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Cosmologies in which dark matter clumps strongly on small scales are unfavorable to terrestrial
detectors that are as yet unexposed to the clumps. I show that subhectometer clumps could trigger
thermonuclear runaways by scattering on nuclei in white dwarf cores (carbon and oxygen) and neutron star
oceans (carbon), setting off type-la-like supernovae and x-ray superbursts, respectively. I consider two
scenarios: “dark clusters” that are essentially microhalos and “long-range dark nuggets,” essentially
macroscopic composites, with long-range Yukawa baryonic interactions that source the energy for igniting
explosions. I constrain dark clusters, weighing between the Planck mass and asteroid masses, and long-
range dark nuggets over a wider mass range spanning 40 orders of magnitude. These limits greatly
complement searches proposed by myself and co-workers [Phys. Rev. Lett. 128, 231801 (2022)] for
scattering interactions of dark clumps in neutron stars, cosmic rays, and prehistoric minerals.
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I. INTRODUCTION

Dark matter continues to elude nongravitational detec-
tion. One reason why extensive terrestrial searches for the
scattering interactions of particle dark matter (DM) have
been futile could be that they are not distributed smoothly
in the halo, but clumped in substructure, with detectors
never having been exposed to DM clumps. Cold DM,
expected to clump down to millisolar mass [1-3], may also
clump below kiloparsec scales if hierarchical clustering
leaves small halos intact [4-6]. Such clumps (subhalos,
microhalos, miniclusters, and so forth) could dominate the
DM population in nonstandard cosmologies that enhance
small-scale power [7—15]. Whatever the origin, the plau-
sible clumping of DM compels us to rethink detection of its
scattering on Standard Model (SM) states. In Ref. [16],
together with coauthors, I had proposed three strategies:
heating of neutron stars (NSs) by the transfer of kinetic
energy during clump transits, exploiting the effects of
strongly interacting DM on cosmic rays and vice versa,
and recasting searches for DM tracks in geological materi-
als deep underground. Here I will investigate one more: the
triggering of thermonuclear explosions in compact stars by
DM clumps depositing kinetic energy.
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Type-la-like supernovae are thought to originate from
carbon-oxygen white dwarfs (WDs) accreting material
from a binary companion and exceeding the Chandrasekhar
mass, igniting runaway carbon fusion that unbinds the WD.
A suitable deposition of energy sourced by DM could
trigger a similar explosion. This idea was first investigated
for primordial black hole (PBH) DM undergoing dynami-
cal friction in the WD material [17], with asteroid-mass
PBHs ruled out from the observed survival of WDs, and
though these limits could lift due to hydrodynamical
instabilities in the wake of the transiting PBH quenching
nuclear energy generation [18], this caveat itself may lift for
ignition via detonation (as opposed to deflagration) [19].
Other DM mechanisms of explosive energy deposition in
WDs have since struck the literature: gravitational potential
energy shed via nucleon scattering as particle DM captured
by the WD collapses in it [17,20-23], superheavy DM
annihilating, decaying, or scattering on nuclei [24,25],
transiting composite DM accelerating WD nuclei in them
and emitting bremsstrahlung radiation [26], and Hawking
radiation from black holes formed inside WDs via DM
collapse [22,27,28]. Reference [29] briefly mentions the
possibility of tightly bound DM substructure triggering
supernovae via impact shock waves. Some of these studies
set limits based on the observed rates of supernovae. I will
use the existence of WDs to set limits on clump properties.

I will also set limits using ‘“‘superbursts,” hours-long
O(10*) erg x-ray bursts observed in NSs either isolated or
hosted in low-mass or ultracompact x-ray binaries [30,31].
Type-I bursts in NSs are typically produced by surface
accretion of mass from a binary companion that then
ignites nuclear fuel into explosive burning. Superbursts
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are a special kind that last 10° times longer and emit 103
times more energy, with an accretion rate > 10% of the
Eddington limit, suggesting that their ignition occurs
deeper in the NS, in fact, in a layer of carbon in the NS
ocean O(10) m below the surface [32,33]. DM clumps that
reach this layer with sufficient energy to trigger superbursts
more often than carbon accumulation can are then ruled
out. Reference [25] set limits on composite “macro-DM”
using a single superburst source, while I use of catalogs of
recurring superbursts.

I consider two scenarios of clumpy DM. The first, dark
clusters, is that of subhalos composed of DM particles that
scatter on SM species, as treated in Ref. [16]; for simplicity, I
analyze only elastic nuclear recoils. It will be seen that dark
clusters of subcentimeter size are required to trigger thermo-
nuclear explosions. The second, long-range dark nuggets, is
that of macroscopic composites that interact with baryons
through a long-range Yukawa “fifth force” as considered in
Ref. [34] (although in that study the DM state could also be a
point particle). These states could be thought of as DM
nuclei, nuggets, or blobs [35-47] and would reduce to dark
clusters in the limit of vanishing coupling and force range.
The Yukawa potential energy between compact stars and
long-range dark nuggets can now act as the primary energy
source for igniting thermonuclear explosions; the long-
range fifth force also serves to increase the flux of infalling
nuggets compared to that due to gravity alone. In both
scenarios it will be seen that many (tens of) orders of
magnitude in the space of DM clump mass, size, and
effective coupling are constrained. My limits highly comple-
ment other probes of DM clumps and composites: gravita-
tional microlensing [48,49], pulsar timing arrays [50,51],
accretion glows in molecular clouds [52], heating of cold
interstellar material [53], stellar impacts [29], gravitational
waves [54], and even underground detection [13,26,47,55—
66]. Long-range dark nuggets somewhat larger than those
considered here could also trigger runaway helium fusion in
the cores of red giant branch (RGB) stars, observable in the
RGB luminosity function of globular clusters [67]. A careful
treatment of this effect would make for an interesting study
in the future. Thermal emission signatures of DM heating
compact stars kinetically is an active area of study [68-96].
More generally, dark matter interactions with compact stars
are extensively reviewed in Ref. [97].

