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Accelerating composite dark matter discovery
with nuclear recoils and the Migdal effect
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Large composite dark matter states source a scalar binding field that, when coupled to Standard Model
nucleons, provides a potential under which nuclei recoil and accelerate to energies capable of ionization,
radiation, and thermonuclear reactions. We show that these dynamics are detectable for nucleon couplings

as small as g, ~ 10~!7 at dark matter experiments, where the greatest sensitivity is attained by considering
the Migdal effect. We also explore type-Ia supernovae and planetary heating as possible means to discover

this type of dark matter.
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I. INTRODUCTION

The existence of dark matter is well established through its
gravitational interactions with visible matter. However, dark
matter’s cosmological formation, mass, and nongravitational
interactions remain unknown. An intriguing possibility is
that dark matter forms bound states in the early universe,
much like nuclei form during big bang nucleosynthesis, in a
scenario often dubbed ‘“‘composite dark matter.”

A simple model of composite dark matter that has been
studied in [1-5] consists of a dark matter fermion (X)
coupled to a real scalar field (¢) that provides an attractive
force that binds the dark fermions together. It was recently
shown by the authors that this dark matter model leads to
interesting new signatures if the same scalar that binds the
composite together has a small Yukawa coupling to
Standard Model (SM) particles [5]. As we review below,
sufficiently massive composites will be in a saturated state;
the binding field inside the saturated composites takes on a
classical value (¢) x my, where my is the mass of the
constituent dark matter fermion, here ranging from GeV—
EeV. For a wide range of couplings, these dark matter
composites will source a large scalar field value, which
implies a large corresponding scalar potential V ~ (¢)
inside the composite. Nuclei and other Standard Model
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particles coupled to ¢ will undergo accelerative processes
at the composite boundary. It follows that the composite’s
Yukawa potential will cause nuclei (or other SM particles)
to scatter, ionize, and undergo other dynamic processes at
the boundary and inside the dark matter (DM) composite.

As shown in [5], the kinetic energy nuclei attain falling into
large DM composites can result in bremsstrahlung radiation
and thermonuclear reactions. In particular, [5] explored how
ionizing radiation can be observed at large neutrino observa-
tories like IceCube and SNO+, as a large composite transits
the detection volume of these experiments. In addition, there
are important astrophysical consequences. For instance, the
transit of these composites through massive white dwarf stars
can ignite a type-la supernova.

This work examines some new detection modes for large
asymmetric composite dark matter states, including new
searches at underground dark matter experiments, detailed
computations for determining composite DM ignition of
type-la supernova, and the extent to which composites heat
the Earth’s interior. The outline of this paper is as follows:
in Sec. II, we discuss the basic properties of composite dark
matter and review its cosmological synthesis. In Sec. III,
we introduce a Yukawa coupling to nucleons and show how
this implies accelerative interactions near the composite
boundary. In Sec. IV, we identify acceleration-based
nuclear recoil signatures at underground dark matter search
experiments, including atomic ionization through the
Migdal effect. Section IV also investigates astrophysical
signatures of nuclei accelerated by composite DM, includ-
ing Earth heating and white dwarf explosions. In contrast to
processes which accelerate nuclei in the presence of the
DM composite’s potential, Sec. V considers to what extent
nuclei may scatter directly with individual constituents
inside the DM composite. A detailed analysis shows that
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for most of the DM composite parameter space we consider,
constituent scattering is negligible due to the highly degen-
erate composite interior. We conclude in Sec. VL.

II. ASYMMETRIC COMPOSITE DARK MATTER

Many details of asymmetric composite dark matter have
been discussed in prior work e.g., [1-8]. Here we will focus
on a model consisting of a Dirac fermion X, corresponding
to the dark matter field, and a real scalar ¢, which mediates
attractive self-interactions. The Lagrangian for this dark
matter sector is

_ _ 1 1
‘CD = X(l]/”aﬂ — mx)X + gXquX +§m§5¢2 + Eaﬂqﬁa"d),
(1)

where the bound states we are interested in are composed of
X (and not X) particles, i.e., the dark matter is asymmetric
[9,10]. An attractive interaction is a necessary ingredient to
form bound states in the early universe, as we discuss
shortly. Note that while we restrict our attention to the
Lagrangian above for simplicity, much of the work we will
do could be easily extended to the case that there is an
additional repulsive vector coupling between X, or even
pseudoscalar and pseudovector interactions. Such inter-
actions would tend to alter the formation and structure of
the dark matter composites; see e.g., [8]. In what follows
we shall also assume a zero temperature limit for our
composites, but point out that the results outlined here can
be generalized to a finite temperature using appropriate
thermal distribution functions; see e.g., [11].

The synthesis and physical properties of bound states
with a low number of particles pose a complex physical
problem. However, when the number of constituents is
large we can apply relativistic mean-field theory [4], and
approximate the binding field by a classical uniform value
¢ (x) = (¢). In this limit, simple scaling relations in terms
of the constituent number Ny are recovered. The scalar
field value inside the composite is determined by minimiz-
ing the energy density,

1 PF
_ 2 2 20,2 2\1/2
e =5 mgle) +;/0 dpp*(p* +m?)'2. (2)

In this expression, m, = my — gx(¢) is the fermion effec-
tive mass inside the composite, which accounts for the X
self-interactions. The upper integration limit is the Fermi
momentum p, which implicitly depends on the scalar field
expectation value in the composite, (¢), via the chemical
potential y = (p% + m?2)'/2. In order to determine (¢) by
minimizing Eq. (2), the chemical potential must in turn
be related to the energy density via u = &/ny, where
ny = p3/3n* is the constituent number density. This is
equivalent to requiring a vanishing pressure, since
p=—(0E/OV)y = pe—nx. In the limit m, < pp,

simple scaling relations for the effective mass and chemical
potential are recovered,

9x

p= pp = (62%)/? <%>1/2 <&>1/2. (4)

gx gx

m, = (672)1/2 <ﬂ> (3)

It can be seen from the above expressions that u~
pr > m,, and so the constituents are effectively relativistic
while in the bound state. This will be especially relevant for
computing nucleus-X scattering; see Sec. V B. The binding
energy per constituent is set by the difference my — pu, and
related to the total composite mass via

MX:NXmX—NX(mX—ﬂ) = Nxu. (5)

Using a standard “liquid drop” model, the total
composite mass is made up of a bulk and surface con-
tribution My = Nymy + Ni/ 3esurf, where my is the
amount of composite mass per constituent, which accounts
for their binding energy, and e, is a coefficient associated
with the decrease of interactions near the composite
boundary. This relation implies that the chemical potential
scales as y=rmy + N}1/3esurf ~7ny in the limit of large N.
Thus, from here onward we will take the composite mass as
My ~ Nymy, and because the constituents are relativistic,
the mass they contribute to the composite is simply my ~ 4,
which for relativistic constituents will be their Fermi
momentum, iy~ (6x>mymy)'/?/gy as given by Eq. (4).
The composite radius is consequently

ke (97rNX> ” ”

3
4y

where the scaling indicates that the composite volume is
proportional to the composite mass. Therefore, the addition
of an extra particle simply enlarges the composite so that
the number density remains constant. This saturation
number density is

Composites with a number density exceeding the above
expression will be well described by the mass and radius
relations given above. Of course it is often preferable to
quantify the minimum number of dark matter constituents
which render the above approximations to be accurate. As
discussed extensively in [4], the saturation regime can be
defined as the limit where the composite length scale Ry
becomes comparable to the mediator range mqjl, implying

that a composite state must contain a minimum
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_(mx\? ofax i my\2[ my \2
Ny = (m¢) =10 (0.3) (TeV) (MeV) ®
of dark matter constituents for it to be saturated. Shortly we
will see that by the time that the cosmological synthesis of
these composites ceases, the typical particle numbers Ny
are well above this saturation threshold.

The cosmological formation of large asymmetric
composite states has been explored in previous works
[2,3,5,6]. In the case of the composite dark sector indicated
by Eq. (1), composite synthesis occurs in the early universe
when the dissociation of two-body bound states by ¢
scattering becomes inefficient as the universe cools.
Formation of two-body bound states will occur provided
that [2]

aﬁmx < my )

and

2 1

my 5 ¢ \s
20.3 , 10
M~ <107 GeV> <1o-6> (10)

with ay = g%/4n. The parameter { < 1 is a dilution factor
that ensures the observed dark matter relic abundance is
attained at the end of synthesis. We specify its origin a few
lines below. Once two-body bound states are formed,
synthesis of larger composites proceeds via inelastic fusion
processes, with cooling of the final composite usually
occurring via ¢ emission. In the strong binding regime
my <K my, the composites will build up in size via dark
fusion reactions of the form MxX + VNxX — 2NxX + ¢, until
their rate drops below the expansion rate of the universe.
For masses >TeV, this results in an overabundance of dark
matter. However, the correct relic abundance can be
recovered assuming the excess is subsequently depleted
by the decay of a metastable field [12], as was recently
shown in [5]. Such a late-time relic density depletion via
decaying fields is present in many models of high-scale
baryogenesis [13,14]. The amount of asymmetric dark
matter (and baryons) that are depleted is given by Q5 =
Qy ¢, where § = g5/ Shefore 15 the entropy ratio before and
after the field decays. Conversely, the abundance of dark
matter constituent particles X after freeze-out is in excess
of the standard value by a factor of ¢!, leading to the
formation of large composite states. The number of dark
matter of particles contained in a composite formed by this
process is [5]

v (2OVEET T M\
¢ _7/2
my ¢

* 3 9 21 —6\ &
~ 1077 Yea \? T.. $/5GeV\5 (10705 (11)
102 10° GeV my 4 ’

where T, ~ 0.8 eV is the temperature of matter-radiation
equality, T, ~ my/10 is the X freeze-out temperature, g%,
is the number of relativistic field degrees of freedom at
freeze-out, and M Pl is the reduced Planck mass. From this
we see the regime in which consistent cosmological
formation can be obtained for dark fermion masses up
to and even exceeding 1010 GeV. The resulting number of
dark matter particles contained per composite is well above
the saturation threshold, Eq. (8), and leads to composite
masses approximately ranging over 10'%—10% GeV,
where even larger masses may be obtained for a smaller
dilution parameter {. Thus, the binding field in the
composite interior is (¢) « my, and potentially results in
highly energetic signatures, as explored in [5]. However, as
we will see in the following sections, even if the composites
are comparatively less massive and (¢) is correspondingly
smaller (i.e., for { = 1), even a small coupling between ¢
and Standard Model nucleons can result in detectable
nuclear scattering and ionization processes at underground
dark matter experiments.

