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PREFACE

The main scope of my work throughout graduate school has focus on direct detection
of sub-GeV dark matter in crystals, which is detailed in chapters 3 and 4. Chapter 5 studies a
wildly different dark matter candidate, primordial black holes, which I have not worked on in
quite some time. Though quite separate from my current work, I’ve chosen to leave this chapter
in the text since it contributed to my growth as a graduate student. This chapter and various
related subsections within the text are not necessary to understand overall story of dark matter
direct detection in crystals. The reader may treat these sections as a sort of “bonus” to enjoy if

they would like to.
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ABSTRACT OF THE DISSERTATION

Dark Matter Direct Detection via Multiphonon Excitations in Crystal Targets

by

Ethan Phillip Gonzalez Villarama

Doctor of Philosophy in Physics

University of California San Diego, 2023

Professor Tongyan Lin, Chair

In dark matter direct detection experiments, the free nuclear recoil description breaks
down as the de Broglie wavelength of dark matter approaches the typical atomic spacing of
the target material. In this work, we investigate the particular case of scattering off of crystal
targets, whose collective excitations are well understood as phonons. As experimental energy
thresholds decrease, it becomes increasingly important to understand the response of targets
to energy depositions below the nuclear recoil scale. For dark matter masses lighter than 1
MeYV, the scattering rate is dominated by single phonons, while at masses larger than 100 MeV,
we expect the scattering to approach the free nuclear recoil result. Starting from the phonon

formalism in the harmonic crystal approximation, we perform the first calculations of scattering
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rates in the intermediate 1-100 MeV mass regime where multiphonon process dominate and
demonstrate how the multiphonon response smoothly approaches free nuclear recoil. We then
drop the harmonic approximation and calculate possible corrections to the scattering rates due to
crystal anharmonicity. We find these anharmonic corrections to be large at small dark matter
masses ~ MeV and large experimental thresholds ~ 100 MeV, but approach the harmonic result

as the DM mass increases.
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Chapter 1

Introduction to Dark Matter

1.1 History and Evidence of Dark Matter

The matter that we see in our day to day lives is made up of mostly baryons and electrons,
whose interactions are well known within the Standard Model. Despite being all that we have
directly observed terrestrially, it is well-established that baryonic matter consists of only a
small fraction of the total matter in the universe. In order to explain various astrophysical and
cosmological phenomena, overwhelming evidence suggests that there must exist some other
form of matter at a roughly 5 to 1 ratio to ordinary matter. Everything that makes up this “other”
matter has thus far remained elusive to experiments and is appropriately dubbed dark matter.
Uncovering the exact nature of dark matter continues to be one of the most compelling challenges
in modern physics.

The strong evidence for the existence of dark matter began in the 1930s with Fritz
Zwicky’s observations of galaxy velocities within the Coma Cluster [1]. The velocity of individ-
ual galaxies within the cluster must be related to the total cluster mass via Newtonian gravity and
the virial theorem, which tells us that the average kinetic and potential energy of a gravitationally

bound system are related by

(T)=—5(V). (1.1)



This can be recast in terms of root-mean-squared velocity, total cluster mass, and cluster radius

V02~ \/GNTM, (12)

where Gy is Newton’s gravitational constant. Zwicky measured the velocity dispersion of the
galaxies and estimated the cluster mass by observing the galactic luminosities and inferring the
number of stars. Upon making these measurements, Zwicky found a quite peculiar result, which
was that the root-mean-squared velocity predicted by the total luminous mass of the cluster was
around 20 times smaller than the measured value. Zwicky concluded that if these measurements
were correct, there must exist a large amount of unseen matter holding the cluster together. This
missing matter became known as dark matter, which is now the primary candidate for explaining
a large body of astrophysical and cosmological data.

The next historically important piece of evidence came in the form of velocity distribu-
tions of stars within galaxies. Newtonian gravity once again allows us to predict the velocity
of objects given some mass distribution. In the case of typical galaxies, the luminous matter
distribution is roughly constant outside of the galactic center, which corresponds to a galactic
rotation curve that scales as

v(r) o< —. (1.3)

\/7
This suggests that the velocity of stars inhabiting spiral arms distant from the galactic center
should obey this speed drop with radius relationship if luminous matter is the bulk of the total
matter distribution. However, measurements in the 1970s by Vera Rubin and company originally
on the Andromeda galaxy [2], but later on many different spiral galaxies [3], show that the large
radius tail of the stellar velocity distribution is actually constant. The original result by Rubin is
depicted in Fig. 1.1. Since then, the universality of flat velocity tail has only been confirmed with
greater precision and sample size. These measurements imply that the true matter distribution is

significantly different than what one would expect from only stellar matter. It was then postulated
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Figure 1.1. Rotation curves of 21 different galaxies reproduced from [3]. Objects far the from
the center of the galaxy maintain a flat velocity dispersion.

that there must be some missing matter, possibly connected to the missing galaxy cluster mass
conceived of by Zwicky. We now understand these galactic rotation curves as resulting from
galaxies being embedded in large dark matter halos that share the galactic center.

Some more modern astrophysical signals of dark matter include gravitational lensing [4]
and observations of the Bullet Cluster. Gravitational lensing is a phenomenon predicted by
Einstein’s general theory of relativity in which the path of light is deflected by massive objects.
This phenomenon has been most clearly observed in the case of strong lenses such as black
holes or galaxy clusters which can produce multiple images of a single background object.
Gravitational lensing serves as an important probe of matter distributions since the scale of
the visible distortions depend on the mass of the lens itself. One striking example of strong
gravitational lensing is that of galaxy cluster Abell 370 [5], which acts as a lens for extremely
distant galaxies. This lensing effect, pictured by the Hubble Space Telescope in Fig. 1.2, cannot
be explained by the luminous matter in the foreground. There now also exist weak lensing
surveys [6, 7] and galaxy-galaxy lensing studies [8, 9] that confirm the presence of invisible
matter in the universe and can even infer details about its distribution.

The Bullet Cluster is the aftermath of two colliding galaxy clusters, which creates a

particularly unique probe of dark matter. During the galactic collision, the hot gas that contains



Figure 1.2. This is an image captured by the Hubble Space Telescope of galaxy cluster Abell 370
acting as a gravitational lens. A careful observer can make out visual distortions of background
galaxies such as arcing about the lens. Credits: NASA, ESA, Hubble SM4 ERO Team, and
ST-ECF

most of the baryonic matter slowed due to friction. However, gravitational lensing observations
of the cluster show that the majority of the matter is not in the same location as the gas [10] as
depicted in Fig. 1.3. In fact, we can see that while the gas component shows experiences drag
due to electromagnetic interactions, the majority of the matter content simply passed through
each other, creating a clear offset between the luminous and non-luminous matter.

In addition to the astrophysical realm, significant evidence of dark matter lives in the
field of cosmology. The cosmic microwave background (CMB), a cornerstone measurement in
cosmology, is the remnant radiation from when the universe first became transparent at around
4 x 10° years old. Measurements of the CMB angular distribution tell us much about the matter
content of the universe via its statistical properties. This relic radiation originated at the time when
the universe cooled to a temperature where photons were no longer being constantly scattered

off of baryonic matter and began free streaming. Both baryonic and dark matter introduce a



Figure 1.3. A composite image from Magellan and the Hubble Space Telescope with an
overlayed projection of the matter distribution from lensing (blue) and hot gas distribution from
Chandra X-ray observations (pink). Credits: X-ray: NASA/CXC/CfA/M.Markevitch et al.;
Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScl; ESO
WEFI; Magellan/U.Arizona, [10].

gravitational potential that causes anisotropies in the CMB distribution, while radiation pressure
counteracts this effect and washes out anisotropies. Thus, precise measurements of the CMB
distribution allow us to infer the matter content of the universe, among other structural factors.
The CMB power spectrum depicted in Fig. 1.4 is a measurement of anisotropies in the CMB.
The exact strength of these anisotropies at different scales depends on the delicate balance of
gravity and radiation pressure and requires the aforementioned 5 to 1 ratio of dark matter to
baryonic matter to fit the data [11]. Other cosmological evidence include the matter spectrum of
galactic to cosmic scale structures [12, 13] and primordial abundances of light elements [14, 15].

A plethora of astrophysical and cosmological evidence has solidified our current cosmo-
logical paradigm known as ACDM (cold dark matter), which postulates that the universe mainly

consists of three components. The largest part by energy density is the cosmological constant A
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Figure 1.4. CMB power spectrum from Planck 2018 results, reproduced from [11]. The relative
amplitudes of the peaks of the spectrum at different multipole moments / depend precisely on
the ordinary and dark matter content of the universe.

responsible for the expansion of the universe, which is typically described by dark energy. The
smallest component of the universe by energy fraction and most familiar to us is ordinary matter,
which consists of baryons, electrons, etc.. Finally, we have cold dark matter, whose qualifier

“cold” will be expounded on in detail the next section.