This paper is laid out as follows. In Sec. II, I review the
conditions for runaway fusion in WD cores and NS crusts. In
Sec. II1, I describe the setup of dark clusters and long-range
dark nuggets, as well as the physics of their encountering
compact stars and triggering thermonuclear explosions. In
Sec. IV, I show and explain the limits thus obtained. In
Sec. V, I provide further discussion and conclude.

II. THERMONUCLEAR RUNAWAY

I now present the general requirements for triggering
runaway fusion in a WD core or NS ocean, following the

discussion in Ref. [22]. Two conditions must be met. First,
a minimum energy Qg,, must be deposited to raise the
temperature of a critical mass M of density p to a critical
T that sustains nuclear fusion.

Condition 1

Qdep 2 Mcril (P, Tcrit) E}? (p9 Tcrit) Tcn't- ( 1 )

Here I have assumed that the temperature prior to heating
< Teigs and T, = ¢5/2 4 ¢}, /4 + " is the average iso-
baric specific heat capacity with the various contributions
given by

7 _lebf T it ar m,\ 2] Pe
chlp Ten) =22 (T |1 - (e} ],

where u is the atomic mass unit, m, is the electron
mass, and a, = {#*,47*/5,5/2}, b, ={> X,Z:/A,,
ZXiZi/Ai’ ZXi/Ai’} (Wlth Xi’ Zi’ Ai’ respectively,
the mass fraction, charge, and atomic number of the ion
species i), and a, = {1,3,0}, p, = {—1,-3/2,0} for the
{electronic, radiative, ionic} contributions. In practice ci,?“
is negligible. The Fermi energy Ep = [m2 + (37%n,)%3]'/?
with n, = pb./u. The trigger energy in Eq. (1) ranges
between O(10'7) and O(10%*) GeV for WD central den-
sities corresponding to WD masses ranging from 1.4M g
down to 0.8M . Equation (1) is necessary but not sufficient
for runaway fusion.

The critical mass M, = 4T[p/13_ig /3 is set by the second
condition. Namely, the rate of energy gain via nuclear
fusion must exceed the rate of energy loss via diffusion over
the volume set by the “trigger length” A,

Condition 2
Qnuc > Qdiff- (3)

Writing Onuec = MerieSnuc and Quitr = 4ﬂk/11richn't for per-
mass nuclear energy deposition rate S,,. (the estimation
of which involves numerical simulations of flame propa-
gation with a nuclear reaction network [98]) and thermal
conductivity k, we obtain

§) _ 3k Tcrit
e P S nuc (/0 ’ Tcrit)

)
A (,%) ) PP
= (4)
o\ In(42/21)/ n(py/py)
ﬂl(,ﬁj) o T pr<p <po

where for WDs {A)P AP} ={1.3x107%,2.5x1075} cm
and {p;,p,} = {2 x 108,10'°} g/cm?>. I have adopted this
analytic form from Ref. [22], obtained by fitting to Fig. 6 of
Ref. [98] that is restricted to p; <p <p, and then
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extrapolating to lower densities assuming reasonable den-
sity scalings of k and S,,.. This fit is for T = 0.5 MeV,
which T will take as my critical temperature, although it
could be lower [98]. This fit also assumes, as I will, equal C
and O masses in WDs. In the NS ocean, the mass fraction of
carbon is 10% [32], implying p — 0.1p in Eq. (4). Though
superbursts occur via pure C burning, I expect the scalings
of Eq. (4) to hold as seen from Ref. [98], Table 3, for
conductive burning.

To translate between p and WD masses My, | use the
analytical fit [22]

PwD 2/3 ‘ Mywp |2
1~ ;
<1.95 x 106 g/cm3> i [Z “\ M, ’

i=0
{c;} = {1.003,-0.309, —1.165,2.021,
—2.060,1.169, —0.281}. (5)

As my benchmark NS (with )3 = /2GMyg/Rys the
surface escape speed), I take

Mys=14Mg,  Rys = 10.99 km = o}2 =0.61, (6)
as predicted by the Prakash-Ainsworth-Lattimer (PAL)
equation of state of high-density matter [99]. To obtain
my results, [ will use the NS crust density profile predicted
by this model [100].

III. DARK-MATTER-INDUCED EXPLOSIONS
A. Dark clusters

Assuming dark clusters of uniform mass M and radius R,
the impact parameter of their encounters with compact
stars of mass M, > M and radius R,, accounting for
gravitational focusing, is

v

2
b =Ry (|1 + (”) +R, (7)
X

which at Galactic position r gives an encounter rate' of

B! = £,227 0 ({0

_ fr [1075Mg
2 Gyr M

>, R< R, r=rg. (8)

'"Thanks to gravitational slingshot, this rate could be
slightly higher in binary systems [101] such as the sites of some
superbursts. Moreover, as the dark clusters are taken to be
nonrigid, there may, in principle, be tidal effects in their accretion,
but these are negligible for the small dark cluster sizes that are of
interest here [16].

Here f,, p,, and v, are the fraction of dark clusters

making up the DM, the DM density, and DM speed, and
Vese = V2GM, /R, is the escape speed at the stellar
surface. The second line of Eq. (8) is in the limit of small
clumps at the solar position rg = 8.3 kpe, where p =
0.4 GeV/cm® and vQ =300 km/s. I will be primarily
interested in the case of f, = 1.