III. NUCLEAR COUPLING AND ACCELERATION

So far we have discussed the properties of saturated
composite states without assuming any coupling of this
dark sector to Standard Model particles. We now introduce
a coupling between the binding field ¢» and SM nucleons by
adding a Yukawa interaction,

'Cn = gnﬁd)n’ (12)

to Eq. (1), where g, is the Yukawa coupling between ¢ and
Standard Model nucleons. Note that g, can be either
positive or negative, resulting in either a repulsive or
attractive Yukawa potential for nucleons sourced by the
DM composite. The binding field ¢(x) =~ (¢) is classical
and effectively uniform inside a large composite, and its
value is well approximated by

() =X

r < Ry, 13
0 X (13)

so long as m, < pp; cf. Eq. (3). On the other hand, because
of boundary conditions, the field must rapidly decay
outside the composite state according to

#) = @emm (B e re (4
Nuclei coupled to this field ¢ will then have an effective
mass smaller or larger than their vacuum mass in the
composite interior, for an attractive and repulsive potential,
respectively. Energy conservation imposes that their
momenta must change as they enter the boundary of the
composite state (and similarly as they exit) according to

pr+m3, = p*+ (my — (9))*, (15)
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where p and p’ are the momenta of a nucleus before and
after entering the composite, respectively, my = Am,, is the
nuclear mass, and we have defined (@) = Ag, (¢). We note
again that the above implies a decrease or increase in the
mass of the nucleus, depending on the sign of g,.

Before continuing, for the sake of clarity we summarize
four interaction regimes for large DM composites with a
Yukawa coupling to nuclei.

(1) {p) Smy and g, > 0. In this case there will be
energetic interactions between nuclei accelerated
into the composite interior. We have recently studied
signatures of the resulting bremsstrahlung and fu-
sion processes in [5].

(2) {p) < my and either g, > 0 or g, < 0. Low-energy
attractive or repulsive interactions will result in a soft
nuclear recoil at the boundary of the composite,
yielding scintillation and Migdal ionization at under-
ground experiments as we show for the first time in
this work. Quite recently, repulsive DM composites
were also studied in the context of mineralogical
detection [15].

(3) (@) > my and either g, > 0 or g, < 0. For a large
enough (and hence relativistic) attractive or repulsive
composite potential, the DM composite boundary
will form a repulsive barrier for incoming nuclei [16],
as discussed in [5]. Most of the nuclear recoil work
presented here will generalize easily to this case.

(4) In addition to interactions between the dark matter
composite’s scalar potential (¢) and nuclei, we also

nuclear interactions with DM composite internal potential

consider nucleus-X (that is nucleus-constituent)
scattering interactions. These can occur as scattering
interactions between nuclei and single-DM constitu-
ents, or take the form of collective excitations of
multiple composite constituents. As detailed in
Sec. V (see also the Appendix B), these interactions
are highly suppressed relative to interactions with
the composite potential, since X constituent particles
in saturated composites are highly degenerate.

Figure 1 shows a schematic of the different recoil and
high-energy processes that arise from a Yukawa coupling
between the binding field for composites (¢) and SM
nucleons. In what follows we will focus on the case that g,
is positive and the potential is attractive. For the low-energy
scattering processes we will study in Sec. IVA, the
generalization to g, negative is straightforward, since the
nuclear recoil spectrum implied for an attractive and
repulsive potential are the same.

To quantify the kinetic energy change of nuclei at
the boundary of the composite, we first note that the
field () couples directly to the nuclear mass since it is a
Lorentz scalar. When () < my, we neglect the ~O({¢)?)
term and obtain the kinetic energy change in the non-
relativistic limit,

2 2
AE ~ <2p——2p—> 2Agn<&>. (16)
my my gx

scattering with constituents

|>—A
[

(9) Smy, g,>0 (p) < my

FIG. 1.

[
|~

Different interactions are shown between a large DM composite and nuclei, for nucleons that have a Yukawa coupling g, to the

scalar field ¢ that binds the composite constituents X together. For the first three processes, the size of the Yukawa potential for nuclei
inside the DM composite, (@) = Ag, (¢), as compared to the nuclear mass my, determines the characteristics of nuclear interactions
with the composite’s scalar potential. The sign of the Yukawa coupling g,, determines whether the potential is attractive or repulsive. 1.
The first panel shows that for a sizable, attractive, but nonrelativistic Yukawa potential, nuclei emit bremmstrahlung radiation and may
fuse in the composite interior, as studied in [5]. 2. The second panel shows that for a small composite potential (¢) < my, nuclei will
recoil at the boundary of the composite, either accelerating or decelerating, depending on whether the potential is attractive or repulsive.
Note that in the case of a repulsive Yukawa potential, the extent to which the nucleus enters the composite will depend on its initial
kinetic energy as compared to (¢). 3. The third panel shows that for a relativistic internal potential, there will be a large potential barrier
that reflects nuclei [5,16]. 4. The fourth panel depicts nuclear scattering with DM constituents X. As detailed in Sec. V B, this sort of
scattering interaction will be very suppressed since the X particles in the composite are highly degenerate.
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In this limit, the kinetic energies of nuclei can lead to
nuclear fusion and bremsstrahlung we investigated in [5].
Equation (16) above illustrates the central result: the energy
difference per SM nucleon is given by g,my/gx for large
composites, where the constituent mass my can span several
orders of magnitude in straightforward cosmologies, ranging
from sub-GeV up to EeV. Such heavy constituents are
accommodated in a cosmology that includes a stage of relic
abundance dilution [5]; cf. Eq. (11). Therefore, even for tiny
coupling values, nuclei can gain or lose substantial kinetic
energy as they cross the composite boundary. In addition, the
composite states considered have large sizes compared to the
atomic separation at densities p, = 1 gem™, and so they
collect a large number of nuclei in their interior. Thus,
composites with this simple renormalizable coupling to SM
nucleons act as microscopic nuclear accelerators as they
traverse matter.

A number of processes can occur between nuclei and
DM composites, depending on the Yukawa coupling g,,, as
this quantity determines the dynamics of SM matter as it
crosses the composite interior. For nuclear kinetic energy
shifts AE < 100 eV, a small fraction of the entering atoms
will be ionized via collisional processes and the Migdal
effect [17,18], leading to the emission of electromagnetic
radiation. In Sec. IVA, we demonstrate that the Migdal
effect alone permits liquid noble element experiments like
XENON-IT to probe nucleon-scalar Yukawa couplings well
below existing constraints based on stellar cooling argu-
ments. For AE 2 100 eV, low-Z atomic nuclei will be fully
ionized, leading to substantial thermal bremsstrahlung, as
explored in [5]. There, it was shown that this radiation
induced during nuclear transit through the composite leads
to a massive energy release detectable by neutrino observa-
tories like IceCube and SNO+, for composite dark matter in
the mass range 10>! GeV < M, < 10%° GeV. At temper-
atures 7 = 100 keV — 1 MeV, thermonuclear reactions
may proceed; however, the specific reactions and their
rate will depend on the composition, density and temper-
ature of the given medium. Reference [5] previously
showed that the heat deposition is adequate to trigger a
thermonuclear runaway in white dwarfs. In Sec. IV B, we
expand our discussion of type-la supernova ignition, and
go on to explore implications for planetary heating in
Sec. IV C. At much higher energies, the nonrelativistic
approximation made here breaks down. This can be seen
from Eq. (15): if (@) Z my, then necessarily p’ < p,
implying that this potential eventually becomes repulsive
in this limit [16]. We have left a detailed treatment of this
case to future work—however, we would point out that
there are bounds on such high values of (¢), because of
stellar cooling limits considerations, which at present limit
the coupling to values g, < 107'1°-107!2 over the mediator
mass range my ~ eV — GeV.

To conclude this section, we discuss the timescale over
which nuclei are accelerated when entering the composite’s

Yukawa potential. As we show below, this timescale is
short compared to the timescale over which the nucleus
crosses the DM composite, since the composite radii
considered here are much larger than the binding force
range, and so nuclei are accelerated over a short distance to
substantial energies. First, we consider the dynamical
expression for the acceleration time

m 1/2 Ry
Taccel — <7N> / (8 + (p(r))_l/zdr,

(o]

(17)

where ¢ denotes the energy of the nucleus in the composite
rest frame and ¢@(r) = Ag,¢p(r), with ¢(r) given by
Eq. (14). The initial energy ¢ can be expressed in terms
of the energy in the laboratory frame ¢, via &=
€ + P - Vx + myv%/2, with vy being the velocity of the
composite in such frame. For the phenomenology consid-
ered in this work, &y < myv%/2 and the initial (precom-
posite crossing) energy of nuclei in the composite rest
frame is well approximated by & ~ myv%/2. Because the
field gradient decays exponentially outside the composite
volume, nuclei accelerate over a short distance near the
composite surface. In terms of the dimensionless variable
x = r/Ry, this length scale is y ~ (m,Rx)™". The accel-
eration timescale is then

my\ 1/2
Taccel = RX (2_8)

1 —myRy(y—1)\ —1/2
T
1+(myRx)™! 3 X

which can be solved numerically. However, for the large
composite masses we consider, it is always the case
that (Rymy)~™" < 1. Therefore, we can estimate the time-
scale above by approximating y ~ 1 and dy ~ (m,Rx)™",
yielding

1 1 1/2
Taccel = m(ﬁ U%{ ¥ szv

m -1/ -1
:6.5x10‘19s<M—:;/> (WZ) . (19)

where vy = (2(p)/my)"/? is the final nuclear velocity in

the composite rest frame. In the rightmost expression, we
show the scaling when vy < vy, which is the case for all
phenomena considered in this work.' Having now derived

'We note that in the opposite limit vy < vy a finite accel-
eration timescale is also recovered.

_ 2 @ -1/2
Taccel = m(/;l (Q>

my

~1 (1) (i) (i)™ @
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the acceleration timescale for nuclei entering the DM
composite, we turn to associated signatures.

IV. NUCLEAR ACCELERATION SIGNATURES
OF COMPOSITE DM

Standard Model particles accelerated across the boun-
dary of dark matter composites provide new means for dark
matter detection. These include nuclei recoiling across the
composite boundary at underground experiments, and the
associated Migdal effect, along with astrophysical signa-
tures of composites heating planets and igniting white
dwarfs. In this section we detail the detection of accel-
erating dark matter composites using underground dark
matter search experiments, along with white dwarf and
terrestrial observations.