1.2 Dark Matter Models

Dark matter is the primary component of matter in the universe, yet its identity at a
microscopic level is unknown. This chapter discusses the broad spectrum of dark matter models
generally, while pointing out classes of candidates that are of particular interest to this work and

investigated in the remaining chapters.

1.2.1 Particle Dark Matter

Before discussing particular theories, we first review the general constraints that dark

matter models should obey in order to be consistent with the modern cosmological paradigm



ACDM:

* Weakly interacting with Standard Model - This is the most obvious constraint on
dark matter originating from astrophysical, cosmological, and terrestrial observations. If
dark matter were to interact with the Standard Model more than very weakly, we would
simply be able to see the effects of these non-gravitational interactions via scatterings
with Standard Model particles in the sky or on Earth or in their effects on the large scale

structure of the universe.

* Non-relativistic - Dark matter must be non-relativistic by sufficiently early times in order
to generate the structure formation and matter power spectrum that we observe today. If
dark matter remains relativistic for too long, it the pressure it produces counteracts the

gravitational potential necessary to birth galaxies and other structures.

 Stable and weakly interacting with itself - Dark matter decay on timescales shorter than
the age of the universe lead to imprints on the CMB and matter power spectrum in the same
vein as the previous bullet point. Decays and self-interactions necessitate some additional
component to dark matter that prevents it from being pressureless at early enough times

and is thus strongly constrained.

* Produce the measured relic density- Dark matter models must of course generate the
correct amount of dark matter that exists today, 1. e. 27% of the total energy density of the

universe (68% being dark energy and the remaining 5% ordinary matter).

Despite these restrictions, there still remains an enormous theory space of allowed dark matter
models depicted on its mass scale in Fig. 1.5.

The ~ 10722 eV to ~ keV range consists of bosonic ultralight particles. Fermions below
the keV scale are generally disallowed from saturating all of the DM due to the Tremaine-
Gunn bound [17]. This bound arises from the Pauli exclusion principle in combination with

typical galactic sizes and gravitational considerations. Fermionic DM lighter than a keV quickly
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Figure 1.5. Cartoon of the theory space of DM candidates across mass scales, borrowed from
[16]
oversaturates the allowed phase space of galaxies that we observe. In other words, they would
lead to structures much too large. This leaves ultralight bosons as the remaining allowed
candidate in this mass range. A key difference between the sub-keV and greater than keV mass
regions is that sub-keV DM cannot be produced thermally, or it will remain relativistic for too
long. Axions or axion-like particles (ALPs) are a type of bosonic particle whose relic density can
be fixed non-thermally via the misalignment mechanism [18]. In this class of theories, the DM is
a scalar field whose value is fixed in the early universe. The equation of motion for the scalar
field causes the axion or ALP field to fluctuate at late times as the Hubble friction decreases,
leaving a fluctuating field at late times which acts as cold dark matter. One popular model in
this window is known as the QCD axion [19], which typically lives around 10~ eV. The QCD
axion is a small extension of the Standard Model, whose presence simultaneously solves the
strong-CP problem, which would explain the anomalously small neutron electric dipole moment.
DM belonging to this class of theories currently do not have direct detection prospects within the
experimental setup that we focus on in the remainder of this work. Nonetheless, one can find
discussions of the theoretical motivations and experimental prospects for various axion/ALP
models in [20, 21, 22] and references therein.

In order of increasing mass, the next scale depicted in Fig. 1.5 is known as light DM,
which is the main focus of this work. Before discussing models in this window, we briefly

foray into a discussion of the next largest mass regime, the WIMP (Weakly Interacting Massive



Particles) scale DM. WIMP dark matter is of particular interest to this work since most existing
direct laboratory probes target this regime. We will see that WIMPs are a nice baseline for a DM
candidate easily consistent with ACDM while enjoying tractable direct detection prospects.

WIMP dark matter is a candidate whose relic abundance is typically set by a mechanism
known as thermal freezeout [23]. Initially, WIMPs are produced in thermal equilibrium with
the rest of the Standard Model in the early universe and maintain this equilibrium via creation
and annihilation processes between the DM and SM. As the universe expands and cools, the
Hubble rate eventually exceeds the DM annihilation rate. At this time, called “freezeout”, the
DM density is “frozen” other than the dilution due to an expanding universe, as annihilations to
SM particles become inefficient and rare. Given the observed relic DM density today, we can
work backwards to determine the necessary annihilation cross-section necessary for generating
the correct amount of DM by freezeout. After freezeout, the ratio of dark matter number density
to entropy density of CMB photons remains constant, since both of these quantities decrease with
the scale factor cubed. In the literature, this ratio is known as the “abundance”. Measurements of
the CMB and DM density tell us that the abundance is roughly eV/m, today, where m, is the
DM mass.

Now, we estimate the abundance at the time of freezeout in terms of the annihilation cross
section. As discussed, freezeout occurs roughly when Hubble expansion exceeds the annihilation
rate I', which depends on the equilibrium number density of DM (n;q) and the annihilation cross
section:

I'=ny/(ov) =H, (1.4)

where (ov) is the thermally averaged cross section times velocity. Early universe thermodynam-
ics [24] gives the entropy density of photons at freezeout in terms of temperature 7 and entropy
degrees of freedom g, s(T)

272
Sfo = Eg*7S(T)T3, (1.5)



while the number density of a non-relativistic spin-1/2 Dirac fermion species is

T\ 3/2
(T e, 1.6
x 2T ¢ (1.6)
Combining results from equilibrium thermodynamics of the early universe soup (1.5) and (1.6)
with the freezeout time condition (1.4) and today’s measurement of eV/m, abundance gives the

following benchmark for the annihilation cross section
(ov) =2 x 1072°cm? /s (1.7)

[25]. If the thermally averaged cross section times velocity is anything below this condition,
freezeout will occur too early to dilute the relic DM density to the correct abundance.

We are now quickly approaching the rationale for the name “Weakly” in Weakly Inter-
acting Massive Particles. In the case of spin-1/2 Dirac fermions coupled to Standard Model
fermions by a vector mediator, the annihilation cross section to SM fermions schematically is

approximately given by

4 . 4
Oy Ol ny, /my,  my <my
2 BN (1.8)

x 1 mx>mV

where o, and oy are coupling strengths between the DM fermions and mediator and SM fermions
and mediator, respectively, and my is the mediator mass. By either coincidence or fate, one may
notice that the required annihilation cross section for freezeout (1.7) closely matches (1.8) if we
take the coupling strengths oy, and ¢ts to be on the scale of SU(2);, weak interactions ¢, =~ 0.03

and the DM mass to be on the weak scale:

o2
(ov) ~ " TeWVZ' (1.9)
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This apparent match between the freezeout annihilation cross section and weak-scale cross
sections is known as the “WIMP miracle”. The implication here is that minimal extensions to
the SM at the weak scale, such as supersymmetry [26], are excellent thermal candidates that
easily produce today’s relic abundance of DM. Several other concrete examples are elucidated
in [23, 27, 28].

Given an annihilation cross section of the form (1.8), one finds that WIMP candidates
generally belong in roughly the 1 GeV — 100 TeV mass range in order to produce the correct
annihilation rate while satisfying the perturbative unitarity bound. For dark matter masses
below 1 GeV, the weak coupling strengths with a weak scale mediator will not produce enough
annihilations, while DM masses near 100 TeV require coupling strengths o, r that exceed 1.
There now exist many ongoing search avenues for WIMP dark matter including direct detection,
which will be discussed in the next chapter. Unfortunately, search avenues in this mass regime
have not yet borne fruit. Current experimental exclusion bands in this mass range are shown in
Fig. 2.2. The continual narrowing of allowed WIMP parameter space motivates us to broaden

our scope towards the sub-GeV range, known as “light dark matter” (LDM).

1.2.2 Light Dark Matter

Finally we arrive at the target parameter space for the bulk of this Dissertation, the
keV—GeV dark matter mass range. Like WIMPS, light dark matter can also be produced
thermally in the early universe and decay to the required relic density through thermal freezeout.
The main difference between LDM and WIMP freezeout is that light dark matter typically
requires new mediators away from the weak scale to achieve the necessary annihilation cross
section (1.7). This means that dark matter populating this theory space may belong to some
entirely new dark sector which interacts very weakly with the SM. The necessity of these new
dark mediators allows for a rich tapestry of models [29, 28, 30, 31, 32, 33], so long as they
preserve the successes of the current cosmological paradigm.