Through elastic center-of-momentum-frame isotropic
scattering with DM particles of mass m, in the clusters,
the typical rest-frame recoil energy of C or O ions of mass
mr is

Efe > (22 + 2%)ut, /my

~mvle, mr < My, Vese < 1, 9)
where ur, is the ion-y reduced mass and 14z = (1 -
v2)"/? is the blueshift of infalling DM. As a function of
m,, ES. is greatest in the limit m,, > my, where the
maximum kinetic energy deposited into a trigger mass
is simply =~(2z 4 2*)Myig = Myigv3.. This maximum
is achieved when every ion in the trigger volume encoun-
ters a clump particle, i.e., when the clump is optically thick
to an ion,

2
@Zi- (10)
m, M

This condition is valid so long as the reduced cross section
above is smaller than the “ceiling” set by the outer layers,
essentially stopping the clump before it reaches the trigger
volume. I elaborate on this in Sec. IIT A.

In Fig. 1, T comparatively plot two quantities as a
function of white dwarf density: the maximum energy
deposited per trigger mass, 2z + z2, for both WD cores and
NS oceans, and the minimum energy per mass to trigger
runaway, Qgep/Myig = €,T e from Eq. (1). (The former
quantity for NS oceans of course does not depend on the
WD density and is hence depicted by a horizontal line.) On
the top x axis the ticks are WD masses corresponding to the
core densities in the bottom x axis [Eq. (5)]. The curves
labeled a, = 0 correspond to dark clusters, as will become
clear in Sec. III B. One sees that only WDs with masses
21.05M, can be triggered into thermonuclear runaway by
elastic scattering of dark clusters. Superbursts, on the other
hand, can be comfortably triggered by elastic recoils due to
the deeper gravitational potentials of NSs.

I'have used the WD central density to estimate the trigger
mass, which is justified as the WD density reduces by an
O(1) factor in the outermost regions of the WD [102]. This
reduces the effective radius where explosions occur by a
small amount, potentially affecting constraints at the largest
cluster masses (where the encounter rate is low) and
smallest cluster sizes (just above the trigger volume). As
this effect will not be visible over the many orders of
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magnitude of parameters constrained, I will simply adopt
the central WD density for my estimates.

B. Long-range dark nuggets

Now consider macroscopic DM composites X’ that
interact with nucleons by exchanging a real spin-0O state
¢ of mass p,

LD g,pnn+ g,pX X, (11)
inducing an attractive potential

GM,M _  9nYy
eHr, a, = ———.
r Y 4xGm,M

Vyw(r) = —ay (12)

As mentioned in the Introduction, this potential sources
energy that may be used to trigger supernovae and super-
bursts. As seen shortly, this potential also serves to increase
the incident flux of nuggets by augmenting gravitational
focusing. 1 particularly consider the region u~! > R,
where this scenario is interesting. For y~! < R, and
ay <1 my results are comparable to the gravity-only
scenario just seen in Sec. III A.

For nuggets of size < R, the maximum impact param-
eter for stellar intersections is [34]

|

bnug

max — mln(bmax,m, bmax.out)’

Mwp(M,)
(1).8 09 1. 1.1 1.2 1.3 1.35 14
w max Kinetic heating: neutron star ocean
2 03
E o1 i ]
5. eore
80 3x1072 . . 5+ white dwart O
l%n 10-2| maxKineti¢ heating: -10
S
& 3x1073 y= )
Eﬁ 1073 mi ay= 0 (dark clusters ]
[ In eney .
= 4|l Tl T 8y to trj
S 3x10 explosigg - gger _____
107 7 3 3 T A 9
10 3x10 10 3x10 10 3x10
density (g/cm3)
FIG. 1. As a function of white dwarf central density, shown are

the trigger energy per trigger mass ¢, T'ii; (black dot-dashed line),
the maximum recoil energy of nuclei per trigger mass (~vZ.) in
white dwarf cores (green) for recoils induced by dark clusters
(ay = 0) and long-range dark nuggets (@, # 0), and in neutron
star oceans by dark clusters. The WD masses in the top x-axis
ticks correspond to WD central densities in the bottom x-axis.
Kinetic heating by clumpy dark matter is always capable of
triggering superbursts in NSs, but can trigger supernovae only for
WDs above some mass. See Sec. III for further details.

Uese R R Ugsc 12
bmax,in %R*(] +Z)U— 1 +aye_” 1 +aye—ﬂ *T ,

X
w HR V3
bmax.out = 1+ 2 |
M wo vy

Ay

with w = max | log lzil

2 1)/,{
)
”R* Vese

log ary

,2+1log2 |, (13)

where the analytic approximations were estimated in the limit of vf( < v%./2 < 1and y~' > R, .Equation (13) is obtained
from (i) taking the orbit equation in Schwarzschild coordinates [34],

M?*i? = (E= Vs )(E = Vg _),

_ GM,age™
M r

#@

EETATICTTN )

r r

(i1) locating two “centrifugal barriers” r;, in the effective potential from the conditions

Veff.+ (rb) |L:71M17max Uy

Vleff.+ (rb) |L:}’1Mbmax v,

= ]/XM
=0 [local max], (15)

[dr/dz = 0],
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where y, = (1—v2)7"/2, and (iii) setting the solved

r, = R,. The “inner” barrier is gravity driven and the
“outer” is fifth-force driven.