A. Direct searches via nuclear recoil and the
Migdal effect at low energies

Composite dark matter crossing the volume of direct
detection experiments can accelerate atomic nuclei over
a short timescale, thereby ionizing and exciting atoms
with the sudden nuclear recoil induced by the DM
composite’s potential. We first turn to the ionization of
atoms at the DM composite boundary. The nonadiabatic
response of electrons to an impulsive nuclear motion is
called the Migdal effect [17,18]. In essence, the Migdal
formalism relies on a sufficiently rapid change in
nuclear momentum, so that the perturbed electron wave
functions can be modeled by applying a straightforward
momentum boost. Therefore, to apply the Migdal
formalism to large DM composites we will require that
the nuclear recoil interaction time is short compared to
both the electron orbital period 7,- ~ (10 eV)~! ~6.5 x
10" s and the ratio R,/vy, where R, is the atomic
radius and vy is the final nuclear velocity. Before the
interaction the atomic nucleus can be assumed sta-
tionary, and the electron cloud is characterized by its
ground-state wave function |y). After the interaction has
occurred, the nucleus moves with speed vy. In the rest
frame of the recoiling nucleus, if the interaction
occurred fast enough, the electrons initially have the
same coordinates as when the nucleus was stationary,
but their momenta are boosted by ¢g = m,vy. The
perturbed electron cloud wave function is subsequently
expressed as |y') ~exp(—i).,q-r,)|w), where r, are
the position operators of the electrons in this new rest
frame, with @ =1, ..., Z. This yields a finite transition
amplitude to excited and free states, even for the
electrons occupying inner orbitals.

In practice, noble elements used in direct dark matter
searches have large atomic radii of order R, ~ 1078 c¢m, so
R,/vy > 1,-. Comparing then the electron orbital period
to Eq. (19), we see that the acceleration occurs fast enough
for this approximation to be valid, so long as the composite

is moving sufficiently fast or the potential is sufficiently
short ranged. In this section we will find that Migdal
electrons produced by the composite transit yield excellent
detection prospects for liquid noble element experiments
like XENON-IT.

There have been several proposals for dark matter
searches using the Migdal effect [19-31], especially in
the sub-GeV mass range. As a proof-of-concept for DM
composite detection, we will focus here on XENON-1T and
its first dark matter search [32]. As we show below, the
extremely low electron background of this experiment,
combined with the high mass number of xenon, allows for a
sensitivity to dark matter composite-nucleon couplings
well below existing constraints. Detection prospects using
the Migdal effect have been conducted previously in [24].
Here, because of the nature of the Migdal effect as applied
to DM composites, the recoil energy spectrum will be
different because all atomic nuclei are accelerated to
approximately the same kinetic energy along the compo-
site’s path.

For a large DM composite, the Migdal ionization differ-
ential event rate per unit of exposure is set by

dR d
= A / S pgwydv (21
dER mNMX 1)>11§(m'") dER

is the dark matter velocity distribution in the laboratory
frame. In our analysis we assume a local dark matter
density py ~ 0.4 GeV cm™ [32] and use a flux-normalized
velocity distribution outlined in [33],

) = N 02 = enp( T )@l = )0 (v, ~ ).

0
(22)

where v =|v|, v, ~11.2 kms™! is the Earth’s escape
velocity, v,, ~ 528 km s~! is the galactic escape velocity,

and v,~220 kms~! is the velocity dispersion [34,35]. The

variable 7%= v?

— Vg + 0} +20,01/ 07 —vicosg accounts
for the relative velocity between the solar system with
respect to the galactic frame, with v, ~ 230 km s~! and ¢
being the angle between such relative velocity and the dark
matter vector. The constant N~! is a normalization factor
that enforces [5° [F f(v)dvd(cos @) = 1. The distribution
g(v) in Eq. (22) is then given by the integration over ¢ of
Eq. (23), ie., g(v) = [F f(v)d(cos ).

We express the differential cross section per unit of
nuclear recoil energy as the geometric cross section of the
composite, multiplied by a delta function enforcing the fact
that all nuclei along the composite path will be accelerated
to the same energy
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do
aE = 27R%5(ER

- Ep). (23)
where E% = Ag,my/gx (A ~130) denotes the kinetic
energy to which nuclei are accelerated as they cross
the composite boundary; cf. Eq. (16). Note that there is a
factor of 2 in this expression that accounts for nuclei
accelerating both as they approach and exit the composite
boundary.

The minimum integration speed in Eq. (22), unlike other
analyses, is now set by the minimum kinetic energy that
the composite must have to penetrate the experiment’s
overburden, and still reach the detection volume with a
sufficient speed for the Migdal approximation to remain
valid. Depending on the coupling and mediator mass,
radiation or conduction losses will dominate the stopping
power. For couplings sufficiently high so that temperatures
T Z 100 eV are reached in the composite interior, matter
will be completely ionized but optically thin to photons,
resulting in an energy loss in the form of thermal brems-
strahlung [5]. At lower couplings, heat conduction losses
will dominate, which we estimate by taking a crust thermal
conductivity ~1 Wm™'K~!~107 GeVs~! [36] and apply-
ing Fourier’s law with a thermal gradient VT ~ T'm,. Both
of these energy loss channels imply that composites must

have a minimum velocity of order vgleat) > 10~4-1073, and
so an ~O(1) fraction of the flux will have enough kinetic
energy to penetrate the overburden. On the other hand, for
the Migdal approach to be valid, we require the acceleration
timescale 7,.., given by Eq. (17), to be short enough
compared to the electron orbital period, of order
7, ~ 10717 5. Thus, setting 7,..q = 7.~ in Eq. (17), we
obtain the minimum speed

- 1 MeV
vg( g)zzIO‘S( © >, (24)
mqﬂ'e— m¢

where we have neglected vy in Eq. (17) compared to
(m¢re—)‘1, which is the case for the entire parameter space
considered here.

The differential ionization rate will be given by Eq. (22),
multiplied by the probability of electron emission from a
given energy level [24]

dRion :d—RX denl—ﬂf
dEgdE, ~ dEx  \2n47 dE,

q). (25)

in the above equation, E, is the final kinetic energy of
d dpui-k, |
dE,

the ionized electron an o 1s the differential prob-

ability, for a given momentum change g = m,vy =
(2m2EY/my)!/?, for an electron initially at a level (n,[)
to be ionized with a final kinetic energy E,. This set of
probabilities was numerically computed for xenon atoms in

[23]; we use the results of that study to evaluate the integral
in Eq. (26) (Table II of [23]). The total energy deposition is
given by E,,, = E,; + E,, where E,; is the initial binding
energy of the electron. We remark that while E, is typically
~QO(eV), the ionization energies E,; are ~O(keV), and
therefore dominant.

Due to the very narrow nuclear recoil spectrum,
cf. Eq. (24), integration over the nuclear recoil energy
can be performed analytically. We can also integrate over
the electronic energies and obtain

4nRyny

2
. X </ﬁ>y(mm) vg(v)dv>

d =
< /dEe ) LIk ) (26)
n,l dE q

We have explicitly included here XENON-1T’s detection
efficiency for a given electromagnetic energy deposition
e(E,,,) [24]. For XENON-1T’s first run, a total exposure of
98 kg yr was achieved [37]. Furthermore, the integral in the
above equation yields a factor of g2, allowing us to express
the total number of Migdal electron events at XENON-IT in
terms of composite parameters; cf. Eqs. (6) and (16),

2 4 1

m -5 m S0g, oy \ 10

N.. ~108 X ¢ e
(103 Gev> (10—3 GeV 1019/ \03

(27)

Rion =

It is also relevant to compute the average number of
electronic recoils produced by a single composite transiting
the detection volume. This is given by the ionization
probabilities, the detection efficiency, and the flux of xenon
atoms through the composite,

Nlransit = (2”R§( nXeLdet)

( Z/dE e(E em)dp”HE q)

s (B () ) () o

In the above expression, Ly, ~ 100 cm is the length scale
of XENON-IT’s detection volume, ny, ~ 10?> cm™ is the
number density of targets, and we assume the composite is
moving fast enough for the Migdal approximation to be
valid. Equation (28) demonstrates that even for tiny
couplings, a composite crossing XENON-1T’s volume could
be observed from the large ionization track it creates.
Finally, we must consider the maximum composite mass
that can be probed by XENON-1T given the total dark matter
flux passing through the experiment. An accurate modeling
of the experiment’s geometry is out of the scope of this
work (see, e.g., [38—42]); however, as a first estimate we
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FIG. 2. Constraints on the DM-nucleon coupling from XENON-1T’s first dark matter search (SRO) [37] as a function of composite mass
(red), for a fixed dark coupling @y = 0.3, and binding mediator (/m;) masses as specified. The upper horizontal scale indicates the
corresponding constituent mass. Note that these results assume no dilution during cosmological synthesis [i.e., { =1 in Eq. (11)].
Constraints are drawn from the expected number of Migdal electrons from composites in 98 kg yr of exposure, Eq. (28), compared to the
few electronic recoil events observed. Bounds terminate at high My due to the composites being so strongly bound that Ry < 10~ nm;
we conservatively require Ry > 10~ nm so that each transiting composite intercepts a few xenon nuclei. At small My, the strong
binding condition is not met. The line “SRO flux limit” indicates the maximum mass reach of XENON-1T’s first dark matter search. Above
the upper line, a single composite will produce multiple Migdal electrons, requiring a new analysis of XENON-1T data. The dashed blue
line shows where each composite produces multiple ~keV nuclear recoils, constrained by DAMA [43], analysis of DEAP-3600 data [44]
and Ohya quarry / Skylab [41] (blue). We also show stellar cooling bounds on light scalar fields coupled to nucleons [45,46] (gray).

use the flux through a spherical detector with a radius of
order Ry, ~ 50 cm, yielding @y ~27R3, (vx)(px/Mx)=~
10~* s71 (M /10" GeV)~!. The maximum mass to which
the experiment is sensitive is then estimated by requiring
Oyt ~ 1, where t is the running time. XENON-1T’s first dark
matter search had a total of 34.2 live days [37], resulting in

a mass limit of M ~2 x 10'7 GeV.