In this work, we aim to explore LDM direct detection in the most broad way possible

11



with respect to the allowed theory space. Therefore, we will usually work with effective DM-
nucleon couplings instead of restricting to particular models. This is a sensible approach since
fundamental interactions can typically be recast in terms of higher order effective couplings.
As an example, let’s introduce a dark sector copy of the electromagnetic (EM) part of the SM
with some nonzero new mediator mass my. The EM component of the SM and new dark sector
extension give the following Lagrangian

1 1 K

LD ——FyyF*Y — —V,, V¥ + 5

1
1 1 Fuy VY + Emévuvﬂ +eAutiy + &y Vudp,  (1.10)

This dark sector can be connected to the SM via the kinetic mixing term & F};,V,,,. This mixing
between the photon and new dark mediator allows for effective eey ¥ and pp) x interactions,
where e are electrons, p are protons, and ¥ is a new dark fermion. Since this model includes a
dark copy of EM, the mediator V is known as a dark photon. This particular case is explored
further in Sec. 3.4.3. This kinetic mixing portal is one of many possible ways to generate
effective interactions between SM and DM fermions through a new DM mediator. A dark sector
extension with a scalar mediator ¢ can connect to the SM through a Higgs portal through terms
¢H'H and ¢>H H. Then, the ¢ J x term along with effective couplings to SM fermions ¢ f f
result in DM-SM fermion scatterings. In order to remain agnostic to the specific model, the
results presented in Chapters 3 and 4 are generalized to massless and massive scalar mediators
between DM and nucleons, with the addition of the dark photon in Ch. 3. An exploration of the
astrophysical, terrestrial, and cosmological constraints on these simplified models can be found

in [34].

1.2.3 Primordial Black Holes

Primordial black holes (PBHs) are a particularly exotic dark matter candidate that form
from rare overdensities in the early universe. PBHs with masses greater than ~ 10 g or

~ 107'8M, (solar masses) are able to survive Hawking evaporation until today and can therefore

12



make up a component of DM today. Constraints on the allowed PBH parameter space near
this evaporation threshold comes from y-ray observations, as PBHs near this mass range would
emit an appreciable amount of Hawking radiation. For larger PBHs (> 10?3 g or 10~!1M,,),
gravitational lensing searches have excluded PBHs from making more than ~ 10% of today’s
DM density. Existing constraints are expounded on further in Sec. 5.3.4 and references therein.
In Chapter 5, we calculate projected reaches for next generation gravitational wave experiments
on the PBH parameter space and show that they may be competitive with current exclusion

bounds for a wide range of PBH masses.
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Chapter 2

Dark Matter Detection

2.1 Direct Detection

Direct detection is one of the primary search avenues for DM and refers to the attempted
detection of DM via its scatterings with ordinary matter. Since DM must only interact very weakly
with SM particles, constructing low background, low energy threshold laboratory experiments
is a necessity. This challenge is technological frontier that continues to be an active field of
research in experimental physics. Chapters 3 and 4 of this work aim to predict the response
rates of theoretical future solid state experiments to the DM wind. We begin by reviewing the

kinematics and responses of existing laboratory direct detection probes of dark matter.

2.1.1 Nuclear and Electronic Recoils

Existing dark matter direct detection experiments generally operate via the following
schema. Some large volume of inert material sits within a heavily shielded tank waiting for
the rare instance of a dark matter interaction. This interaction excites a nucleon or electron,
whose energy is then carried away to the edge of material and then captured by some low
energy-threshold apparatus. For a recent overview and specific details of the numerous ongoing
experiments, see Ref. [35] and references therein. An example diagram for a crystal-based
apparatus is shown in Fig. 2.1. The precise form in which the energy propagates and is measured

depends on the details of the experiment, but we can still understand the kinematics of the nuclear
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Figure 2.1. reproduced from [35].

and electronic recoils in a fairly general way as follows.
We will begin with a simple treatment of DM-nucleus scattering in the case where the
DM-nucleon interactions are coherent across the nucleus. First, the incident momentum and

energy of some incident DM particle } are given by

p2
=my, E=-—. 2.1
P m}(? 1 me ( )

If the DM particle imparts momentum q upon scattering with a nucleus, the final dark matter

energy is

P-9° @
Er= . 2.2
! 2my + 2mpy 2.2)

The key energy scale for the purpose of experimental detection is the amount of energy deposited
into the system, or the final recoil energy of the nucleus. Applying energy and momentum
conservation to the incident and final energy, one finds that when p and q are collinear, the dark
matter imparts the maximum momentum and recoil energy onto the nucleus

ja? _ 26vY
2mN ny

|q|max = 2“)(NV7 Eng = ) (2.3)

where v the incident DM speed and p,y is the DM-nucleus reduced mass. From simple
kinematics, we see that the nuclear recoil energy scales with the square of the reduced mass.

Thus, the recoil energy goes roughly as 2myv? as long as the DM mass exceeds the nuclear
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Figure 2.2. 90% confidence exclusion bounds for spin-independent DM-nucleon scatterings
for various direct detection experiments, reproduced from [36]. The dashed line labeled v-floor
refers to the irreducible background from neutrino scattering.

mass. Taking a typical DM velocity of v ~ 1073, we find that recoils in this my > my limit are
of order £'(10-100) keV. Modern experiments have energy detection thresholds below this scale
and thus are able to probe DM masses as low as 1 GeV. However, as the dark matter mass drops
further below the nuclear mass, the imparted energy decreases with mgzc, rendering detection
difficult via free nuclear recoils. In order to calculate the particular scattering rate and event
energy spectrum, one would of course need to include the particular DM-nucleon interaction
and possibly a nuclear structure factor if the dark matter de Broglie wavelength is smaller than
the nuclear scale. For spin-independent nucleon couplings, Fig. 2.2 depicts many experimental
bounds on the DM-nucleon cross section. As we can see, many direct detection experiments
have already explored and excluded much of the WIMP parameter space.

In addition to nuclear recoils, modern experiments generally include some mode sensitive
to DM-electron scatterings. The kinematics of electronic recoils differ from nuclear recoils
due to the fact that electrons are much lighter than nucleons and have large average velocities

compared to the DM. Following the similar analysis as for the nucleons, we calculate the electron
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recoil energy, which gives

) 2
Eg=29_ 2q_ (2.4)
my my

by kinematics. This recoil energy can be deposited if it corresponds to a difference between
electron energy eigenvalues. This can be made precise upon careful study of the electronic
structure of the material, but for the sake of a simple intuitive understanding, we treat the initial
and final states as free momentum eigenstates with characteristic velocity of order of the fine

structure constant . In this case, the initial and final electron energies are given by
k? (k+4q)?

E. — E;—
" 2m,’ ! 2m,

(2.5)

via momentum conservation, where K is the initial electron momentum. Combining this with the

energy conservation condition gives

. k- 2
Pq_Xq 4q 7 (2.6)
My me 2y
which is approximately
2 k-
v _=4 @.7)
2.“){6 me
since the characteristic electron velocity ~ m% ~ o= % is much greater than the typical DM

velocity ~ m% ~ 1073. Thus, the typical momentum transfer scales for electronic recoils are

a| ~ pyet (2.8)

For DM mass above the MeV scale, this corresponds energy depositions of order mgoc2 ~ eV,
which are accessible by modern experiments. Several experimental bounds on the DM-electron
are illustrated in Fig. 2.3. Below the electron mass (~ 0.5 MeV), the phase space of allowed
scatterings is heavily restricted since the electron mass becomes larger than the DM mass while

having a much larger speed and thus would typically impart energy on the DM if they are both
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Figure 2.3. 90% confidence exclusion bounds for DM-electron scatterings mediated by a massive
dark photon for various direct detection experiments, reproduced from [35].

free particles. In reality, the dark matter is can to impart its full kinetic energy %mxvz, but
depositions are kinematically suppressed.

In this analytic discussion along with the experimental results in Figs. 2.2 and 2.3, we
have found that DM-nucleon direct detection is only sensitive down to ~ 1 GeV DM mass while
DM-electron sensitivity continues a few orders of magnitude further. This is primarily due to
the fact that energy thresholds for nuclear and electronic recoils are quite different in existing
experiments. We are able to detect electronic excitations down to the few eV scale, which allows
for DM searches down to near the electron mass scale. However, nuclear recoils results at present
are restricted to 2 1 keV thresholds. In the coming years, we expect the energy thresholds for
DM-nucleon interactions to decrease significantly with new technologies. The next subsection
discusses a promising experimental apparatus that may be able to probe DM-nucleon interactions

below the GeV scale.
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Figure 2.4. Illustrative diagram of the proposed “SPICE” experiment from the TESSERACT
collaboration Snowmass 2021 Letter of Interest [37]. The left side depicts the mode that probes
DM-nucleon interactions via phonons through frontier TES technology. The right side depicts
the mode that exploits scintillation of the target crystal to probe DM-electron scatterings.

2.1.2 Solid State Detectors

In recent years, advancements in solid state physics have led to new prospects for
experimental direct searches of dark matter through ultra-low energy threshold technology. One
group leveraging these technological advancements is the TESSERACT collaboration, who is in
their research and design phase for a liquid helium experiment called “HeRALD” and a polar
crystal based experiment dubbed “SPICE” [37]. Here we review the SPICE experiment, which
is a potential future apparatus for the scatterings discussed in Chapters 3 and 4.