The nugget-star encounter rate is then obtained by
simply making the replacement in Eq. (8),

Dineet = Dieetlpet o pme . (16)
In the setup above, DM nugget transits deposit energy in the
star through tidal excitations of seismic oscillations [34];
however, 1 will assume additional short-range scattering
interactions that dominate energy deposition, i.e., the
“maximal heating” scenario considered in Ref. [34]. As
in the case of dark clusters, the individual constituents y of
the nuggets scatter on the star-bound targets,2 but now at
higher speeds due to acceleration by both gravity and the
fifth force in Eq. (12). For a target state of mass 7y, the
typical rest-frame recoil energy is

= 2

mrm

D 2 . )(_ ~ (22 22)
g+ my +2m,inp(1 + %)

1< m,/inp < (143) (17)

(1+2) < m,/imr,

where

2
1+7= (14z)(1 %aye‘”R*v;m>

2
z1+%§u+a¢ﬂ&y (18)

It can be seen that, for v, < v, <1, Eq. (13) — Eq. (7)
and Eq. (17)— Eq. (9) in the limit @y — 0, 4 — oo. Thus,
for a force range u~' > R,, the kinetic energy of the
incoming nugget at the stellar surface is ~(1 + a,) times
that from a purely gravitational pull. This implies WDs of
mass < 1.05M can be triggered, unlike for dark clusters
as discussed in Sec. III A. T have depicted this in Fig. 1,
where increasing ay is seen to help explode lighter WDs. Of
course, nonzero a, trivially ignites superbursts in NS
oceans. For simplicity, I have assumed here elastic nuclear
scattering, arising, for instance, from nugget constituents
scattering with geometric cross sections (as discussed in
Sec. IV A); however, it is also possible that nuggets trans-
ferring high momenta resolve nucleons or partons. In such

1 expect coherence in scattering over neither the target nucleus
nor the projectile nugget. My parameter space of interest is
ay > 1, where the effects of the fifth force are apparent, and in
this region the momentum transfer g > Ry, Ridg, Where Ry, ~
O(1) fm is the nuclear size and R, is the nugget size required
for successful thermonuclear explosion. See, e.g., Ref. [47].

inelastic scattering, the fraction of nugget kinetic energy
transferred could be as high as y.,« = 0.1 [103].

IV. RESULTS

A. Limits on dark clusters

In Fig. 2, I show limits on the dark cluster size vs mass
from the existence of WDs (region enclosed by green
curves) and the observed frequency of NS superbursts
(red). For WDs, I fix the upper bound on R as R < Ay,
[Eq. (4)] since the trigger condition (1) will be satisfied for
R > Ayig- Smaller clumps, too, would satisfy Eq. (1): as
seen in Fig. 1, for Myp > 1.05M, dark clusters of size Ay,
would raise the temperature of the trigger volume to above
T.it- By comparing the trigger energy and maximum
energy deposit in Fig. 1, one sees that, for the heaviest
WDs, the minimum triggering R is about Ay;,/10'/3, thus
my choice of the upper bound on R is conservative by a
factor of <2. For NSs, I take the upper bound to be

M(g)
1073 102 107 102 10'7

10° I
_ 10 é 10—18A
= 3 Q
< 10! “ =
o z oz

10 o

= WD explosions
10-5 NS& qjé’r‘bursls 10-2

10—35 10730 10—25 10720 10—15
M Mo)

FIG. 2. Dark cluster masses and radii excluded by their
triggering of type-la-like supernovae in carbon-oxygen WDs
and x-ray superbursts in NS carbon oceans. Overlaid are contours
of the minimum reduced cross sections for nuclear scattering on
cluster constituents in order for all nuclei in a trigger mass to
recoil, so that the total energy transferred is guaranteed to cause
explosion (Fig. 1). The regions shaded with green vertical lines
and red horizontal lines rely on a “saturated overburden effect” by
which the pointlike scattering cross sections are high enough to
prevent the deceleration of the dark cluster constituents by the
outer layers of the compact star. These regions likely require cross
sections saturated by unitarity with contributions from higher
partial waves. The maximum dark cluster mass limited by WD
explosions, depending on the null hypothesis, could vary between
the dotted green vertical line, which considers a single WD of
mass 1.41M in the Montreal WD database, and the solid green
vertical line to its right, accounting for the 967 WDs for which
lifetimes are known. Molecular gas cloud heating and cosmic
microwave background distortions, not shown here, limit the
reduced cross section to about o1,/m, < 10727 cm?/GeV. For
the tiny region that is constrained here for M < 10738M, limits
from Ohya and DEAP-3600 detectors may potentially apply for
m, > 10'" GeV. See Secs. IIl A and IV A for further details.
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R > g (¢, e/ (22 + 2%))"/3 [Egs. (1) and (9)], ensuring
sufficient energy deposition to ignite the ocean matter. For
WDs, the smallest R bounded in Fig. 2 is the Ay, that
corresponds to a near-Chandrasekhar limit 1.41M, WD
for M €[10735,107!63]M . The upper end of this range
comes from requiring 2.3 encounters (corresponding to the
90% CL limit) with clumps of the solitary 1.41M 5 WD in
the Montreal white dwarf database (MWDD) [104] for
which the WD age (1.3 Gyr) is available. For higher M, 1
require that the total clump-WD encounters NS-WP = 2.3,
with