Figure 2 shows the constraints on the dark matter-
nucleon coupling g, based on XENON-1T’s first dark matter
search results, for composites with different mediator
masses that were synthesized in the early universe without
a dilution stage; cf. Eq. (11) with { = 1. A composite

synthesis including a dilution stage { < 1 results in much
heavier composites, limiting their detection prospects at
traditional dark matter experiments due to the flux limit set
by their running time and size (however, large neutrino
observatories can still play a role in their detection; see [5]).
The bounds in Fig. 2 are derived from the observation of
O(1) electron recoil events during XENON-1T’s first run.
The composite mass range is limited either by the strong
binding condition, my < my, or the minimum composite
radius considered here. The upper bound of the constraints
is set by Eq. (29). For larger couplings, a single composite
would create an ionization track while transiting the

023012-8



ACCELERATING COMPOSITE DARK MATTER DISCOVERY WITH ...

PHYS. REV. D 105, 023012 (2022)

detection volume. While clearly detectable, such a signal
requires a dedicated analysis of XENON-IT’s data, which is
out of the scope of this work.

For comparison, we have also indicated the parameter
space region where observable ~keV nuclear recoils
proceed. Within this region, we display existing constraints
from DAMA [43], a recent analysis of multiscatter signatures
of superheavy dark matter at the DEAP-3600 experiment [44],
and the Ohya quarry [41,47], which are obtained by
identifying the geometric cross section of the composite
with a cross section for scattering with nuclei. Specifically,
we use Eq. (6) with Eq. (11) and the definition of my in the
saturated regime to obtain the geometric cross section for
the composites, which is directly constrained by geometric
composite nuclear scattering as detailed in [41]. We note
that there is a nontrivial relationship between the radius
of the assembled composite and my; the scaling follows
Ry m;f/ ’, meaning more massive composites with more
massive constituents will be smaller in size. For this work,
we have terminated the bounds at a cutoff radius
Ry ~10~* nm, to ensure that each composite encounters
at least one xenon nucleus during its transit through XENON-
1T’s detection volume. Smaller composite geometric cross
sections can in principle be considered, but we have left a
detailed treatment of this regime for future investigation.
Additional bounds using nuclear scattering should be
obtainable with new multiscatter analyses at experiments
like XENON-1T [38-40,48], as were recently obtained by
DEAP-3600 [44]. We also show existing stellar cooling
constraints on the coupling [45,46]. Overall, these plots
demonstrate that couplings well below existing experimen-
tal or stellar cooling constraints can be probed for large
composite states by accounting for the Migdal effect. We
also remark that for the regions we have constrained, the
bounds are equally valid for a repulsive interaction between
nuclei and the composite state, since the Migdal effect is
independent of the direction of the momentum change.

Finally, we comment on other existing constraints on
nucleon couplings to light scalars from cosmological and
experimental origin. As discussed extensively in [46], the
light scalar ¢ may contribute to the number of relativistic
degrees of freedom at Big Bang Nucleosynthesis (BBN).
However, for couplings g, < 107, its resulting contribu-
tion is not in tension with limits on ANBEN measured from
primordial H and D abundances, as well as similar limits
from cosmic microwave background data and large-scale
structure. In addition, one might consider whether the
composite states themselves alter cosmological predictions
like BBN; however cosmological observables appear to be
unaltered by these composites, primarily because of their
low number density [5]. There are also constraints on g,
from accelerators. At present, rare B and K meson decays
place limits of order g, <107® [46], which are less
restrictive than the stellar cooling constraints we
account for.

B. White dwarf explosions and type-Ia supernovae

Recent studies [49,50] indicate that a sizable number of
type-Ia supernovae explode from sub-Chandrasekhar mass
white dwarfs. However, the actual mechanism by which
they proceed from such progenitors is not completely
understood. Among the possible ignition scenarios, one
can find matter accretion from a neighboring star [51-53],
binary mergers [54,55] or helium shell ignition [56]. All of
these processes require binary companions, whereas astro-
nomical evidence indicates that a significant fraction of
these events occur in single white dwarf systems [57,58].
In this context, there have been several proposals for dark
sectors capable of igniting a thermonuclear runaway in
single sub-Chansdrasekhar white dwarfs as possible sol-
utions to this problem. These include accumulation and
collapse of asymmetric dark matter cores that transfer their
gravitational energy via dark matter-nucleus scattering
[59-61], evaporation to Hawking radiation of black holes
formed from the collapsed dark matter cores [60,61], heavy
dark matter annihilation or decay to Standard Model
particles [62], pycnonuclear reactions enhanced by charged
massive particles [63], and the transit of primordial black
holes [64,65] (see also [66-76] for related work on dark
matter in white dwarf stars).

Recently in Ref. [5] we identified how large DM
composites could spark the ignition of white dwarfs explo-
sions, and indicated relevant DM composite parameter
space. In this section we provide a more detailed exposition,
and examine how saturated composites produce enough
localized heating via exothermic fusion reactions occurring
in the DM composite interior, to initiate a thermonuclear
runaway at the center of a carbon-oxygen (C/O) white dwarf.
For white dwarf ignition conditions, we follow the numerical
results from [77], where different critical temperatures
and trigger masses were numerically computed for a set
of compositions. A critical temperature T,.~ 100 K ~
1 MeV is typically sufficient to satisfy ignition for any
composition and trigger mass. Therefore, for ignition the
composite potential must be (@) = Ag, (myx/gx) = 1 MeV,
as this quantity determines the kinetic energy of nuclei
inside the composite. The carbon and oxygen nuclei
heated to the critical temperature inside the composite
state will fuse in (mostly) exothermic reactions. For a
runaway fusion reaction to occur, the heat released must
overcome the rate at which it is dissipated by the white
dwarf material. As we will show below, this condition
imposes a minimum composite size in order to have a
sufficiently large number of reactions proceeding in the
composite interior.

We first comment on the kinetic state of nuclei in the
white dwarf, in relation to the transiting composites.
Neglecting the initial halo velocity, dark matter composites
will cross the white dwarf at approximately escape velo-
city, vee = (2GM,/R,)V?> ~3.5 x 1072(M, /1.3M)"/?x
(R,/3000 km)~'/2, where M, is a solar mass. We can
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directly compare this speed to the motion of the stellar
constituents. For cold ~Gyr-old white dwarfs, nuclei are
arranged in a crystalline lattice, and we assume they vibrate
in their zero-point state |0) with a natural frequency given
by the plasma frequency of the medium,

4rZ%eny\ 2 D S(Z\ (A\!
Q, = (TN wa7kev(— 2 ) (2) () .
() 2 () (6) ()

In such a state, their average velocity is (0|v|0) :(),
whereas the velocity dispersion is ((0[v?|0))!/? =
(Q,/my)? 2107 K v,  for  my=~12-16 GeV.
Therefore, we safely assume nuclei to be at rest compared
to the DM composite velocity in the stellar rest frame.

1. Composite energy loss during white dwarf transit

Between the DM composite and the white dwarf
medium, there are a number of energy transfer rates to
consider: (1) the nuclear energy release rate from thermo-
nuclear reactions from nuclei fusing inside the composite,
and (2) the energy loss rate of accelerated nuclei from the
DM composite constituents scattering with nuclei. As we
will see in Sec. V, the interactions between nuclei and
dark matter constituents inside the composite are severely
suppressed. However, the nuclei accelerated inside the
composite can instead scatter against the degenerate elec-
trons in the white dwarf medium, which efficiently conduct
heat. In addition, these transiting nuclei can also emit
photons and neutrinos.

Since nuclei losing kinetic energy results in the
composite slowing down, as discussed in Appendix A,
these processes can potentially halt the composite transit
through the star, preventing ignition at the center. Now we
discuss these energy loss channels in detail:

(i) Electron conduction: Accelerated nuclei inside the
composite will scatter against degenerate electrons
in the white dwarf medium. Since electrons are
relativistic for stellar densities p, = 10° gem™,
these are highly efficient heat carriers. This makes
the stellar material beneath the radiative envelope
effectively isothermal, with temperatures T, ~
(10°~107) K for ~Gyr-old white dwarfs. The heat
conduction rate out of a spherical region of stellar
material of radius Ry at the critical temperature T, is
given by [78]

4m’RyT3 (T, —T,) 4n’T*Ry
15k.p.

5 (R
~107GeVs [ — )" (ZX), (30
ers (log’gcm_3 pum (30)

where k. =~ 107 cm? g~ (T /107 K)?® x
(p./10° gcm™3)71'6 is the conductive opacity of

Qcond =

15k,

the relativistic white dwarf electrons [78]. In the
second equality, we have neglected the stellar back-
ground temperature compared to the critical ignition
temperature.

(i1) Photon emission: The heated stellar material inside
the composite will also cool down by radiating
photons. Due to the high opacity of the stellar
material, photons will scatter many times inside
the composite, thermalizing with the heated plasma.
Therefore, we assume this cooling process can be
modeled using a blackbody radiation spectrum at
temperature 7'.. The rate at which energy is radiated
out of a composite of radius Ry is [79]

4”R§(GSB VT4 - 167TR§(O'SB m¢ Tﬁ

Ky Ky

m Ry \?2
~10% GeVs~! | —2 ) (ZX) 31
e <keV pum (31

where ogg = 72/60 is the Stefan-Boltzmann con-
stant in natural units, and k,~ 107 cm? g (T, /
107 K)77/%(p,/10° gcm™3) is the white dwarf radi-
ative opacity for free-free electron transitions
[63,80]. In the second equality, we have approxi-
mated the temperature gradient V7% = 4T3V T~
412((T, = T.)/my") = 4m,T¢. This approximation
is accurate for saturated composites because

mqjl < Ry, so the potential is short ranged com-

rad —

pared to the composite size.

(iii) Neutrino emission: At the critical temperature 7.,
neutrino emission is dominated by electron-
positron annihilation, with an emission rate of
10¥-10%° GeV cm™ s7! in the stellar density range
(108-10'%) gem™  [81-83]. The white dwarf
material is transparent to neutrinos of ~MeV en-
ergies, and so they escape the star carrying all of
their energy away. This yields a neutrino energy loss
rate of order O, ~ 10'8 GeV s~ (Ry/um)>.

Comparing these energy loss mechanisms, we see that
photon and neutrino losses will be subdominant compared
to electron conduction unless composites have radii
Ry = 0.1 cm and Ry = 100 cm respectively. However as
we detail below, composites in excess of Ry = 1 cm will be
too scarce in DM halos and therefore unable to explode
white dwarfs on ~Gyr timescales. Thus, we are only
concerned with the energy loss from conduction and, at
the highest composite masses, radiation.