3_sized by

The SPICE experiment will consist of a large number of gram-sized (or cm
volume) crystal targets of sapphire and gallium arsenide totalling ~ 0.1 — 1 kg of each material.
For each replica, there will be a low threshold athermal phonon detector on the surface. These
surface detectors consist of superconducting Al fins and Transition Edge Sensors (TES) that

work in conjunction to act as an athermal phonon calorimeter. The arrangement of Al fins and

TESs on the surface are depicted in Fig. 2.4. The majority of area on the detector is composed
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of the superconducting fins with small TESs at at the intersections of the fins. As particles
scatter with nucleons in the crystal, phonons carry the imparted energy until they reach the
superconducting fins. This energy is then converted into quasi-particles in the superconducting
fins via broken Cooper pairs. These quasi-particles propagate within the fins until they are picked
up by a TES, which are able to measure energy depositions by a simple mechanism. The TES
is made of a metal with a narrow superconducting transition, which means that its resistance
is highly temperature dependent. These sensors are operated near the transition temperature,
thus small energy depositions may be detectable via sharp changes in the current through the
TESs. Constructing real apparatuses using this concept is a topic of much ongoing research, one
investigation of such a detector is detailed in Ref. [38]. The current frontier TESs [39] have been
demonstrated to be able to reach thresholds as low as a few hundred meV. Chapters 3 and 4 of
this Dissertation detail the theory of DM-nucleon/phonon scatterings and provide concrete tools
for calculating experimental observation rates for meV to eV range, with particular emphasis on

the intermediate regime around 100 — 200 meV.

2.1.3 Phonons

As experimental energy thresholds decrease, we will begin to probe energy and momen-
tum depositions on a scale that produce collective excitations in a crystal rather than single
nuclear recoils. In crystal lattices, the pseudo-particle quantizing these collective excitations is
the phonon [40], depicted for a simple chain in Fig. 2.5. We shall now review the kinematics
of single phonon excitations, which typically carry energies of < 100 meV. This will serve as
motivation for the rest of this work, which details the response of multiphonons.

In order to understand the basic physics of phonons, let’s study the simple solvable
model of a 1D harmonic chain of equal masses with only nearest neighbor interactions. The

Hamiltonian of this theory is given by

1
H = Z (p—l;l + —ma (x; —Xi+1)2> ; (2.9)
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Figure 2.5. Cartoon of phonons moving along a 1D chain. At the top, the atoms are in equilibrium.
The middle illustration shows optical phonons, which consist of neighboring atoms displaced in
opposite directions. The bottom depicts acoustic phonons made of neighboring atoms displaced
in the same direction. In both scenarios the phonons are longitudinal, since the direction of
motion of individual atoms is parallel to the direction of motion of the phonon. In the 3D case,
there will also be transverse acoustic and optical phonons whose atoms move orthogonally to the
phonon propagation (which would be up and down in this diagram). Illustration Credit: Brews
Ohare, Wikimedia Commons

where m is the mass, x;, p; are the displacement and momentum of mass 7, and @y is an energy
scale that sets the strength of the nearest-neighbor interaction. We also constrain the system
to have periodic boundary conditions, which makes it symmetric under translations of the
equilibrium lattice spacing. This is simply a mathematical trick that provides the model with an
exact symmetry. The boundary conditions are immaterial in the limit of a very large number of
atoms. Since the Hamiltonian is invariant under translations of the equilibrium lattice spacing, it

is diagonalizable in discrete Fourier modes

1 . 1 .
Xp=—=Y My, pp=—=Y e klp, 2.10
k \/sz: 1, P \/szl Di (2.10)

where N is the number of atoms and a is the lattice spacing. Straightforwardly inserting (2.10)

into (2.9) gives the Hamiltonian in Fourier space

1 2.2
H=—- ; (PkP_k +m a)kaX_k), @.11)
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where the sum is over all k, = %Vi: such that n € Z and |n| < %’ and @y is given by

o, =20

ka
in—|. 2.12
sin > ‘ ( )

Now we fully diagonalize (2.11) by defining phonon creation and annihilation operators

as satisfying X; = ﬁ(az ta_y)and P =i\ /"% (al —a_y):

1

5) (2.13)

H= Z a)k(aZak +
k
We see that the proper commutation relations for creation and annihilation operators [ay, az,] =
O and [ag,ap] = [az,az,] = 0 follow from [x;, p;] = i§;; and definitions of X;, F;. Finally,
we find that single phonon eigenstates of the Hamiltonian (a,t|0>) are eigenstates of the total
momentum operator and have energies that must satisfy the dispersion relation (2.12).

Given this dispersion relation, we can see that the kinematically accessible regime for
single phonon production differs significantly from the free nuclear recoil response discussed
around (2.3). The single phonon energies in our toy model scale linearly with the momentum at
small momenta

o, =20

k
sin?a‘ ~ wak o< k, (2.14)

which remains a feature of acoustic phonons in the full 3D crystal theory since acoustic phonons
are the Goldstone bosons of broken translational symmetries. The proportionality constants
between the energy and momenta in a realistic crystal are given by the sound speeds, which are
typically & (few) — O(10) km/s. Thus, single acoustic phonon responses are possible for energy
depositions in the < & (few x 10) meV range as depicted in Fig. 2.7.

We would be remiss to neglect that this toy model does not capture the optical phonon
modes present in real crystals. When neighboring atoms are non-identical as in crystals with
multiple atoms per unit cell, there are modes where neighboring atoms move in opposite

directions simultaneously, resulting in near-flat dispersions with finite energies at zero momentum.
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Figure 2.6. Dispersion relations for GaAs reproduced from [41]. The symbols X and W
represent specific points along the edge of the Brillouin zone in reciprocal space while I is the
zero momentum point. There are three acoustic (two transverse, one longitudinal) and three
optical modes as expected for a two atom per unit cell crystal in 3D.

Fig. 2.6 illustrates a full set of dispersion relations for GaAs with optical phonon energies of
31 —33 meV. A complete numerical Density Functional Theory (DFT) calculation of scattering
rates in the single phonon regime is performed in [41], while our full analytic prescription with
both acoustic and optical modes is given in Sec. 3.3.1.

Prior to the work in this Dissertation, only the single phonon [41], diphonon [42], and
free nuclear recoil responses to the dark matter wind had been formalized and calculated. In
Chapters 3 and 4, we perform first calculations in the multiphonon regime, depicted as the wide
yellow region in Fig. 2.7, and demonstrate its consistency with the single phonon and nuclear
recoil limits. These results are the main goal and accomplishment of Chapters 3 and 4 of this
thesis. As we can see from the figure, this is a necessity as we attempt to probe light dark matter

with masses less than 100 MeV with experimental energy thresholds below 1 eV.
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Figure 2.7. Schematic of the various DM-nucleon scattering regimes in crystals, reproduced
from [43]. The purple and green shaded regions illustrate regions of momentum and energy
transfers that can excite single phonons while the thin yellow shaded region above E; refers
to scatterings where the nucleus can be treated as free. The blue lines correspond to the
kinematically accessible momentum and energy transfers for DM with velocity v = 1073. We
see that DM masses below < 1 MeV typically excite single phonons, while DM masses = 1
GeV effectively scatter off of single free nuclei. Understanding and calculating scatterings in the
intermediate regime labeled “multiphonon regime” is one of the main accomplishments of this
Dissertation.
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2.2 Gravitational Waves

Einstein’s general relativity predicts the formation of propagating ripples in spacetime in
certain extreme circumstances. These ripples, known as gravitational waves, were first experi-
mentally observed in 2015 by LIGO (Laser Interferometer Gravitational-Wave Observatory) [44]
and were determined to be sourced by a merger of two black holes. Since then, many more
observations have been made of gravitational waves originating from various combinations of
neutron star and black hole mergers [45, 46]. While originally designed to find smoking-gun
confirmation of Einstein’s general relativity through merger measurements, gravitational wave
detection may present a new probe into the existence of primordial black holes.