cl-WD _ cl
Nenc - E Iﬁmeet.iTWD,i’ (19)
i

where I'?" ., is from Eq. (8), Twp is the WD age, and i runs
over WDs in MWDD for which mass and cooling age
information are available. As M is increased, I'%.,
decreases, and to compensate for this the limiting R
samples over larger WDs (in spite of the smaller gravita-
tional focusing), which corresponds to lighter WDs, in
turn corresponding to smaller WD central densities and
hence larger Ay, [Eq. (4)], resulting in larger upper bounds
on R. The right vertical line at M = 107"2M, is reached
after sampling over 967 WDs; the upper bound on R here
corresponds to triggering WDs of mass 1.05M, the
minimum for which cluster-induced elastic nuclear recoils
can result in WD explosion (Sec. III A). In obtaining these
limits, I set the DM density and velocity dispersion to their
values in the solar neighborhood, an approximation that is
justified since only 19 WDs in the sample lie outside the
local kpc. The null hypothesis inherent in setting these
limits is that no Galactic WD has been destroyed by dark
clusters in the past or, in other words, the MWDD sample is
assumed to be consistent with standard WD population
models. A more conservative limit may be set by consid-
ering a single WD, and this is depicted in Fig. 2 with a
vertical green dotted line along the maximum M con-
strained by the sole 1.41M, WD in the MWDD sample.

For superbursts, the upper bound on R is the Ay,
corresponding to the NS density at the bottom of the C
ocean, 1.2 x 10" g/cm?, which I estimated by first
obtaining crustal column depths by integrating over the
NS crust density profile of PAL model 1 [100] and then by
comparison with the maximum ignition column depth
shown in Fig. 1 of Ref. [32]: 4 x 10"} g/cm?. The right
vertical line is from requiring the total clump-NS encoun-
ters NSNS = 2.3 using an equation analogous to Eq. (19)
with the replacement Twp — freeur, Where f.., is the
timescale, typically O(yr), of recurrence between repeating
superbursts. In Table I, I have listed estimates of ¢,.,, of the
six superburst sources that have recurred at least once, out
of 16 observed in total [31]. In the encounter rate I set the
DM densities at the superburst locations (in Table I) to
those obtained from a Navarro-Frenk-White (NFW) profile

TABLE L

work. Their Galactic position r = \/ 3 + dg — 2rodg cos £ cos b

was obtained using information on the distance to the source dg,, its
longitude #, and latitude b from SIMBAD [107]. The recurrence
times 7, are taken from the references indicated. See Sec. IV for
further details.

Recurring superbursts [31] used to set limits in this

Superburst r (kpc) Trecur (YT)
4U 1820 + 30 12 2.5 [25]
4U 0614 + 091 11.5 4.8 [31]
GX 17+2 2.4 1 [31]

4U 1636 — 536 5.3 1 [106]
Ser X — 1 5 1 [106]
Aql X -1 5 1 [106]

with scale parameters taken from Ref. [105]; I also

set v,(r) = \/3GMypw(r)/2r, the Maxwell-Boltzmann
dispersion speed for a mass Mypw(r) = [§ d*r'p(r)
enclosed within 7. The source 4U 1820-30 resides in the
globular cluster NGC 6624, where the DM densities could
be potentially higher (and dispersion speeds lower); how-
ever, due to the large uncertainties in the dynamics of such
stellar systems [95], I will conservatively take p,(r) in
Eq. (8) to be the Galactic background one. Despite that, this
superburst dominates the encounter rate due to its prox-
imity to the Galactic Center, warranting its exclusive use
by Ref. [25].

The left diagonal lines in Fig. 2 are from requiring that
the fraction of the kinetic energy of the infalling cluster
transferrable to the trigger volume (through either elastic or
inelastic scattering) exceeds the trigger energy,

A\ 3 ~
M <%) > MtringTcrit' (20)

I overlay these plots with contours of constant or,/m,
corresponding to the minimum required for the clumps to
be optically thick to nuclei [Eq. (10)]. There is a lower
bound (ceiling) to or,/m, above which DM scattering
with the outer stellar layers degrades its energy and thwart
explosion in the relevant inner layer. For WDs this
arises from the nondegenerate envelope with thickness
~1073R, and maximum density ~100 g/cm? [108]. For
the corresponding column depth, this limit is or,/m, 2
4 x 10732 cm?/GeV. This value is larger than the ceiling
reported in Ref. [24] by O(10%) and Ref. [25] by O(10'°),
which I discuss in detail in Sec. V. Similarly, for NS crusts,
using the column depth at the carbon ocean bed in
Ref. [32], the limit is o1,/m, 24 x 107 cm?/GeV.
For pointlike scatters these ceilings break down for o7,
above the saturated overburden value, the point at which the
mean free path of DM particles equals the internuclear
distance (overburden number density)~'/3 [109]. That is,
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above some m, the energy degradation from scattering
on a finite number of nuclei in the upper layers is
insufficient to prevent an explosive trigger deeper down;
this is m, 2 10" GeV for both WDs and NSs. This effect is
akin to that seen for simple DM-nucleus scattering poten-
tials that saturate the cross section at the geometric one,
so that for high DM masses the overburden is ineffective
[110,111]. In Fig. 2, I have shown the regions that rely on
the saturated overburden effect using shading with green
vertical (for WD explosions) and red horizontal lines (for
NS superbursts). For this effect to be present, large cross
sections are required, but the scattering itself must be
pointlike, i.e., it cannot proceed through a finite-range
mediator and the cross sections cannot be geometric, as
these would imply scattering with all the targets within the
cross sectional area along the path of the DM particle. Such
a scenario, although not easily conceivable, is nevertheless
achievable for cross sections that saturate unitarity but to
which higher partial waves contribute, as discussed in
Refs. [59,111]. Moreover, as shown in Ref. [112], (non-
Breit-Wigner) resonances that arise generically for attrac-
tive scattering potentials could make per-nuclear cross
sections many orders of magnitude larger than the geo-
metric limit, even for pointlike scattering of DM. Thus, the
parameters in the horizontal and vertical shaded regions of
Fig. 2 are physically possible, but currently not quite
amenable to model building. I remark here that Ref. [25]
estimates the ceiling or,/m, of a tightly bound strongly
interacting DM candidate by treating the drag force it
experiences, which is numerically equal to the ceiling
obtained from the stopping power of pointlike scattering.
Finally, the region 4 x 107" < M/M < 10~'3 (and for
R as high as 10° cm) can be probed in the future by
observing a single 10> K NS or > 100 10* K NSs via the
same kinetic heating mechanism considered here [16].
Dark clusters can be potentially constrained using a
number of complementary searches. For dark cluster
masses below about 10738My ~ 10" GeV, the integrated
flux of dark clusters through terrestrial setups can become
appreciable. Searches for tracks in the Ohya etched plastic