We now turn to the question of whether composites will
be stopped through dissipative processes as they cross the
white dwarf. Let us compare the above energy loss rates to
the composite kinetic energy at the surface of the white
dwarf, and the white dwarf crossing time. The initial
composite kinetic energy at the star surface is
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L2, ~ 107 Gev [ —Mx e \' (3
— v >~ (S} .
g X ese 103 GeV /) \3 x 1072

For sub-Chandrasekhar white dwarfs, with radii ranging
(2500-3000) km, composites will cross the star in ~1 s.
Thus, comparing Eq. (33) to the conduction and radiation
losses above, we see that composites of masses My 2
10 GeV will not be significantly stopped by these
dissipation processes.

2. Composite heating of white dwarf material

Next, to determine whether the composite can cause a
thermonuclear runaway in the white dwarf, we must compare
the above composite cooling rates to a number of timescales
relevant for thermonuclear reactions inside the composite as it
crosses the white dwarf. First we look at the timescale for
stellar material to be heated as it crosses the DM composite’s
boundary. The heat capacity of the white dwarf ions is
C,~2zp,Ry/my. Using the acceleration timescale
Eq. (17), we estimate the heating rate of the stellar material
from accelerating across the composite boundary to be

- -1
One>C, Tt

accel

~10% GeVs! Ux N (M N[ P &2_
1072 ) \keV / \10° gem™3 / \ um

(33)

This is much larger than the above cooling rates for the
parameters indicated. Hence, for composites with radii
Ry = 1072 um, Qpue > Ovonds Oraa» and so neither conduc-
tive nor radiative losses prevent stellar material from being
rapidly heated to the critical ignition temperature during the
composite transit.

The same cooling mechanisms discussed above must
also be compared to the timescale required for the thermo-
nuclear runaway itself. Specifically, to ignite the white
dwarf star we must require the heat diffusion rate to fall
below the rate at which energy is released from the
thermonuclear reactions. At the critical temperature 7,
the ions can be treated as an ideal gas and nuclear reactions
proceed in the classical thermonuclear regime, i.e., screen-
ing effects are negligible. For a C/O white dwarf, there
will be three primary fusion processes we will consider:
2C+12C, 2C+1'% and 'O+ '°0. These reactions
respectively produce the compound nuclei **Mg, 28Si
and 328, each decaying via n-, p- and a- channels. The
nuclear burning rate is set by the astrophysical S factor
which determines the fusion cross section at low energies,
as well as the Coulomb barrier penetration factor, which are
extensively discussed in [84,85]. Using the formalism
outlined in these references, we find the specific rates
for each reaction per unit volume,

dRc ¢ 51 (Xe)? Px 2
2108 em3s (2C) (P ) (34

dv ;. ‘mes\os) e gcm™ (34)

dRC+0 3 XC XO P 2
ﬁ1042 3 1220 —~0

av | 05/ \05) (107 gem™)

(35)

dRo 0 31 (Xo)? P+ g
~10% cm3 s~ (22 . (36

av | ‘M 05) 107 gem? (36)

where X + X, = 1 are the mass fractions of carbon and
oxygen. Each fusion process releases Q¢ c =~ 3.16 MeV,
QOc.o~6.51 MeV and Qg0 =~13.09 MeV of average
heat per reaction [86]. The subsequent nuclear energy
release rate is

qusz?RX< Z Q]W

j=CC.C0,00

TC) G7)

The nuclear energy release rate Eq. (38) scales as Ry,
whereas the heat conduction rate Eq. (31) only scales as Ry.
This implies that there is a minimum composite radius for
which the nuclear energy released exceeds the conduction
rate and the runaway commences. For concreteness, we
consider two benchmark cases: a pure Xc = 1 composi-
tion, and an Xc = Xg = 0.5 C/O mixture. Using the
reaction rates above, we obtain a nuclear energy release
rate of Qg =~ 10%° GeVs~'(p,/10° gem™3)2(Ry/um)?
for pure carbon, and Qg ~4 x 102 GeVs!(p,/
10° gem™3)?(Ry/um)? for a C/O mixture. For both bench-
mark compositions, composites with radii above Ry 2
1072 ym will satisfy Qe > Ocond. Oraa- Using Eq. (6),
this implies a minimum composite mass My > 10> GeV,
which is smaller than the required mass for the composites
to reach the stellar core, cf. Eq. (33) and surrounding
discussion. Thus, we conclude that composites with masses
and radii

My = 10% GeV, Ry = 1072 ym, (38)
are capable of reaching the core of a massive C/O white
dwarf and ignite a nuclear runaway, so long as their
coupling to SM nucleons is sufficiently strong. Such
minimum coupling is determined from the critical temper-
ature by setting Eq. (16) equal to 7. Following this
procedure, the minimum coupling for igniting a thermo-
nuclear runaway in the white dwarf is

S oM\ (39)
" 108 GeV)

We remark that given stellar cooling constraints, which
already bound the coupling g, < 10~'? for mediators with
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masses <keV, typically it will be composite states made of
heavy my > PeV constituents, which have a sufficiently
strong potential, that will cause a white dwarf star to
explode, as we explored in [5]. Thus, a cosmological
synthesis with a dilution stage is necessary to synthesize
composites with an adequate size and coupling to produce
type-la supernovae; cf. { < 1 in Eq. (11).

The existence of old white dwarfs in the mass range
(1.1-1.4) My, corresponding to central densities
p, =~ (108-10'%) gcm™3, implies constraints on the
nucleon-dark matter coupling g,, assuming at least one
encounter with a composite occurred during their ~Gyr
lifespan. Although some fraction of these white dwarfs will
possess O/Ne cores, which have not been discussed here,
we remark that multiple studies [8§7-89] indicate that an
O(1) fraction of massive C/O white dwarfs are formed as
the result of binary mergers [90,91]. Furthermore, there
exist single-evolution channels by which massive C/O
white dwarfs may form, such as reduced mass loss rates
in the asymptotic giant branch phase [92,93] or enhanced
rotation [93,94]. Searching the Montreal White Dwarf
Database [95], we find an ~O(10%) sample of single white
dwarfs in the mass range of interest, with cooling ages
ranging 1-5 Gyr at distances <10* pc. Based on the above
considerations, a fraction of this sample must be C/O white
dwarfs that have not exploded, implying that either ignition
conditions were not satisfied, or else they have not
encountered a composite in their lifetime. The former
condition constrains g, according to Eq. (40), whereas
the latter condition implies that such constraints are valid
for composites with masses My < 10*> GeV, assuming a
dark matter halo density py ~ 0.4 GeV cm™. We empha-
size that any C/O white dwarf within this mass range will
impose a similar condition on the minimum mass and
radius of ignition-capable composites, since the central
density spans ~2 orders of magnitude, resulting in an
~Q(1) correction factor to the minimum composite radius
for ignition.

C. Terrestrial heat flow

A number of works have studied the impact of dark
matter on planets and their satellites [33,96-105]. In
particular, bounds have been placed on different dark
matter models based on the heat that captured dark matter
would produce in the Earth’s core from annihilation
[98,100,101] or gravitational collapse into evaporating
black holes [33], which would exceed the Q@ <44 TW ~
10%* GeVs™! of heat flow from the surface of the Earth
[106,107]. In this section, we discuss the heat signature
produced by large composites in the Earth’s mantle and
core, and argue that although a significant fraction of the
composite dark matter flux can be gravitationally captured
by the Earth, these composites do not produce a heat flow
comparable to the value currently measured.

Composite dark matter can be captured by the Earth’s
crust and mantle from the various energy dissipation
mechanisms which, as detailed in Appendix A, translates
into lost kinetic energy as it travels through matter. The
composite dark matter number flux through the Earth is

) o

where Rg = 6371 km is the radius of the Earth, (vy) =~
300 kms~! is the average DM velocity entering the Earth,
and py ~0.4 GeV/cm? is the local DM mass density
[32,98,101,108]. By itself, the kinetic energy of this
DM flux falls well short of the observed heat flow of
the Earth. Each composite has a kinetic energy of order
~10"% GeV (My/10?° GeV)(vx/300 kms~!)2, in contrast

with the ~Qg/®x =~ 10" GeV(My/10%* GeV) required
per composite to produce an observable deviation in the
heat flow from Earth. However, we must consider if the
composites that are captured release further energy into
the core and mantle through nuclear collisions and reac-
tions in their interiors. At temperatures 2100 keV, thermal
bremsstrahlung will significantly stop composites in the
mantle [5], which will then slowly drift and settle at
the core, on a timescale that can be computed using the
methods described in [33,101]. Given that the mantle
composition is predominantly %0, we expect sizable oxy-
gen burning reactions to occur at such temperatures. Once
the composites have settled at the core, they could later
release heat as matter is accumulated in their interior, since
matter they accumulate will have fallen into the compo-
site’s potential, and would radiate a corresponding amount
of potential energy. Finally, we should also consider
whether these dark matter states might congregate at the
center of the Earth and gravitationally collapse into a black
hole light enough to evaporate via Hawking radiation,
provided enough dark matter is captured [33]. Below we
detail each of these processes:

(1) Fusion reactions: The captured composites could
release heat via fusion reactions occurring in their
interiors. The Earth’s mantle is mostly composed of
160 and silicon, while the core is mostly composed
of >°Fe, which can no longer fuse and therefore is not
considered in this analysis. Oxygen burning is the
only plausible reaction that can occur at temper-
atures 7'~ 100 keV-1 MeV, with a highly temper-
ature-dependent rate we extract from [86]. To
achieve such temperatures, given that stellar cooling
constraints limit the dark matter-nucleon coupling to
G S 1071221071 in the eV—GeV mediator range,
constituent masses must be in excess of
my 2 10° GeV. In tg~4.5 Gyr~10"7 s, about
10?2(Mx/10%° GeV)~! composites are captured.
Each of them must then release at least

Px _ Mx
@y = 27R2 a1 s
x = 2nRe vx) 31 ° (1020 GeV
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10 GeVs™'(My/10%° GeV) to produce Qg. How-
ever, the energy released from oxygen burning
reactions per composite is ~107' GeVs~! x
(Mx/10?° GeV)(imy/5 GeV)™. Thus, oxygen fu-
sion reactions in the mantle triggered by these
composites cannot substantially alter the observed
Earth heat flow.

(i1) Gravitational collapse: The composites accumulated
in the Earth’s core will eventually fuse into a single
larger composite state. We do not discuss the time-
scale for such process here. Instead, we point out
that if the critical mass is exceeded, the dark matter
will collapse into a black hole which can either
overheat or destroy the Earth depending on its initial
mass, as discussed extensively in [33]. However,
the critical mass for collapse is M, = M%, [ ~

105 GeV(imy/5 GeV)~2 [109]. The total dark mat-
ter mass flux, on the other hand, is 27R% (vy)px=
10 GeVs7!, cf. Eq. (41), and therefore insufficient
for the critical mass to be accumulated in
le ~4.5 Gyr=~ 10" s.