In theory, primordial black holes form due to large curvature perturbations in the early
universe that cause rare overdensities. The mass and total energy density of PBHs are thus
related to the cosmological metric at early times. While observations of gravitational waves
today originate from large perturbations to the local spacetime metric near massive objects,
GWs are also necessarily produced by large perturbations to the cosmological metric in the
early universe. If such events occurred, the remnant GWs will have propagated and redshifted
along with the rest of the universe and formed a GW stochastic background, similar to the
CMB but with gravitational radiation instead of electromagnetic radiation. Data from existing
GW interferometers LIGO and Virgo has been used to place constraints on the primordial
curvature spectrum [47]. However, these results are not competitive with existing cosmological
bounds on the primordial black hole parameter space. In Chapter 5, we carefully relate the
population of PBHs to the strength and scales of primordial curvature perturbations. We
investigate gravitational waves produced from PBH potentials, the cosmological metric, and
various other sources and discuss the potential observational prospects of next generation

gravitational wave experiments on these stochastic GW backgrounds.
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Chapter 3

Dark matter direct detection from the
single phonon to the nuclear recoil regime

3.1 Introduction

The effort to directly detect dark matter (DM) is entering the sub-GeV mass regime,
thanks to experimental innovations which allow for ever lower energy thresholds. For kinematic
reasons, this regime is especially challenging for DM which primarily couples to hadronic matter.
For a DM mass (m,) below 1 GeV, the energy that the DM can deposit in an elastic collision

with a nucleus of mass my is bounded by

2.2
2v ny,

Ey < (3.1)

my

For my < my this is only a small fraction of the total available DM kinetic energy, which can
make it very difficult to detect. This problem can be mitigated to some extent by choosing
light element targets such as H [48], He [49, 50, 51], or diamond [52] and by pushing for
lower thresholds. Alternatively, one may leverage inelastic processes such as the Migdal effect
[53, 54, 55] or bremsstrahlung [56]. Inelastic processes occur at substantially lower rate, but
are not subject to the constraint in (3.1) and can also yield signals that are more easily detected
than a nuclear recoil, such as electronic excitations, ionizations or X-rays. Which approach is

preferable depends on the characteristics of the detector.
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At sufficiently low energy and momentum scales, DM-nucleus scattering is also not
subject to (3.1) because atom-atom interactions become important. In particular, the relevant
excitations in a crystal target are phonons instead of elastic nuclear recoils. For m, < MeV,
the momentum transfer from DM scattering corresponds to wavelengths comparable or larger
than the interatomic spacing of a typical target. In this regime, the dominant process will
be coherent scattering off multiple atoms, with creation of a single phonon. For crystalline
targets with phonon energies as high as ~100 meV, the energy deposited from DM can be well
above the naive estimate in (3.1). Single phonon excitation has been studied extensively for
sub-MeV dark matter, where numerical and analytic calculations by different groups are in
good agreement [57, 41, 58, 59, 60, 61, 62, 63]. These calculations have also been extended to
diphonon production from sub-MeV dark matter! [42] as well as to single phonon production
from MeV-GeV dark matter by including Umklapp processes [58, 60]. However, so far there
has not been a complete description of DM scattering for intermediate energy and momentum
transfers, where multiphonon processes are expected to dominate.

In this work, we develop an analytic treatment of DM scattering that interpolates between
the single phonon and nuclear recoil regimes. The relevant approximations are set primarily
by the momentum transfer ¢. For single phonon excitations and ¢ < 27/a, where a is typical
atomic lattice spacing, we use a long-wavelength approximation used earlier in the literature
[57, 41, 59, 42]. For q > 2m/a, we employ the incoherent approximation, which neglects
interference effects between the response of neighboring atoms. This allows us to organize
the calculation as a systematic expansion in the number of final state phonons, where each
additional phonon comes with a factor of ¢/+/2my@,. Here, my and @, are the mass and average
oscillation frequency of the atom in the position indexed by d. For g < \/2my@, it is numerically
practical to compute the rate order-by-order in terms of the phonon density of states of the

material. For g > /2m,®,, scattering into many phonons dominates and the perturbation series

lAnalogous calculations were performed for superfluid He [64, 65, 66, 67, 68, 69, 70], for which diphonon
production is the leading observable process for m, < 1 MeV.
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Figure 3.1. Cross sections needed for 3 events/kg-year for various target materials and threshold
energies. A massive hadrophilic mediator is assumed.

requires increasingly large orders in g/+/2m, @, to converge. It can however be resummed by
making use of the impulse approximation, which in turn smoothly matches onto the free nuclear
recoil regime. A similar expansion in number of modes has been performed previously for the
integrable toy model that is the harmonic oscillator [71]. Here we have generalized the approach
to a harmonic crystal, analogous to the procedure followed in [72] and [73], in calculations of the
Migdal effect and X-ray backgrounds, respectively. Fig. 3.1 illustrates our results from applying
these approximations. All of our calculations are implemented as part of the DarkELF public
code [74].2

The remainder of this paper is organized as follows: In Sec. 3.2 we introduce the dynamic

structure factor, which captures the material-dependence of the DM scattering cross section,

Zhttps://github.com/tongylin/DarkELF
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and motivate the incoherent approximation for the structure factor. In Sec. 3.3, we describe our
analytic approximations in detail across the different regimes in energy and momentum transfer.
We perform checks on our use of the incoherent approximation by comparing with previous
calculations for single-phonon production and analytic calculations for diphonon production. Our
results for GaAs are discussed in detail in Sec. 3.4 and we conclude in Sec. 3.5. Appendix 3.A
contains the formulas for diphonon production and Appendix 3.B provides details on the impulse
approximation. The implementation in DarkELF is documented in Appendix 3.C. We further

provide numerical results for Ge, Si and diamond in Appendix 3.D.

3.2 Dynamic structure factor

Our starting point will be a general potential for spin-independent DM-nucleus interac-
tions, although the formalism below could also be applied to spin-dependent interactions. For
a DM particle of mass m, incident on a crystal with N unit cells and n ions per unit cell, the

potential in Fourier space is given by

N n )
F)Y Y fiaeh™. (3.2)
7

Here, we sum over the N unit cells, labeled by lattice vectors ¢, and atoms within the unit
cell, labeled with the index d, such that all atoms in the crystal with positions ry; are summed
over. The DM-proton scattering length b, is defined by the DM-proton scattering cross section
op = 47rb% at some reference momentum, and f, is the DM-proton reduced mass. We first
consider a general coupling strength fy; of the nucleus labeled by /,d relative to that of a single
proton. fy, is specified for various interactions in Section 3.4, such as nucleon number for scalar
mediators and the effective electric charge for scattering via a dark photon mediator. In the latter
case fy4 1s q dependent when accounting for screening effects.

We consider two form factors in (3.2) representing limiting cases of interactions: scat-

tering via a heavy mediator, where F(q) = 1; and scattering via a massless mediator, where
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F(q)= qg / ¢ with a model-dependent reference momentum gj.

Collecting the overall factor 27tb,F (q)/ i, we define the differential cross section as

doc by 1Q,

Fado ~wvarl q)|*S(q, ©) 8 (& — ) (3.3)

where v is the initial velocity of the dark matter (incident on a target at rest), Q. =V /N is the
volume of the unit cell in the crystal, and @¥q = q-v — q2 / 2m, is the kinematic constraint on
the momentum and energy transfers to the crystal q and @. We have in turn also defined the
dynamic structure factor

2 ?

N n )
$(2,0) = T Y Y Y. (ol fiact7]0)) 5 (o). G4
fle

d=1

Note that the convention for S(q,®) varies across the literature; here we use the convention
that gives a similar S(q, @) definition for both phonon interactions and DM-electron interac-
tions [58, 43]. We also assume the system is initially in its ground state |0) prior to the collision,
corresponding to a zero temperature system. We sum over final states with energies E, such that

each term represents the probability to excite the final state |<I> f>.

3.2.1 Coherent and incoherent structure factors

For a given crystal there are many possible configurations of interaction strengths f;
which may vary even for different samples of the same material, e.g. the exact distribution of
spins or isotopes in the material for spin-dependent® or mass-dependent interactions, respectively.
This can be accounted for by averaging over a large collection of target samples. With a large
number of nuclei in the crystal, we expect the exact distribution of interaction strengths in a
given sample to be inconsequential relative to the result averaged over many samples. We can

keep track of fluctuations away from the average configuration by splitting the scattering rate

3For spin-dependent interactions, fy, is an operator rather than a parameter, but otherwise the analysis proceeds
analogously.
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into a coherent and incoherent contribution, as explained below.
We follow the procedure of Refs. [75, 76] and first re-express (3.4) by expanding the

square and Fourier transforming the §-function, giving

N n
=Y ) fulpyCra (3.5)

0.0d,d

where 6 4, 1s the time-dependent two-point function:

Caa=y [T (ol 1 Oy)
S S
x <q)f|eiq~r4d(l‘)|0> e—i(l)l‘

—_ / —iq-rp (0 l(I'l‘Zd(f)>e_"wt, (3.6)

In the second line we used the completeness of the basis of states. It will also be advantageous to

define a shorthand notation for the auto-correlation function for an atom with itself as

Cra = Crava

%/dt <e*iq1'/d(0)ef(1'l’m(f)>e*iw1. (3.7)

We assume that the fy; are random throughout the crystal. Under this assumption, the
average of fyy fgi  over target configurations, fyf;,, must be independent of the lattice sites 0,0,

Making this replacement in (3.5) gives

N n
=YYl Crana (3.8)

0.0d,d
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where the averages may be written as

d;’éd/: f;i—fjlzﬁf_;’u

d=d': fals =12

For the d # d’ case we assumed that the expectation values of the f; for different atoms in the

unit cell are uncorrelated. This allows one to split the structure factor into two contributions:

S(q, @ Z Z fafy Cgé’d’ﬂd‘f‘ZZfd Cla (3.9)
e
o N n
:szdf;’cgf’d/fd+zz< )59% (3.10)
00 dd 7 d
=5 (q,0) + 51 (q, ») 3.11)

where the second line is obtained by adding and subtracting the term proportional to (fy)? and
regrouping. The first and second term in (3.11) are usually referred to as the coherent and
incoherent structure factors in the neutron scattering literature.