detector constrain o7, to be smaller than about 10~ ¢cm?,

for constituent DM particle masses m, between 10° and
10" GeV [113]. Similarly, the DEAP-3600 experiment
limits o7, < 1072? cm? for m, between 10'® and 10" GeV
[61]. As there is only a very small region satisfying
M < 10738M constrained in the M — R space in Fig. 2,
and as these terrestrial limits are either too high compared
to the minimum o, /m, required for triggering thermonu-
clear explosions or may be avoided by choosing a suitable
range of m,, I do not display them in Fig. 2. Searches for
tracks in ancient mica limit oy, < 107" cm? for 10'? <
(m,/GeV) < 10% [113], which is again either higher than
my minimum required ot,/m, or can be evaded by
choosing m, sufficiently small. The limit from the heating

of molecular gas clouds is o, /m, < 10727 cm?/GeV [114]
and from the distortion of the cosmic microwave back-
ground is o1,/m, < 1072 cm*/GeV [63], implying that
my dark cluster scenario is well safe from them. In the
future, large volume neutrino detectors like SNO+ may
gather enough integrated flux of dark clusters to set
complementary limits [59,60]. Investigations of this
and other scenarios discussed in Sec. V are left to
future work.

B. Limits on long-range dark nuggets

In Fig. 3, I show limits on the effective fifth-force
coupling vs dark nugget mass for four values of the force
range ' For y=' = 107! pc < Ryp, there are no WD
limits; for u=' > 10 pc, the typical inter-WD [115] or inter-
NS distance [116,117], the use of Eq. (13) may not be valid.
I assume for minimality that the dark nuggets are of the size
< Auig required to heat the nuclear material to > Ty as
described in Sec. IV A; these sizes are well within the range
of nugget models in the literature [34,43,46,47]. A la dark
clusters in Sec. IVA, the mass lower bounds at 90% CL
come from requiring a total of 2.3 nugget-star encounters,
where now in Eq. (19) (and its NS equivalent with
Twp — tecur) | USe the encounter rate in Eq. (16). For
WDs I show two cases corresponding to different nugget
sizes: destroyal of all WDs of masses > 0.8M and that of a
single 1.41M, WD. The slopes of these curves steepen
above some a, because the impact parameter in Eq. (13)
transitions from being set by the inner centrifugal barrier to
the outer (Sec. IIIB). Across the four panels, more
parameter space is constrained as y~! is increased because
bmax.oue correspondingly increases [Eq. (13)].

Again as in Sec. III A, the mass upper bounds come from
requiring that the incoming kinetic energy of the nugget ZM
exceeds the trigger energy in Eq. (1). For 0.8M 5 WDs this
occurs for a, > 9.7. Note that the denser the trigger region,
the smaller is the minimum nugget mass required to trigger
it. Note also that as a, — 0 the minimum and maximum
masses in Fig. 3 correspond to those in Fig. 2.

I also show in Fig. 3 the mass limit from gravitational
microlensing surveys, to which the dark nuggets appear as
pointlike lenses as they are far smaller than the Einstein
radius [48,49]. This only applies to f, = I; for f, < 1072
these limits go away, while the lower bound on M weakens
x f, due to fewer nugget-star encounters [Eq. (16)]. Also
shown are limits derived in Ref. [34]: (1) From kinetically
overheating the coldest observed (<4 X 10* K) NS, PSR
J2144-3933 [118], i.e., by requiring ZMT &, < the lumi-
nosity of this NS. The maximum M limitable is obtained by
requiring 1 /T, < 500 yr, the cooling timescale of an NS
of this temperature. More parameter space can be poten-
tially probed by surveying sky regions for excess popula-
tions of NSs that are at even higher temperatures [16].
(2) From destroying PSR J2144-3933 by depositing more
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Long-range dark nugget effective couplings and masses excluded by their triggering of supernovae and superbursts for various

values of the fifth-force range, assuming nugget sizes just big enough to accomplish ignition. Limits from other studies are also shown;
the microlensing limits assume that nuggets comprise all the DM, but would lift rapidly for a DM subcomponent. See Sec. IV B for

further details.

energy via tidal heating than about 10% of its gravitational
binding energy, which occurs for M >3 x 1073 M,
The maximum M limitable now corresponds to
1 /T, = 300 Myr, the age of the NS. (3) From recasting
11-yr NANOGrav pulsar timing data to look for phase
shifts induced by long-range dark nuggets transiting
observational lines of sight. These limits are only in the
bottom panels because smaller x~! exponentially suppress
the new phase shifts in pulse arrival times. They weaken at
small M since the effects of gravity and the fifth force
lessen and also weaken at large M for y~' = 1073 pc as the
typical nugget-pulsar distance increases, which decreases
the new phase shift; for ! = 10 pc the limit on ay
plateaus because here the fifth force effectively rescales
the gravitational constant [Eq. (12)]. For pulsar timing
limits to apply, the nuggets need only be smaller than their
impact parameter (> 10° km), thus they apply for nuggets
larger than those required to trigger thermonuclear explo-
sions and larger than the Einstein radius where micro-
lensing limits go away. (4) From weak equivalence
principle tests measuring the difference in acceleration of
two celestial bodies approaching the Galactic Center,

giving the limit ay(u~'/pc)* $5x10° so long as
(p,/M)? < pu™t < 1.