(iii) Matter compression: A detailed study of the phase of
matter after a captured composite has settled is out
of the scope of this work. A simple estimate,
however, indicates that the heat released as nuclei
settle in the composite interior is insufficient to
produce Q@. As specified above, each captured

composite would need to deposit NQeB /Oy ~
10" GeV(My/10* GeV) in the form of compres-
sional heating once they reach the core and thermal-
ize. By contrast, nuclei would ultimately release
an energy of order (¢) in the form of heat, resulting
in a total energy deposition of ny{p)Ry~
MeV(ny/10% cm™3)((p)/MeV)(Mx/10%° GeV)x
(inx/5 GeV)™, where the number density has been
normalized to the Earth’s inner core value. However,
it is probably the case that Standard Model nuclear
material collected into the composite will continue
to accumulate, potentially reaching a density well
beyond 10> cm™, until it is stabilized against
further accumulation by electron or nucleon degen-
eracy pressure. Put differently, we should consider
whether nuclei continue to collect until the interior
of DM composites resembles “white dwarf” or
“neutron star” material. In this case, the above
estimates indicate that composites with an extremely
small in-medium mass (e.g., my < 5 MeV, assum-
ing a 10°2 cm™ “WD” nuclear density) may appre-
ciably heat the Earth. We leave a proper study of this
phenomenon to future work.

From these estimates we conclude that while dark
matter composites captured by the Earth may be respon-
sible for a fraction of the heat output, they cannot account
for the total flow observed, via fusion reaction of

gravitational collapse. On the other hand, we found that
for “matter compression” a bound might be attained for
larger composites than those we consider, in the case that
the accumulated nuclear material inside the composite
comes to exceed terrestrial densities by many order of
magnitude. We have left this possibility open to future
inquiry, since this will depend on the eventual equilib-
rium SM nuclear state of very large DM composites
inside the Earth. Before concluding, we proceed to
examine interactions between SM nuclei and constituents
inside DM composites.

V. SCATTERING INTERACTIONS OF NUCLEI
WITH CONSTITUENTS

In this section, we discuss a few different interactions
between nuclei and dark matter constituents, i.e., processes
that fall under the fourth category depicted in Fig. 1. These
processes are of some interest, since if nuclei lose kinetic
energy while scattering in the composite, this will cause a
kinetic drag on the composite state, resulting in a stopping
force as the composite moves through matter (for more
discussion see Appendix A). However, we will find that the
effect of constituent scattering processes is extremely
suppressed for degenerate dark matter fermionic compo-
sites, relative to the nuclear acceleration processes detailed
above. Nevertheless, for completeness we hereafter analyze
coherent composite-nucleus scattering as well as up-
scattering of individual dark matter constituents above
the Fermi level. In addition, this calculation may prove
more relevant for less degenerate composites not consid-
ered here. In Appendix B, we also comment on nuclear
interactions with low-lying collective excitations, which we
also find to be negligible for the composite parameter space
considered in this study.

A. Coherent composite-nucleus scattering

We first consider the scattering process “xX(p) +
N(k) — ¥xX(p’) + N(k') whereby a composite with Ny
constituents and radius Ry coherently scatters against a
nucleus and transfers a fraction of its total momentum
and kinetic energy. The cross section for this process
can be parametrized in terms of the individual scattering
cross section against constituents, multiplied by adequate
form factors that encapsulate the nuclear and composite
substructure [7,110],

d* q
=5 S(g,w), 41
<dqda)> XN—XN o0 (21’§(m12\/> (@) 4

where  S(q,w) = A%|F,(qry)]*8(w — ¢*/2my) is the
nuclear structure factor. This function sets the dispersion
relation between momentum and energy exchanged in the
nonrelativistic limit. The variables @ and g are respectively
the energy and momentum transfer in the collision.
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Assuming the nucleus is initially at rest, the maximum
momentum exchange iS @ ~2myvyx in the limit
my < My. The function

3ji(gry) ey

. (42)

Fu(qry) =

is the nuclear Helm form factor [111,112] that accounts for

nuclear substructure, where j is a spherical Bessel function

of first kind and ry =~ (1.25 fm)A'/3 is the nuclear radius.
The constant &, in Eq. (42) reads

220
B = gnngZN , (43)
4rin #
and is a reference cross section for pointlike dark matter
scattering against a free nucleus in the limit my < My.
This reference cross section includes the mediator mass
correction due to screening effects, ﬁ12/) = mi + 5m5 with
Smy =~ (4maymy)'/?. Equation (41) therefore corresponds
to a differential cross section for pointlike dark matter with
the mass and couplings of a composite. This cross section is
related to the cross section for an extended composite state
through multiplication of additional form factors associated
with the composite internal structure [7,110],

d*c > d*s
M PR (7).
<dqdw XN—XN X JIFx X dgdw ) xn_xn

(44)

where the Ny factor explicitly contains the coherent
enhancement. The function f(A) is

f(A) = min [1, (%) 3] : (45)

where ratio (A/Ry)? accounts for the partial overlap of the
nucleus wave function with the composite state [113], and
A is the spatial spread of the nucleus. In other words, when
A < Ry, the reduced wave function extent of the scatterer
compared to the size of the composite state effectively
limits the number of targets for coherent scattering. For the
composite sizes we consider here, which are comparable to
the atomic separation in any medium, this suppression is
significant. The extra form factor above is

3j1(qRx)

Fy(gRy
x(aRy) == b~

, (46)

and accounts for the composite structure. Note that Fy
corresponds to a sphere of homogeneous density, multiplied
by Ny which explicitly contains the coherent enhancement.

To estimate the energy loss from composite-nucleus
scattering as the composite goes through a material

medium, we proceed to integrate Eq. (45) over the energy
transfer w,

do q
— = A2N%f?(N)a <—>
<d4> XN—XN X 0 2’”12\/”%(

X |Fx(qRx)*|Fa(gry) . (47)

The energy loss per unit distance traveled by the composite
in a given medium is obtained by integrating Eq. (48) over
all possible momentum exchanges up to g =~ 2myvy,
and multiplying by the target density 7,

dE max 2 d
(-) = ny / " ag T (—") . (48)
dx ) xnoxn 0 2my \dq) xn-xn

The integration of the form factors above is numerically
performed for each composite radius and target mass.
Finally, we discuss the choice of the spatial extent A for
the scatterer wave function; cf. Eq. (48). We consider two
separate cases in this work:

(i) Cold dense plasma: This is the case for white dwarfs
that have undergone crystallization. Electrons are
fully ionized and form a degenerate gas that provides
a neutralizing background, while nuclei are arranged
in a lattice and vibrate at their zero-point states with
a natural frequency determined by the plasma
frequency; cf. Eq. (30). Therefore, assuming nuclei
occupy the ground state |0) of a harmonic oscillator
potential, we expect their initial wave function to be
Gaussian with a spatial spread given by

M= (0210 = (515 )

1 1 6 3\ 1
~4x 1072 cm (g)z <Og¢>4 (49)
p.

As we have shown in Sec. IV B, in order to ignite
a carbon-oxygen sub-Chandrasekhar white dwarf,
composite radii must be Ry > 1072 ym. Comparing
this to the length scale above, we see that the ratio
(A/Rx)?> <1072, so the coherent enhancement
factor N% is substantially reduced.
(i1) Earth matter: For matter at low densities and
pressures, we approximate the wave-function spread
A by the thermal de Broglie wavelength at a
temperature T,

)
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where in the upper line we have normalized the
expression for 160, which is the most abundant
element in mass and concentration in the Earth’s
crust and mantle, and a temperature of ~103 K. The
expression in the lower line, on the other hand, has
been normalized to '“Xe and a temperature
~177 K, corresponding to the parameters of the
XENON-IT experiment, which applies to Sec. IVA.

B. Single-particle excitations

In addition to quasicoherent composite-nucleus scatter-
ing, accelerated nuclei in the interior of the composite may
lose energy by exciting individual dark matter constituents
above their Fermi level. We consider the dark matter
constituents to form a noninteracting Fermi gas of particles
with effective mass m,,, with m, << pr, when the composite
state is sufficiently massive; cf. Egs. (3) and (4). Since the
dark matter constituents are ultrarelativistic, we must then
carefully analyze both the phase space available for scatter-
ing and the relativistic kinematics of the collisions. In
[114,115], a Lorentz-invariant formalism was developed to
compute the dark matter capture efficiency of relativistic
degenerate electrons in neutron stars. Such formalism
accounts for both relativistic kinematics and Pauli blocking
of the targets. Here, we adapt those results to estimate the
scattering rate and the subsequent energy loss of nuclei
inside the composite from exciting constituents above the
Fermi level. To begin, we consider the scattering rate of a
nucleus against dark matter constituents in the composite
rest frame [115],

e dp p?
Tyxony: = nX/ v, /d(pd(cosé)

X /dad(cosw)@)(AE—l— p—pr)b <ﬁ> ,
dQ (M)
(51)

where V = 4zp3./3 is the occupied phase-space volume of
the target dark matter particles, ny = p3/37> is the
dark matter number density, (do/dQ)cy is the dark
matter-nucleus differential cross section in the center-of-
momentum frame, and

. < (puk*)? — m*m} )'/2
(p* +m3)(my + k)

(52)

is the Moller velocity [116,117], with p#* and k* respectively
being the four-momentum of the dark matter particle and the
nucleus in the composite rest frame. The latter is determined
from Eq. (16). The Moller velocity relates differential cross
sections in different frames for noncollinear scattering
processes. In this case, the frames considered are the
composite rest frame, where the Fermi surface is spherical,
and the center-of-momentum frame, where the collision

kinematics are more easily analyzed. The scattering rate
given by Eq. (52) integrates over the target Fermi sphere,
and accounts for the potentially large boost between both
frames for relativistic targets. The first two integrals
correspond to integrating the differential cross section over
the azimuthal and polar scattering angles (a,y) in the
center-of-momentum frame. The integrals that follow cor-
respond to integrating over the azimuthal and polar angles
(¢, 0) on the Fermi sphere (the integral over ¢ yields a 2z
factor). These angles determine the momentum direction of
the dark matter targets in the composite rest frame. The final
integral to the left corresponds to integrating over the
momentum magnitude p of the dark matter constituents,
also in the composite rest frame. Note that it runs from some
P = Pmin Set by the Pauli blocking condition, i.e., only
those dark matter particles occupying states sufficiently
close to the Fermi surface will be excited. This condition is
enforced by the Heaviside step function, where AE is the
energy deposited by the nucleus in the composite frame;
see below.