The coherent structure factor relays the scattering rate if the interaction strengths of all
atoms in equivalent lattice sites are equal to a common value f;. For example, one can consider
low energy, spin-independent neutron scattering in a very pure crystal with only a single isotope
per atom type. This implies f; = fyg = Ay, with A; the atomic mass number, such that the
incoherent contribution in (3.11) vanishes exactly. The sum in (3.10) then crucially includes
position correlators between differing nuclei, which capture the interference between different
lattice sites. In practice, this interference leads to a coherence condition, which demands that
the momentum in the scattering process must be conserved up to a reciprocal lattice vector. In
particular, the Oth order term in a low q expansion of (3.6) corresponds to Bragg diffraction.

The incoherent structure factor on the other hand accounts for the statistical variations in

interaction strengths between different scattering centers in the lattice. The second sum in (3.10)
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contains no cross terms and thus does not include interference between different lattice sites.
There is therefore no corresponding coherence condition and the incoherent structure factor does
not enforce momentum conservation.*

For most earlier DM direct detection calculations the focus has been on spin-independent
scattering in high purity crystals with little isotopic variation. In this scenario, we take the single
isotope approximation f_j — (f4)? = 0, implying that only the coherent scattering contributes.
For spin-dependent dark matter scattering, the average will be the quantum expectation value of
the spin operator, resulting in f_j # (f4)%. We therefore expect the incoherent piece in (3.11) to
be important in this case. In this paper we focus exclusively on spin-independent scattering in
the single isotope limit and the corresponding coherent structure factors. The coherent structure
factors are however more difficult to evaluate, due to the conservation of crystal momentum that
is built into (3.6). This results in increasingly complicated phase space integrals for multiphonon
processes [42]. For our purposes, the utility of studying the incoherent structure factor will
be that the auto-correlation function can be used to obtain a reasonable and more manageable
approximation of the coherent structure factor at sufficiently high momenta. Our results can also
be extended to the case of spin-dependent scattering, but we leave this for future work.

Before venturing further into this approximation and its validity, we must first develop
the structure factors into a form which lends itself to a direct calculation. In order to evaluate
the structure factors in (3.4)—(3.8), the position vector of each atom may be decomposed in
terms of the equilibrium lattice positions and displacement vectors, ryp; = £+ rg +uy,. Here
rg is the equilibrium location of atom d relative to the origin of the primitive cell and uy; is

the displacement relative to that equilibrium. Following this decomposition, we quantize the

4 An alternative but equivalent point of view is that for coherent scattering, translation symmetry is broken up
to a shift symmetry, since all unit cells are identical. For incoherent scattering the scattering centers are treated
as independent and translation invariance is therefore fully broken, resulting in the complete loss of momentum
conservation.
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displacement vector in the harmonic approximation with a phonon mode expansion

3n
1 .
uy(t) = - - ( 4 e (Z—i—rd) 0y k!
Zd( ) ;% \/m €y d klv k
+ey 4 kat KC (€+r2)+iwv"‘t> (3.12)

The index v denotes the phonon branches, of which there are 3n, and k labels the phonon
momentum in the first Brillouin Zone (BZ). The d;k and dy i are the creation and annihilation
operators for the phonons, @y  is the energy of the phonon, e 4 i is the phonon eigenvector for
atom d normalized within a unit cell, } e>"‘,7 Ak Cudk = Ouv O k> and my is the mass of atom d.

The structure factor in (3.8) can then be explicitly evaluated by applying (3.12) to (3.6).

For a pure single isotopic crystal with f_§ = (f4)?, this is given by [42]

27 N n e 2
SN(q0) =T Y (VY fae "Vt 8 (Ep - 0) (3.13)
F e d
where
q-e, k.d _
= é—i—r o) \4 AT ik-(0+1)) 14
My = d < f’exp [ Z T ay e d] 0) (3.14)

is the matrix element for scattering into the final state of the crystal denoted by f. The Debye-
Waller factor e~W¢(4) is given in terms of the function W, (q) = H(q- u/4(0))?). We may Taylor
expand the inner exponential in powers of q where the nth term can excite a final state consisting
of n phonons. The phonon eigenvectors and energies may be obtained numerically using Density
Functional Theory (DFT) (see e.g. [77]); using these, the leading single phonon structure factor
has been calculated [41, 60, 63]. These DFT-based calculations quickly become cumbersome,
however, and have not yet been performed for generic n-phonon terms. Analytic calculations may
be performed more easily, and have been carried out for the single- and two-phonon terms [42],
but are only tractable when assuming an isotropic crystal and that |q| is small relative to the size

of the first Brillouin zone. Such analytic calculations likewise lack scalability for higher order
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phonon terms.
In summary, since the direct evaluation of (3.13) is very tedious and not always possible,
we will rely instead on an approximate form of S(coh) (q, ®), bypassing the need to deal with

(3.13). This is described in the next section.

3.2.2 Incoherent approximation

The incoherent approximation amounts to dropping the cross terms in (¢ # ¢’ or d # d')
from the sum in (3.10), thus neglecting the interference between non-identical atoms. In other

words, one approximates the coherent structure factor by

N n
s (q,0) ~ Y Y (f2)*C (3.15)
¢ d

The incoherent structure factor remains unchanged, and the total structure factor is then given
by SV (q, ) ~ ZIZ Y E%d. In this work we will focus only on pure crystals with a single
isotope for each type of atom, so that the total structure factor can be computed with (3.15). The
incoherent approximation is expected to be a good approximation when the momentum transfer
is larger than 27 /a with a the inter-particle spacing. Then the phase factors associated with the
interference terms are expected to add up to a small correction compared to the £ = ¢'.d = d’
terms in the sum. For an argument justifying (3.15) we refer to [75, 78].

For momentum transfers within the first Brillouin zone, single phonon scattering always
dominates the inclusive scattering rate. It is however possible that the detector threshold is such
that single phonon processes cannot be accessed but the double or multiphonon processes can.
In this case the incoherent approximation cannot a priori be taken for granted. We nevertheless
use it, but verify the results against our earlier two-phonon calculations [42] whenever possible
(Sec. 3.3.2), finding satisfactory agreement. The accuracy of the calculations in this part of phase
space is however less well understood and further work is needed.

To evaluate the auto-correlation function, we first replace the atomic positions ry; in
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(3.11) with their displacement operator decomposition, noting that the ¢+ rg constant cancels,

amounting to a simple substitution of ryy; — uyy:
G — é / dt (= Ta0) i vsa 1)) i (3.16)

The expectation value may be rewritten with an application of the Baker—Campbell-Hausdorff

formula, Bloch’s identity (eA> = e%<’42>, and some matrix algebra [41] giving:

Cra = 1 /dte_zwd(Q)e<Q'll€d(O) Qg (1)) p—ior (3.17)
Vv
When we deployed Bloch’s identity, we implicitly used the harmonic approximation, by only
considering displacement operators of the form in (3.12).
The correlator (q-uy;(0)q-uy, (7)) may be evaluated with the form of the displacement

operator in (3.12), wherein the ¢ dependence cancels. This gives

(@ w0yl ZZ%%L B18)

which can be simplified further by averaging over the direction of momentum vector ¢

2 2
q |evkd| iwy kt
0 ; ~ 4 _EveKal v .k 319
(q-uy(0)q-uy(t)) 3 ZV:Xk:Qde(Dv,ke ( )
2 T !
Dy(®0") o
_ chlnd /da)/%,)elwt (3.20)

where we defined the partial density of states for each atom in the primitive cell as

A*8(0—oy)). (3.21)

_1
:Tv;

The partial density of states was normalized to satisfy [ d ®D;(®) = 1. This can be shown by
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using the eigenvector completeness condition, which imposes ), e;k 4.8V kd,j = o;;j for fixed
k,d, where i, j are spatial indices. In addition, the total density of states of the material is defined
by

D(o) E%"Dd(w) — %;zk‘,a(w—wv,k), (3.22)

which satisfies [*Zd@D(®) = n with n the number of atoms in the unit cell.’ In materials such
as Ge, Si, or GaAs all atoms in the primitive cell have the same or similar mass and as such
contribute roughly equally to the density of states, see Fig. 3.2. One could therefore approximate
D;(w) =~ D(w)/n in (3.20) for these materials. We however choose to keep track of the partial
density of states, to keep the calculations as general as possible.