My limits are seen to complement all of the above in
regions spanning several decades of parameters. In par-
ticular, although my limits have qualitatively similar shapes
to the one from heating PSR J2144-3933 at high masses, I
am able to constrain much higher M with WD explosions.
This is because my mass upper bound is set by the gigayear
timescale of the ages of ~10° WDs, as opposed to the 500-
yr timescale of cooling of a single NS.

V. DISCUSSION

I have set limits on macroscopic dark matter clumps/
composites by their triggering of type-la-like supernovae
and superbursts, requiring that the maximum recoil energy
they can induce via scattering on all target nuclei in a
triggerable volume exceeds the minimum energy needed to
ignite that volume. This is possible when the clump is
optically thick to a stellar nucleus, given that the clump
constituents are not too softened by scattering with the
stellar outer layers, which constitute the overburden here.
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The overburden reduced cross section I find for white
dwarfs, 4 x 10732 cm?/GeV, is 4000 times higher than that
reported in Ref. [24] and about 10 orders higher than
in Ref. [25]. T attempt to explain these discrepancies here.
The ceiling from the overburden may be obtained as
1/(penvLeny)s Where pe,, and L, are the density and
thickness of the WD’s nondegenerate envelope. In Ref. [24]
L,y is taken as 50 km and the relation pg,, ~ 1073 pyp, is
used, with the WD central density taken as 3 x 10% g/cm?
as appropriate for the 1.25M benchmark WD considered
for setting constraints. With these values, one estimates the
ceiling to be about 1073® cm?/GeV. This roughly agrees
with the ceiling in Ref. [24]. Despite the caption of Fig. 6 in
Ref. [24] mentioning “DM-carbon elastic scattering cross
section,” the cross sections displayed in this figure and
Fig. 11 are per-nucleon ones, as stated elsewhere in the text.
Rescaling this per-nucleon ceiling 1073 cm?/GeV by 124,
we get the per-nucleus ceiling reduced cross section as
about 1073 cm?/GeV. The authors of Ref. [24] cite the
textbook in Ref. [119] for their values of p.,, and L.,,. In
page 375 of this text, the WD density at the transition
between the nondegenerate envelope and degenerate core is
quoted as approximately 10° g/cm?, which roughly agrees
with the density derived from the equations on that page for
a 1.25M, WD, which is about 710 g/cm?. This is clearly
more than 5 orders of magnitude smaller than pwp. as
opposed to merely 3. This error may have perhaps arisen
from a statement in page 375 of Ref. [119] to the effect that
the central density of an average WD is 10° g/cm?, which
would have indeed made p.,, = 10° g/cm® equal to
103 pwpe. But as just mentioned, the central density
used in Ref. [24] is 300 times larger. Page 375 of Ref. [119]
also states that L., is “1% or less” of Ryp, and Ref. [24]
perhaps took the upper end of this bound to get
Loy =50 km. In my estimate in Sec. IVA, pg =
100 g/cm® and L., =5 km as appropriate for a
median-mass 1.05M 5 WD, derived from Egs. (5.107),
(5.108), and (5.115) of Ref. [108], also in agreement with
Egs. (4.1.10) and (4.1.13) of Ref. [120]. These values give a
ceiling of 4 x 107% ¢m?/GeV. In summary, it would
appear that in Ref. [24] a combination of taking an
envelope density too high and the use of a thicker envelope
conspire to give a discrepancy with my ceiling estimate by
a factor of O(103-10*). It is harder to trace the discrepancy
between my ceiling estimate and Ref. [25], as p.,, and L.,
are not given. However, in Sec. Il C 1 (“maximum con-
strained reduced cross section”), Ref. [25] states that the
ceiling is at 10716 cm?/g for WDs and 107'2 cm?/g for
NSs. This would imply that the column density of a WD
envelope is 10* larger than that of an NS crust, which
clearly cannot be true as it is well known that NSs (even the
outer layers) are generally much denser than WDs. My best
guess is that Ref. [25] took p.,, and L.,, from Ref. [24],
before making refinements to the ceiling estimate so that it

varies by a few decades as the DM mass is varied. Yet
another way to see that the ceiling estimates of
Refs. [24,25] may be erroneous is to compare them with
the geometric cross section of the WD core for particle
capture. This latter cross section 7R%pmc/Myp is about
1073° cm?. The ceiling from the nondegenerate envelope
quoted by Ref. [24], if one were to extrapolate it to GeV
mass DM, is only 10° times this value, and the one by
Ref. [25] ranges between 10~#? and 107*° cm?/GeV, both
of which are clearly implausible as the column density of
the WD envelope is smaller than that of the WD core by a
factor of more than 10°.