The differential nucleus-dark matter scattering cross
section, in the center-of-momentum frame, is determined
by the t-channel matrix element of the Yukawa interaction,
suitably averaged over spins,

dQ) cyy  64n’s 167 (1+m3)

In the above expression, we have neglected the effective
mass m, < pp of the dark matter constituents. We do not
include the Helm form factor as it evaluates to unity for
the momentum exchanges involved here. The Mandelstam
variables are s = E2,, and = 4k2, sin’ (y/2), where
kem = |Kep| and E,, respectively are the three-momentum
magnitude of the nucleus and total energy in the center-of-
momentum frame.

The energy transfer AE in the composite rest frame
is [115]

AE = ypk.,(cos (1 — cosy) — | sind|cosasiny), (54)

where y and 8 = || are the boost parameters relating the
composite rest frame to the center-of-momentum frame of
the nucleus-dark matter system,

+k 1
p y=— (55)

ﬂzP*‘mN’

The function cosd in Eq. (55) is

Pk —myp® + (p —my)p -k
(P + mN)ﬂEcmkcm

cosd = , (56)

where this quantity determines the kinematic suppression
of the scattering angles (@, ). In short, when cos § > 0 the
integration over (a,w) is unconstrained. However, if
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cos 6 < 0 there is a maximum scattering angle ., for
which the energy transfer AE is positive and satisfies the
Pauli blocking condition; see [115] for details. In the
nonrelativistic limit considered here (see Appendix C),
cos o ~ —1, resulting in a substantial suppression of the
available scattering phase space. The maximum scattering
angle is [115]

Yimax
t 2
(V32

— kzpzsinja (mN(TN +2p) = 2pkcost) o (57)
pk* —myp*(p — my)pkcos

For the parameter space considered, .. < 1 which
substantially simplifies integration of Eq. (52). The maxi-
mum energy transfer occurs for o« = 7 and cos yy = —cos 9,
and is given by

AE o = yﬂkcm(COSS + 1) (58)

We remark that AE,,,, depends on 0, i.e., it is determined
by the momentum direction of the dark matter particle in
the composite rest frame. In Appendix C, we provide the
nonrelativistic expressions of all the kinematic quantities
listed above, which are obtained by replacing k ~ myvy,
and Taylor expanding in vy. In order to analytically
integrate Eq. (52), we assume a maximal energy loss
independent of the scattering directions, which conserva-
tively maximizes the Fermi shell where scattering is
kinematically permitted. The details of the computation
can also be found in Appendix C. With this assumption, we
find the rate at which a nonrelativistic nucleus scatters
against composite constituents is

3A2ghgkmiy (my + 2pp)vy

407 pt (59)

Iyx—nx: =

This scattering rate is strongly suppressed by an O(v%,)
factor at the lowest order in the nuclear velocity, with vy <
1072 for the most energetic signatures of this model.
Following our conservative assumption of maximal energy
loss, we estimate the energy loss rate by multiplying the
above expression by AE, ..,

Enx_nx = AEnyx Dvxonx: = 807’
F

(60)

Given the O(v%) suppression, this result demonstrates that,
due to the relativistic kinematics and degeneracy consid-
erations, scattering between the two particle species is
extremely suppressed. As we discuss in Appendix C, this
expression largely overestimates the scattering phase space
available and, in practice, this energy loss rate should be

3 gaggm (my + 2pp) vy

much smaller. The total stopping power from this inelastic
process in this approximation is then

dE 477.'R§( .
— ~ Enx_nx: 61
<dx ) NX—NX* w ( 3 > =R (61)

We conclude that the stopping power from inelastic
nuclear-constituent interactions is negligible for the
strongly bound composites we have studied. We remark
that the above computation implicitly assumes that an
excitation created by a nucleus is uncorrelated with
excitations created by other nuclei. In general, the up-
scattered dark matter particle, as well as the hole below the
Fermi surface that is created, will have complicated
dynamics since we are considering dark matter particles
with self-interactions. A detailed study of how these
excitations evolve, and how the composite decays back
to its ground state, is beyond the scope of this paper and left
for future study. However, from Fermi liquid theory,
we expect the up-scattered dark matter particle to have a
rapid decay rate proportional to the binding energy
77! ~ (my — iny), much greater than the rate T'yy at the
which dark matter particles are up-scattered by nuclei.
Therefore, we expect the above estimate for the total energy
loss rate to hold.

VI. CONCLUSIONS

We have explored a new effect recently identified
in [5], whereby the Yukawa potential that binds together
composite DM can accelerate Standard Model particles at
the composite periphery. The asymmetric DM composites
we focused on consist of a dark matter fermion coupled to a
real scalar field, which provides the attractive force to form
bound states. Such large bound states form in the early
universe when smaller bound states fuse into bigger ones,
followed by the emission of scalar mediators, so long as the
binding energy per dark matter particle is comparable to its
mass, i.e., the strong binding limit. This synthesis process
may also include a subsequent dark matter dilution stage
that depletes any excess abundance, permitting the for-
mation of bound states with constituent masses ranging
from MeV—EeV.

A Yukawa interaction between nuclei and the scalar
composite binding field results in rich phenomenology
when the composite sizes exceed Znm scales. Since the
binding scalar field takes on values « my, even for a
minuscule DM-SM Yukawa coupling, nuclei can substan-
tially accelerate at the composite boundary. The composite
DM signatures we have identified depend on the coupling
strength and the sign of the Yukawa term, and include heat
dissipation, collisional ionization, thermal bremsstrahlung,
nuclear recoils, ionization via the Migdal effect, and even
thermonuclear reactions. New aspects of this study include
a detailed analysis of the different scattering processes
between the nuclei and the dark matter, an expanded
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discussion on white dwarf explosions induced by
composite transit, implications for planetary heating, and
direct detection prospects at dark matter experiments from
the Migdal effect.

Due to the large composite size, the small dark matter-
nucleon coupling, and mediator screening effects, coherent
scattering of the composite with nuclei, as well as the
excitation of low-lying collective modes, is largely sup-
pressed. On the other hand, we have also considered single-
particle excitations whereby a nucleus scatters against
individual constituents, exciting them above the Fermi
level. This analysis is complicated by the fact that, for
large composite states, the dark matter constituents are
highly degenerate and relativistic, resulting in a tiny phase-
space region where scattering can proceed. Because of such
kinematic considerations, we also find that nuclei do not
scatter frequently with the constituents. In short, nuclei
losing energy by interacting with the dark matter is
negligible. By contrast, nuclei also lose energy via heat
dissipation in the form of conduction and radiation, and
these processes are the main contribution to the stopping
power. The exact energy loss rate depends on the coupling
strength as well as the specific material the composite state
is transiting.

We have studied in further detail how large composite
states can ignite a carbon-oxygen white dwarf by simply
passing through its stellar core. Nuclei accelerated in the
composite interior can fuse in the thermonuclear regime,
provided their temperature reaches ~MeV, leading to a
nuclear runaway if the composite is sufficiently large.
The critical ignition size of the composites was determined
by requiring that nuclear energy release overcomes heat
dissipation rate in the white dwarf material. We have found
that composites with radii Ry > 107> um and masses
My = 10°° GeV are capable of reaching and igniting the
core of massive white dwarfs. Based on the survival of
these stellar objects on ~Gyr timescales, we have placed
bounds on the dark matter-nucleon coupling in the
composite mass range 10%° GeV <My < 10% GeV,
where the upper mass limit is determined from requiring
at least one encounter with a composite over a ~Gyr
timescale for a dark matter density of order
px ~0.4 GeVcem™. We have discussed as well the impli-
cations of this model for planetary heating, and find that
although a substantial fraction of composites could be
captured by the Earth, composite capture alone cannot
account for the entire heat flow observed, even if they
induce exothermic fusion reactions in the mantle.

Finally, we have analyzed for the first time the direct
detection prospects for DM composites with very weak
nuclear couplings at noble liquid experiments by consid-
ering the Migdal effect, which in this case consists of the
excitation and ionization of electrons from the impulsive
motion of an atomic nucleus as it accelerates at the
boundary of a DM composite. For XENON-IT, this effect

is particularly potent at putting bounds on DM composite
couplings to nuclei, given the low electron background of
this experiment, combined with the high ionization prob-
abilities of the outer-shell electrons in xenon atoms. We
have computed the expected number of electron recoils
using the exposure of XENON-1T’s first dark matter search,
and used it to place bounds on the dark matter-nucleon
coupling, in the mass range 10'2 GeV < My < 107 GeV,
where these limits arise from requiring the composite to be
strongly bound and be larger than the size of a xenon
nucleus. The constraints we placed are as low as
g, < 10717, and lie well below existing bounds from stellar
cooling arguments and previous dark matter searches based
on the observation ~keV nuclear recoils. We have also
found a significant region of parameter space where
composites are large enough to produce ionization tracks.
At present, these coupling values cannot be ruled out as this
signature would require a dedicated analysis of the experi-
ment’s data, which accounts for multiple Migdal electron
ionization events over the course of composite DM’s transit
through the liquid xenon. We have left the study of this
regime, as well as certain aspects of weakly bound DM
composites, for future work.

ACKNOWLEDGMENTS

We thank Nirmal Raj for useful discussions. We thank
the anonymous referee for constructive comments on our
manuscript. The work of J. A., J. B., and A. G. is supported
by the Natural Sciences and Engineering Research Council
of Canada (NSERC). Research at Perimeter Institute is
supported in part by the Government of Canada through
the Department of Innovation, Science and Economic
Development Canada and by the Province of Ontario
through the Ministry of Colleges and Universities.

