptotic
adiabatic index is 1.33 <y, < 1.57 and the asymptotic
free-fall Mach number is 2.6 < M < 7.7. We determine
the relevant shock geometry according to the explanation
above in the polytropic approximation. A more realistic
shock modeling with the hot WD equation of state exceeds
the scope of the present Letter and is the objective of an
upcoming work.

The shocked state requires full nonzero temperature
treatment of the equation of state. For the electron-positron
part, we use the Nadyozhin equation of state (see Ref. [30]
for a very detailed review), which is well adapted for the
double-transitional regime of a degenerate (nondegenerate)
and relativistic (nonrelativistic) electron-positron gas [31].
Our code includes ideal gas ions and radiation and is tested
for thermodynamical consistency (see Ref. [31] for details).

In carbon-oxygen matter, the nuclear reactions can be
categorized in three major exothermic stages: the fusions of
carbon, oxygen, and silicon. These stages are spatially
separated, such that the heat release of carbon fusion
entirely governs the initial detonation propagation.

We determine the carbon induction length by integrating
the Zeldovich—von Neuman—Doring equations adopting the
specific nuclear energy generation rate g of Ref. [32]
including also electron screening (see, for example,
Ref. [15] for details). The initial conditions are given by
the postshock state (p,, T, ), which is determined by solving
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FIG. 2. Maximum radius for detonation ignition R,, for
log,o(Mgy/g) as indicated by numbers and assuming a = 1.
The core radius is defined by p ~ 10° gcm™.

the shock jump conditions with the help of the Nadyozhin
equation of state (see Sec. S II of Ref. [27] for details). For
corresponding parameters, our computed induction lengths
agree with the results of Ref. [29]. We use the density
dependent CJ velocity calculated by Ref. [29].

Ignition cross section: Figure 2 shows the maximum
radius R,, where detonation ignition occurs according to
criteria (12)—(14). Criterion (12) is always satisfied. For
Mgy > 103 g, criterion (13) is more stringent than (14),
while for My < 103 g, it is the opposite. As expected, the
ignition cross section zR2, increases with PBH mass. Its
dependence on WD mass is more subtle: since heavier WDs
are smaller, the maximum is around 1.1 M, for the heaviest
PBHs considered, and increases to 1.4 M, for the lightest.
In Sec. S III of Ref. [27] we provide a fitting formula for the
cross section.

Figure 3 shows the minimum PBH mass for passages
through the center. PBHs lighter than 10! g (10%° g) cannot
ignite detonations if @ = 1 (@ = 10). Increasing (lowering)
P by 5° lowers (increases) the minimum PBH mass by
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FIG. 3. Minimum PBH mass for direct detonation ignition as
function of WD mass for passages through the center for a = 1
(orange full line) and @ = 10 (orange dotdashed line), compared
to minimum PBH mass for deflagration ignition according to G15
(blue dashed line) and M19 (blue dotted line).

approximately 0.2dex. Similarly, augmenting (decreasing)
vcy by 10% requires a 0.5dex more (less) massive PBH.

Figure 3 also compares our bounds with those of G15 and
M19. As expected, our constraints are more stringent and
complementary: given Mgy and My, three different out-
comes are possible corresponding to the modes of combus-
tion: detonation, deflagration, or unsuccessful runaway. For
a = 10, slight overlapping occurs. The overlapping with the
bounds of M19 can be explained by the circumstance that
modeling of M19 excludes a cylindrical region of radius b,
which is where, in our modeling, the induction zone in the
wake of the accretor sets the conditions for detonation.

SN Ja rate and median explosion mass: The
encounter rate with detonation ignition is given by
[ﬂR%ﬂ]oo(Rm)zpDMfPBH]/[UgalMPBH]’ where vy, is the
mean galactic velocity, ppy the dark matter density, and
fpen the fraction of dark matter in the form of PBHs. We
consider fpgy = 1 throughout.

Although a detonation can be triggered in the full range of
WD masses considered, combustion of about 0.5 M, of WD
material into Ni, as indicated by basic SN Ia energetics and
observations, requires a WD core density of 2 x 107 gem™,
which exists only in WDs of at least 0.85 M [19].