For mono-atomic lattices, the density of states can be extracted directly from neutron
scattering data through the incoherent structure factor. This is not always possible for multi-
atomic lattices, since the scattering is only sensitive to the combination ¥ ; | f4|>Dg(®)/mg4. To
infer the individual D;(®) as well as D(w), one therefore needs a set of scattering techniques
which allows one to effectively vary the f;. This is not available for all materials, and it is
therefore often most convenient to extract the D;(®) from DFT calculations. A comprehensive
library of results has been made available by the materials project [79].

Returning now to the calculation of the autocorrelation function, we can expand the
exponential term in (3.17) using the form of the correlator in (3.20). This yields an explicit
representation of Cy; as an expansion in number of phonons n being excited:

_2r —2W,(q) 1 qz !
Gl =e ; ! \ 2my

x <ﬁ/dw,~Dd£;”")> 5 (ij - a)) (323)
=1 i 7

)te—ta)t

where the delta function arises from the time integral ﬁ [dt Lo and ensures energy

3In the literature, the density of states is also sometimes normalized to 3n,, where n, is the atomic density.
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Figure 3.2. Partial and total density of states for GaAs [79]. Labels indicate the regions in which
a particular phonon branch dominates.

conservation. Here, by using (3.20), the Debye-Waller function takes the form of

2 D /
W,(q) = 4%[1 / dw’%. (3.24)

Thus, in comparison to the difficulties discussed surrounding (3.13), inputting this form of the
correlator into (3.15) gives an analytic approximation for all phonon terms in the appropriate
regime of validity.

In this paper, we utilize the incoherent approximation to calculate the contributions from
higher-order phonon terms to an arbitrary degree in a simple and fast manner. This allow us to
make rate predictions for the entire relevant mass range, going from the low-mass (m, 2 keV)

single phonon regime to the high-mass (m, 2 50 MeV) nuclear recoil regime.
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3.3 Processes

Using the autocorrelation function, (3.23), we can estimate the scale at which a generic
n-phonon term starts becoming a relevant contribution to scattering. To organize the multiphonon

expansion, it is useful to define an average phonon energy
Q= /da)’a)’Dd(w’). (3.25)

While @, technically depends on the atom d, this just gives an ¢'(1) dependence in the phonon
scale. Since n! o< n”* at large n, we see that the nth term of the series (3.23) will roughly begin

giving an (1) contribution when

qZ

Zmd (Dd

~ . (3.26)

This means that for a given g (or consequently, m,) one can determine the dominant scattering

2
processes. When ZWZZ oy < 1, single phonon excitations will be the primary channel; for m; ~ 30

q

GeV and @, ~ 30 meV, this corresponds to ¢ < 30 keV. Conversely, when 2md26)d > 1, phonons

are no longer a suitable description and the scattering is instead well modeled by the recoil of a
single nucleus. This transition occurs roughly at g > 2+/2my@,. In between these two extremes,
we have n ~ few, indicating multiphonon excitations as the primary process. The precise nature
of the dominant process for a given m, will vary based on the mediator mass and experimental
threshold.

In this section, we describe analytic approaches for characterizing the structure factor in
crystal targets, broken into subsections corresponding to the previously mentioned processes.
Secs. 3.3.1 and 3.3.2 deal with single phonon and two phonon excitations. Here we can also
compare calculations of the full structure factor with the incoherent approximation. Sec. 3.3.3
deals with many phonon excitations, and Sec. 3.3.4 describes the impulse approximation, which

gives a good approximation to the structure factor for momenta approaching the nuclear recoil
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limit. For all numerical results in this section, we will assume a coupling to nucleons (replacing
the generic average interaction strength f; with the nucleon number A,) for both massive and
massless mediators, and take a GaAs target as a typical example of a simple cubic crystal of

interest.

3.3.1 Single phonon production

If the unit cell contains at least two atoms, there are two types of phonons that can be
produced: acoustic and optical phonons. As discussed in Sec. 3.2, DFT-based calculations
for both single acoustic and single optical phonon excitations have been performed across a
large dark matter mass range (~keV to GeV) [41, 60, 63]. Meanwhile analytic calculations
so far have been limited ¢ < 1 keV, which corresponds to m, < MeV [57, 42]. Although the
DFT-based calculations span the entire mass range of interest and can provide information
such as directional dependence, the numerics are more intensive; the phonon band structure,
eigenvectors and structure factors must be calculated from first principles for each material.
For high ¢, the sum over the reciprocal lattice must also be accounted for [58, 62]. Here we
extend the analytic calculations to the high g regime by using the incoherent approximation.
The comparison with the DFT results of [41] will also serve as a validation of the incoherent
approximation.

To organize the calculations, it is useful to define a momentum scale (¢ggz) which
approximately reflects the size of the first Brillouin zone. We take gz = 27” ~ 2 keV, where a is
the lattice constant. We first review the single phonon response for ¢ < gpz. In this regime, we
compute the structure factors in the isotropic approximation and in the limit ¢ < gpz. For this
purpose we assume linear dispersions @ = cyq for the longitudinal acoustic (LA) and transverse
accoustic (TA) modes, with ¢, replaced by cp o and cta for the longitudinal and transverse sound
speeds, respectively. The optical modes are assumed to have flat (constant) dispersions for the

longitudinal optical (LO) and transverse optical (TO) phonon energies @ o and wto. The sound

speeds and optical phonon energies are taken to be their long-wavelength values (¢ = 0). We
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will refer to this set of assumptions as the long-wavelength approximation.
The matrix element is given by the leading non-trivial term in the small g expansion of
(3.14). The only relevant contributions for g < ggz are those of the single LA and LO phonons.

We approximate the long-wavelength acoustic eigenvectors as

VAL -
eLAkd X ——=——K; (3.27)
’ \/ Zd/Ad/

note that this form is valid for generic crystal targets and not limited to GaAs. For the LO phonon,

we use the following eigenvectors, which are only valid for diatomic lattices [42]

vV A2 R

Lok ~——et K, 3.28
LOK,1 VA (3.28)
VAL ik (3.29)

e N —
LOk,2 \/m

where the first atom is taken to be at the origin of the primitive cell, and the second atom is
taken to be at the coordinate r = (a/4, a/4, a/4) for GaAs. The acoustic and optical transverse
eigenvectors are orthogonal to these, but do not contribute to the scattering into a single phonon.
With these approximations and taking f; = Ay, the analytic expressions for the single phonon

contributions to the structure factor are [42]

27 (Yo Aar) ¢
S,— O — - 0(0— O A, )O (0o — ® (3.30)
n 1,LA(CI ) Q. 2m, 0L A ( A,q) ( 0 )

21 q4a2 A1A,
Sy— ,0) R — o(w— 3.31
n=1,L0(¢q, ®) Q. 32a00 1y (A + A7) (0 — o) (3.31)
SYS02) (4. 0) = St LA (g, ©) + St Lo (g, ©) (3.32)

with Q. the volume of the primitive cell. Here we have introduced a cut-off of @ = @y o to
the longitudinal acoustic branch to avoid overestimating the scattering rate with the LA mode

near the edge of the Brillouin zone. The ¢* scaling and appearance of the lattice constant a
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in the optical structure factor comes from averaging over angles with the eigenvectors, giving
(q-19)? ~ ¢*a*/16 [59].

For dark matter with a standard velocity dispersion v ~ 1073, the typical momentum
transfer begins to fall outside the first Brillouin zone for m,, 2 1 MeV. Physically, this corresponds
to the wavelength becoming smaller than the interatomic spacing, and the long-wave length
formulas from (3.27) to (3.31) are no longer valid. We can however utilize the incoherent

approximation in (3.15) and (3.23), which yields

(¢>qpz7) 2NN owe) 261_2Dd((0)
Sici (g, @) ~ o ;e () 3= (3.33)

The forms of the structure factor are qualitatively quite different in the two g regimes. In
the coherent regime ¢ < ggz, summing over the response of multiple atoms with constructive
interference leads to a resonant response in (3.32). The impact of the interference is greatly
reduced for g > gz, such that the incoherent approximation becomes a viable description.
While the sharp transition in the structure factor is an artifact of our approximations,
(3.32)-(3.33) can accurately describe the integrated structure factor above or below ggz. Fig. 3.3
compares our combined analytic single phonon description with numerical DFT calculations.
For the DFT result we follow [41], computing the dynamical matrix and phonon dispersions
with respectively VASP [80] and phonopy [77] (see also [60]), and take the angular average of
S(q, w) over all q directions for comparison with the isotropic approximation. The top panels
show the structure factors in (3.32) as a function of g, integrated over @. The top left panel shows
S(q, w) integrated over ® € [1meV,27meV] to select the acoustic phonon branches only and
the top right panel shows the integral over @ € [27meV,40meV] for optical phonon branches.
The analytic approximations are in good agreement with the DFT result in their respective
regimes of validity. For ¢ < gpz, integrating (3.32) leads to respectively ~ ¢ and ~ ¢* scaling,
while the incoherent approximation in (3.33) always scales as ~ ¢*>. As discussed above, the

w-dependence of the analytic structure factors is quite different in the two regimes, with the
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(a) Comparison of the integrated single phonon structure factor for GaAs. The left panel shows the structure
factor integrated over @ = 1 — 27 meV for acoustic phonon branches only and the right panel has @ = 27 — 40
meV for optical phonon branches only. The dashed line shows the DFT result, averaged over all q directions,
while the solid line shows our analytic approximation based on joining (3.32) (valid for g < gpz) with the

incoherent

approximation (3.33) (valid for g > gpyz).
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(b) Cross sections giving a rate of 3 events/kg-year, assuming f; = A,. The rate is computed using our
analytic single phonon structure factor approximation (solid) or with DFT calculations (dashed). We find
that the analytic approach agrees with the DFT calculations within an &'(1) factor.