APPENDIX A: ENERGY DISSIPATION
AND COMPOSITE STOPPING

In this Appendix, we detail how a dark matter composite
slows down due to nuclei losing kinetic energy from
various scattering processes occurring in their interior.
This can be understood from considering momentum
and energy conservation: if a nucleus loses kinetic energy
while transiting the composite, then when it exits the
composite its momentum will be more aligned with the
direction of motion of the composite. The net result is that
the dark matter composite slows down. Below we confirm
that the decrease in DM composite kinetic energy matches
the kinetic energy transferred to the nucleus inside the
composite, in the nonrelativistic limit considered in this
work. This treatment will be specific to the case that nuclei
are accelerated by an attractive potential inside the DM
composite—in the case of a repulsive potential, standard
two-body kinematics apply.
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Let us consider a single nucleus entering the composite
volume while the composite moves through a given stellar
(or planetary) medium with an initial speed v; in the stellar
rest frame. In what follows, we assume the center-of-mass
(CM) frame for this system is equivalent to the composite
rest frame, since we are always in the limit my << My.
Upon acceleration from the composite potential, energy
conservation in the CM frame reads

1 1
—myv? = —myvi + @,

> > (A1)

where vy is the velocity of the nucleus after accelerating
to the final kinetic energy and ¢ < 0 is the potential
energy, with |p| < my in the nonrelativistic limit;
cf. Eq. (15). In the stellar rest frame, this velocity is

(V) g = Vi — (v; = 290/ my)"/?, and momentum conserva-
tion imposes

Mxv; = MX(UX)sta + mN(UN)sta' (AZ)

This yields a velocity for the composite after the nucleus
has accelerated given by (vy)y, = v; — (my/Mx)(v,—
(v; —2¢/my)'/?). Note that since my < My, the
composite barely recoils in the process.

As discussed in the main text, the nucleus can undergo
several inelastic processes while inside the composite state
that reduce its kinetic energy by an amount we denote here
by 6E < 0. Furthermore, we assume |5E| < |@|, which is
the case throughout this work. If SE ~ ¢ then the nucleus
would remain bound to the composite and the analysis
below would be different. Upon deceleration, energy
conservation in the CM frame now is

1 1
SN o= smy k) (AY)

where the velocity v}, now is related to vy above via
SE=(my/2)(vZ—v%). Then, vy = —(v3 +26E/my)"/? =
—(v? +2(8E—g@)/my)"/?, and we solve for v/, in the above
equation to obtain v}, = —(v? + 26E/my)'/?. Boosting
back to the stellar rest frame, conservation of momentum
now requires

MX(UX)sta + mN(”;\/)sta = MX(”;()sta + mN(vK/)sta’ (A4)

where the unknown velocity above is (vY)y,. The two
velocities computed above in the stellar rest frame
are (E;V)sta =0 = (Uzz + 2(5E - 90)/mN)1/2 and (le)sta =
v; — (V2 + 26E/my)"/2. Solving for (v} ), above yields

sta

2(5E — )\ 12
e R G B

my

2 1/2 286E\ 1/2
+(v?——(p> —vi—|—<v§+—> >
mpy my

(AS)

In the limit |5E| < |¢|, the first four terms on the right-
hand side cancel out. Similarly, we can expand (v?+
20E/my)'? = v;(1 + 26E/myv?)V/? >~ v,(1 + 6E/myv?)
in the limit |0E| < myv?. Therefore,

OFE
_MXUi '

(US()sta - (A6)

Squaring this expression and multiplying by My /2 yields

1 SE \% 1 20E

1
My (vy)i, =5 My <1/i +

2 2 2

(A7)

Thus, in the stellar rest frame, the kinetic energy of the
composite is reduced by

1 1
5Mx(vg()gm - Equ% ~dE < 0.

(A8)
This result implies that for nuclei traveling through an
attractive potential inside a DM composite, any nuclear
energy dissipation processes occurring in the composite
interior, such as heat conduction, radiation or endothermic
reactions, will continuously decrease the DM composite
kinetic energy, as viewed in the stellar rest frame. On the
other hand, if there are processes that heat the nuclear
matter, such as exothermic reactions, the stopping power
would be subsequently reduced.

APPENDIX B: COLLECTIVE MODES

Here we address nuclear scattering and excitation of
collective modes of constituent particles comprising the
dark matter composite. A full treatment of composite
collective modes is out of the scope of this work, as there
are many possible modes; namely surface and compres-
sional modes, rotational modes, spin waves, and so forth.
The excitation rate of the different collective modes, for a
given momentum transfer q and energy transfer @, will be
encoded in an appropriate response function Sy(q, )
which, to our knowledge, has not been yet computed for
this dark matter model. Reference [7] studied the lowest-
lying vibrational surface modes for such composite states,
which have an excitation gap of order
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N
AEsurf = (ES%mX)Z
X

1 — 1 1
my 2 my 2 NX -2
~22eV
¢ (Tev> (5 Gev> <1020> ’

where €g,s >~ my — my ~ my is a constant related to the
surface energy of the composite state [4]. Although in terms
of the energy required these modes could easily be excited,
the cross section for creating a single phonon with angular
momentum number / is highly suppressed due to the large
composite size and mediator screening. The cross section
for such inelastic process can be expressed as

do q
— ~ AZN% 2 (N)6y | =——
(dq) 0-1; Xf ( )GO <2m12\/v§(>

[
x |Fy(q)2IFD (qRx)I%,

(B1)

(B2)

where, as before, we include the mediator mass correction

due to screening in &y, cf. Eq. (44), as well as the ratio

between the scatterer wave-function spread A and the

composite size Ry, given by Eq. (46). The cross section

for exciting surface modes has an additional form factor:

FU (qRy) = €21+ 1)/, (qR B3

surf(q X)_el( + ) ]l(q X)’ ( )

where the quantity ¢; is the amplitude of the mode, which
scales as

—1/4 - ~3/2 p,—7/4
elocmx/mX/RX/

~ 014 X S mx \ 7 (Re\
- TeV 5 GeV nm/

The creation of multiple vibration quanta in a given
mode [ results in extra powers of ¢;, and therefore further
suppression of the cross section. Computing the stopping
power, cf. Sec. VA, we have verified that the energy
loss from this inelastic process is negligible. Similarly, we
expect other collective modes to be suppressed from the
same screening effects as well as having potentially higher
excitation gaps.

(B4)

APPENDIX C: SCATTERING RATE AGAINST
DARK MATTER CONSTITUENTS

In this Appendix, we provide details of the phase-space
integration that yields the scattering and energy loss rate
from nuclei scattering against single dark matter constitu-
ents, Eq. (52), in the limit that the nucleus is nonrelativistic,
ie., vy < 1. In such case, all the kinematic quantities
are considerably simplified. In the composite rest frame,
the four-momentum of the nucleus is k* ~ (my, k), with
k ~myvy. A dark matter constituent, on the other
hand, will be ultrarelativistic, i.e., m, < pp, with a four-

momentum p* =~ (p,p). We neglect the effective mass of
the constituent m, as the nucleus will only scatter off
dark matter constituents with momenta very close to the
Fermi surface.

The relevant kinematic variables are the Moller velocity
, center-of-momentum energy E.,, and the nucleus three-
momentum magnitude k_,,, the boost parameter f relating
the center-of-momentum frame to the composite rest frame,
cosd given by Eq. (57), the maximum energy transfer
AE ., and the maximum scattering angle y ... To lowest
order in the nuclear speed vy, these quantities read

T)ﬁl —/UNCOSG, (Cl)
EZ, ~m}, + 2myp(1l — vy cos), (C2)
2 . my p* _ 2myp?(my + p)vy cos@ ©3)
cm my + 2p (mN 4 2[7)2 s
My Uy COSs O
p~ P MNUN ’ )
my+p  my+p
2p)v?, sin? @
cosd~—1 +mN(mN+ l;)stm ’ ©s)
2p
1 o
AEmax ad EmNUN Sin 6’ (C6)
2p))1/2
1/ (my(my +2p)) 2oy COSa. )

p

Note that cosd=~ —1 in the nonrelativistic limit, and
therefore the scattering angle is bounded by yw <y
This maximum angle is in turn y,, < 1, and so the
integration of the differential cross section, cf. Eq. (54), is
considerably simplified. We can approximate siny /2 ~
w?/4, so the Mandelstam variable is f=~ k2.
Furthermore, we include the correction to the mediator
mass from the dense dark matter medium, given by
smy =~ g (XX) /iy = (4mayp})'/?. With these consider-
ations, the cross section reads

<d6> 3AGag%  kewy?
dQ/ cwm) 167> (kG +mg)*’

(C8)

where iy = mj +6my.  Approximating  d(cosy) =
(siny)dy ~wdy as well in this small-angle limit, we
can analytically integrate the cross section over the scatter-
ing angle v,

Winax do
d(cosy) <—>
/o dQ/ cw

34%g,9% >

2

1 4 x?

] (1 —wycos@). (C9)
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Here we have defined x = k., pmax/71,. This ratiois x < 1
in the parameter space considered here, and so we expand
both functions above using log(l + x?) ~x? — x*/2 +
O(x%) and x*(1 + x?)~! ~ x2 — x* + O(x®). The first terms
in each series mutually cancel, and so the lowest-order
contribution is O(x*). The integrated cross section is then
simplified to

l//max dJ
d(cosy) <>
A dQ) cm

perform analytically the remaining integrals in Eq. (52), we
assume that the energy transfer is always maximal. This
estimate is highly conservative, since in practice the energy
transfer AE is peaked around a specific y* < .« With
a = r and 0 = x/2, while any other angle values a, v, 0
yield an energy exchange smaller by several orders of
magnitude. The lower integration p,;, in Eq. (52) is then
independent of the angular integration variables, and set by
the condition

3Azg%g§( k%ml//ﬁqax 1
~ 6471'2 1’713) (1 —UNCOSH). (ClO) PminzpF_Eva%- (Cll)
Since yih. ~ v}, we only need to consider the lowest-
order term in k2, and the Moller velocity #. In order to  Thus, Eq. (52) splits into
J
Dr P 20 3A202 a2 k2 4
/ F dppz/ d(COS 9)/ da( gnng cmﬂmax)
Pmin 0 0 64” m¢
3A2 2.2 .3 4 P T 27
~ M X / ' dp(my +2p) | x / d(cos 9)/ costa ). (C12)
64” pF Pmin 0 0

The remaining angular integration yields a factor 8z/5,
whereas integration of the momentum magnitude p yields
a factor ~(my +2pp)(pr — Pmin)» in the limit that
Pmin << pr- The resulting scattering rate is therefore

38 gaggmiy (my + 2pp)vy
IﬂNX—)NX* - 4077,’[)4}7 .

(C13)

Multiplying the above rate by the maximum energy transfer
equation (C6), we recover Eq. (61). This expression is

|
usefully valid for m either greater or smaller than pr, and
demonstrates that even with the assumption of maximal
energy loss in any scattering direction, the excitation of
dark matter constituents above the Fermi level in highly
degenerate “saturated” composites, is highly infrequent due
to a resulting O(1%) velocity suppression of the scattering
rate. It follows that individual dark matter particle excita-
tions are not a relevant energy loss channel for nuclei
traveling through the composite interior.
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