Several directions from here are ripe for inquiry. I had
considered elastic nuclear scatters of dark cluster and
nugget constituents, but alternative possibilities are inelas-
tic scatters—such as baryon absorption of Q-ball DM
treated in Ref. [24]—and scattering on electrons by
leptophilic long-range dark nuggets that deposit explosive
energy. The long-range potential of the dark nuggets need
not be Yukawa, as treated here, but something else, e.g.,
Coulombic. The energy stored in the long-range potential
can also serve, through scattering alone, to heat planets
(which has been done before with DM self-annihilations
[121-129]). On that note, they could also heat NSs colder
than PSR J2144-3933, which may be observable in current
and forthcoming telescopes in the ultraviolet, optical, and
infrared [16,68,130—-139]. Thanks to their higher energies
and fluxes than usually considered, long-range dark nug-
gets near or beyond the Planck mass (~10 pg, contained
in Fig. 3) could be discovered in terrestrial setups,
e.g., astroparticle detectors [47,61,63,109,113,140-145],
ancient minerals [66,146—149], and other interesting sys-
tems [150-154], by exploiting the large energy deposits
and the peaked speed spectrum [155]. See also the very
recent Ref. [156] for the projected reach of gravitational
wave experiments. Dark clusters and long-range dark
nuggets making up a subcomponent of DM (perhaps the
only component with SM-scattering interactions) would
shift my limits suitably while relaxing many others shown
in this work.

In this work, the class of type-I neutron star burst I have
exclusively used (as did Ref. [25]) to set limits on dark
matter is the carbon-burning superburst, but there could
potentially be limits from regular hydrogen/helium-burning
bursts too. However, these limits are expected to be weaker
than those from superbursts as they recur more frequently
(hours to days, as opposed to months to years) while
requiring a large energy deposition [33], both criteria
restricting the range of clump masses that may be con-
strained. A rarer form of type-I burst dubbed “hyperburst,”
with a power about 100 times that of a superburst [157],
may also potentially help place limits on dark clumps.
However, there is only one observation of such an event,
and its physical cause, though thought to be unstable
burning of neutron-rich isotopes of oxygen or neon, is
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even more unclear than superbursts [157]. For these
reasons, I do not set limits on dark matter using this
phenomenon.

I now make some remarks on the thermonuclear aspects
of my work. Recent experimental measurements of carbon
fusion cross sections [158] using the trojan horse method
indicate the presence of resonances potentially enhancing
the reaction rate by a factor of 25 compared to classical
values [159] at temperatures near 0.5 MeV, which was
chosen in this work as the ignition temperature. The
enhancement in fusion would have the effect of reducing
the actual ignition temperature, in turn facilitating accre-
tion-induced collapse of white dwarfs into neutron stars
during binary mergers and thereby reducing the rate of
type-Ia supernovae via the so-called double-degenerate
scenario [160]. As for my work, my constraints would
appear to be conservative as I have chosen an ignition
temperature that may be too high. Similarly, the enhanced
carbon fusion could reduce the critical density (or column
depth) and recurrence times of superbursts by a factor of a
few [161] (which was predicted in Ref. [162] before the
resonances were detected). However, these conclusions
have large theoretical uncertainties associated with them.
For instance, if the fusion rates are determined by a heavy-
ion fusion hindrance model [163] the astrophysical S factor
can decrease in the energy range of interest; the effect of the
hindrance on resonant reactions is unknown, so, in prin-
ciple, the resonant enhancement may go away [160].
Similarly, a recent full microscopic nuclear model in
Ref. [164] (that appeared after the result in Ref. [158]),
describing low-energy resonances using no adjustable
parameter to tune the channel coupling and nuclear
rotation, increases the superburst critical density and
recurrence time to values close to those predicted by
Ref. [159] (see Table 3 of Ref. [161]). It has also been
suggested that, without resonances in the carbon fusion
rate, the NS ocean temperature is too low for ignition at the
observationally inferred ignition column depth. If this were
the case, triggering by dark matter clumps may even
explain superbursts, since the required higher ignition
temperatures can be achieved. All said, given the above
uncertainties, my choices of ignition temperature and
critical density are warranted, but future studies on carbon
fusion resonances may give rise to better-informed choices.

Some peculiar transients have been observed in sub-
Chandrasekhar WDs in the outskirts of galaxies, with
nebular spectra dominated by calcium [165]. These cal-
cium-rich gap transient supernovae may be potentially
explained by DM clump transits through WDs in dwarf
spheroidal galaxies that are expected to be located in the

periphery of their parent DM halos, accounting for the
distribution of these events [166]. Another scenario that can
prompt calcium-rich gap transients is that of DM in the
form of charged massive particles (CHAMPs) that could be
deflected by galactic magnetic fields to trigger these
supernovae preferentially in galactic outer regions [22].

The accumulation in certain sub-Chandrasekhar WDs of
CHAMPs making up DM, which might occur preferen-
tially outside galaxies with magnetic fields that serve to
deflect CHAMPs, could be an explanation of the distribu-
tion of calcium-rich gap transient WD supernovae [37] that
do explode preferentially on the outskirts of galaxies.

Those of us interested in hunting dark matter via
thermonuclear explosions have taken advantage of the
trigger lengths (flame widths) numerically estimated in
Ref. [98] by involving a large nuclear reaction network.
However, as mentioned before, these are only available for
(i) a narrow range of densities, so that authors have had to
rely on extrapolations at lower densities, and (b) two
different (50-50 C+O and 60-30-10 O+Ne+Mg) composi-
tions, so that I had to simply adopt the C-O results for
C-based superbursts. Given the significance of these com-
putations for such fundamental questions as dark matter, I
request experts in the nuclear astrophysics community to
update the 31-yr-old results of Ref. [98]. I also look forward
to expansions in catalogs of white dwarfs and superbursts,
the latter thanks to NICER [167] and AstroSat [168]—or
better yet, to the next Galactic supernova.
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