To estimate the SN Ia rate, we adopt the local 100 pc
volume limited WD mass function of Ref. [33], along with
the estimate that our Galaxy contains 10! WDs [34]. We
adopt the local DM density ppy =~ 0.4 GeV c~2cm™
and vy, ~ 200 kms™'.

Figure 4 shows the SN Ia rate as function of (mono-
chromatic) PBH mass and for fpgy; = 1. Since the observed
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FIG. 4. SN Ia rate per century for the Milky Way (blue) and
median explosion mass (red) as functions of monochromatic PBH
mass, assuming all DM in the form of PBHs and adopting the
local WD mass function. Further assumptions are discussed in the
text. Note that the median explosion mass concerns ‘“normal”
events while the shown rate concerns all SNe Ia. Considering that
“normal” events make up ~70% of all SNe Ia, PBHs with mass
~1023 g are roughly consistent with both the observed rate and
median explosion mass. If only sub-Chandrasekhar events
(~50% of normal SNe Ia) are considered, the slight remaining
tension is completely relieved.
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rate per century of 0.3-0.6 [35,36] cannot be surpassed,
the fraction of DM in the form of PBHs is constrained
by logo(fpen) < 0.81og,o(Mgy/3 x 10?%>g) in the range
10?'-10% g (10%°-10?? g) for a =1 (a = 10). On the
other hand, PBHs with either 10! g (10%° g) for a = 1
(a = 10) or, independently of @, 10?* g can account for
normal SNe Ia, considering that normal events make up
70% of the total rate.

Figure 4 also shows the median explosion mass as
function of Myy, adopting the same assumptions as for
the SN Ia rate. Since this should be around 1 M, [19], 10??
g PBHs surprisingly match with both the rate and median
explosion mass (1.03 M).

On the other hand, PBHs with mass smaller than 10%? g
yield a median explosion mass larger than 1.2 Mg
(1.15 My) for a =1 (a = 10). This tightens further the
aforementioned constraints on fpgy and excludes these
PBHs to account for sub-Chandrasekhar SNe Ia.

There are important caveats to the rate and median
explosion mass estimations. First, the measurement of the
WD mass distribution is done in the solar neighborhood,
while the estimate of the total number of WDs and type la
SNe is done for the whole Galaxy. Second, the high mass tail
of the WD mass distribution is uncertain. Third, about 10%—
30% of all single WDs formed as a result of main-sequence
or post-main-sequence mergers in binary systems [37],
consistent with binary population synthesis [38]. Since this
percentage increases with increasing WD mass, we have
assumed that all WD cores considered are carbon-oxygen.
However, this assumption depends on the relatively
unknown fraction of WDs heavier than 1.05 M, that formed
through single star evolution and are, therefore, oxygen-
neon-magnesium. At the time of writing, it is suggested that
CO WD merger remnants with mass > 1.06 M convert to
ONe [39]. This would have implications for lower mass
PBHs and merits to be investigated further.

Conclusions.—We have developed a semianalytical
theory for reactive BHL flow. The criteria for self-sustained
detonation initiation are (1) the preshock flow velocity
must exceed the CJ velocity at the triple point, (2) the
postshock orthogonal Mach number at the triple point must
be at most sonic, and (3) the critical induction length must
be smaller than the critical impact parameter times a
proportionality factor @, where a=1 (¢ =10) in a
conservative (optimistic) analysis.

In the second part, we have reanalyzed the G15 mecha-
nism with the following conclusions. When an asteroid
mass PBH passes through a carbon-oxygen WD, the BHL
shock can lead to direct ignition of detonation (Fig. 2). The
parameter requirements are slightly more demanding than
for deflagration ignition (see Fig. 3). From the observed
SN Ia rate, the fraction of DM in the form of PBHs is
constrained by log;(fpgn) < 0.8log o(Mgy/3 x 10%2g)
in the range Mgy > 10°! g (Mgy > 102 g) for a =1
(a = 10). However, these constraints depend on the

composition of WDs with Myp > 1.06 M and more
research is necessary.

Most importantly, in this work we have found that,
independent of a, and almost independent of the compo-
sition of WDs with Myp > 1.06 M5, PBHs with mass
around 10?* g can account for both the observed rate and
median explosion mass of normal sub-Chandrasekhar SNe
Ia (Fig. 4). These PBHs could be detected or excluded in
the very near future from the wave optics effect on
microlensing[40].
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