Figure 3.3. Single phonon production.
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coherent structure factor giving a resonant response around the single-phonon dispersion while
the incoherent approximation is continuous in @. However, the integrated result matches the full
DFT calculation of the coherent structure factor well, indicating that the analytic approach will
be useful in calculating integrated quantities such as rates. Furthermore, the analytic approach
provides physical insight into the change in the g-scaling of the structure factor in Fig. 3.3a.
The plots in Fig. 3.3b show single phonon integrated rates for both massive and massless
scalar mediators. For the massless mediator, scattering into the acoustic phonon specifically
favors small ¢ due to the «< g—* contribution of the mediator form factor. The analytic result
of (3.30) therefore applies across the entire DM mass range, as the large g contributions are
negligible. For all other cases the structure factor scales with a positive power of ¢ so that large ¢
contributions are the most important. We therefore see a change in slope of the ¢, reach around
my ~ MeV, when g 2 ggz becomes kinematically accessible. These features are captured by the
q > gpz analytic description from the incoherent approximation, and again agree with the DFT

results.

3.3.2 Two-phonon production (g < ggz)

We next turn to the use and accuracy of the incoherent approximation for two-phonon
production, in particular for g < ggz. Single phonon production always dominates in this regime
if above threshold [42]. It is however expected that there will be a phase in the experimental
program for which the energy threshold will still be too high to access single optical and accoustic
phonons, such that the formally subleading double phonon production can be relevant.

While the incoherent approximation is expected to be the least accurate for g < gpz, it
is still useful to compare it with existing analytical results for the structure factor. The analytic
results are obtained in the long-wavelength approximation, as defined in Sec. 3.3.1. In this limit,
the Wilson coefficients of the self-interaction operators for the acoustic modes can be extracted
from the measured or calculated elasticity parameters. With these assumptions, one can explicitly

evaluate (3.13) to second order in g//my® [42].
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In this work, we will extend the long-wavelength calculations to all final states (see
Appendix 3.A) and compare them with the incoherent approximation. For this purpose we
extrapolate the results of Ref. [42] to higher ¢ values and make a number of additional assump-
tions to model the self-interactions of the optical modes, thus giving the complete structure
factor. For these reasons the calculations in this section should however be considered only a
toy model of a GaAs-like crystal. We will show below that for this toy model and in the limit of
small momentum transfer, the incoherent and long-wavelength approximations give qualitatively
similar DM scattering rates.

From Ref. [42], the two-phonon structure factor can be written as

S(q, ®) = S"™ (q, ) + 5@ (q, ) (3.34)

in the long-wavelength limit. The first term is the structure factor in the harmonic limit (also
referred to as the contact piece in [42]), where anharmonic corrections to the atomic potentials
are neglected. It can be obtained by expanding (3.14) to second order, and evaluated analytically
in the long-wavelength limit. The second term contains contributions to the structure factor from
anharmonic interactions. In order to evaluate this, one needs to include a phonon self-interaction
Hamiltonian in computing (3.14), as described in detail in [42]. The interactions of acoustic
phonons are based on an effective three-phonon Hamiltonian valid in the long-wavelength limit,
but to obtain a more complete picture we include a highly approximate three-phonon Hamiltonian
for interactions involving optical phonons. These calculations are summarized in Appendix 3.A.

To perform the most meaningful comparison between the incoherent and long-wavelength
approximations, we assume the following Debye model for the partial density of states for a

diatomic crystal
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Figure 3.4. Two phonon production. 7op: Comparison of the two-phonon structure factor
calculated with various approximations, where the toy model assumes the long-wavelength
approximation. Optical-optical channels give a 0-function and are not plotted. Bottom: Cross
sections for producing two phonons at a rate of 3 events/kg-year using the same approximations
as above. We restrict the mass range to m, < 1 MeV so that typical g values are below ggz,

where our long-wavelength approximations are valid. The energy threshold is taken to be 40
meV, above the single phonon energies.
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which is derived from the long-wavelength approximation as described in Sec. 3.3.1.° The
explicit structure factor from using this toy density of states in (3.23) is given in Appendix 3.A,
which for simplicity we evaluate with A} = A, for GaAs.

The top panel of Fig. 3.4 compares the calculations of the two-phonon structure factor
in the incoherent and long-wavelength approximations. For the incoherent approximation, we
show the result with the toy density of states in (3.35) as well as with the true density of states

from Fig. 3.2. The dashed line shows the harmonic limit, meaning that S (anh)

is neglected. This
is the case that is most directly comparable to the incoherent approximation, which assumes the
harmonic mode expansion in (3.12). For the dotted line, the leading phonon self-interactions
were included.

In the harmonic limit, all modes scale as ~ ¢* except for optical-acoustic final state, which
scales as ~ ¢%. The incoherent approximation naturally misses these more subtle destructive

interference effects, but still captures the correct ¢* scaling for most of the modes. We see

in Fig. 3.4 that the incoherent approximation is within a factor of ~ 5 of the long-wavelength

%Here the maximum momentum of the modes is determined by requiring that the sum over all modes is equal
to the total number of degrees of freedom. For GaAs and in the isotropic approximation, the exact momentum
cutoff is about 2% different from gz = 27 /a. This error is negligible compared to the uncertainties on the other
assumptions made in this section.
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approximation for all @ > @y o, for both the toy model and true density of states. The difference
at smaller m is not experimentally relevant, as the single phonon rate will completely dominate
in this region. There are also delta-function terms from the optical-optical branches which do
not appear in the plot; their contributions to the overall scattering rate are comparable for the
incoherent and long-wavelength approximations as well. See Appendix 3.A for details. These
terms dominate the scattering rate at higher energies, and overall we see in Fig. 3.4 that the
incoherent approximation reproduces the structure factor in the harmonic limit to within a factor
of few.

When anharmonic interactions are included, the difference becomes larger and the
incoherent approximation may under-predict the rate by up to an order of magnitude in our
estimate. However, as discussed above, the anharmonic Hamiltonian used is itself also only valid
at the order of magnitude level, particularly for optical modes. We expect that our approach can
model the rate in this regime at the order-of-magnitude level, but a proper DFT calculation is
needed for it to be rigorously validated.

Finally, we show in the bottom panel of Fig. 3.4 a comparison of the cross sections
corresponding to a rate of 3 events/kg year, with the different approximations for the two-phonon
structure factor. We assume ® > 40 meV, since for lower thresholds the rate is dominated
by single-phonon production [42]. We emphasize that here we are only illustrating that the
incoherent approximation is within a factor of few of the full structure factor, as long as the
same assumptions are made for the phonon dispersion relations. Therefore, we restrict our
comparison to m, < MeV such that we can restrict to g < ggz. The incoherent approximation
underestimates the rate by a factor of few in the harmonic limit, and up to an order of magnitude
when anharmonic interactions are included. Using the true density of states slightly improves
the agreement. Though this comparison only applies to a limited g range, our result suggests
that the incoherent approximation should give a reasonable, order-of-magnitude estimate for
multiphonon production even at low g. We expect this uncertainty to decrease for larger ¢ where

the incoherent approximation is most justified, and in particular we will see that the incoherent
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approximation reproduces the expected rate in the free nuclear recoil limit, as discussed in the

next sections.

3.3.3 Multiphonon production

In the previous section, where we dealt with g < gpz, the incoherent approximation
should be viewed as an order-of-magnitude estimate only. For g > gpz, it is however on firm
ground [75, 78] and is used routinely to measure the density of states from neutron scattering
data [75]. Moreover, in the ¢ > gpz regime multiphonon processes become important. This
follows from the form of the structure factor, obtained by inserting (3.23) into the incoherent

approximation (3.15):
5(q, @) = E;(fd) e ; 2y
1 [ Dy(a)
X <,~:1/dwi - ) 5 (;wj—w> . (3.36)

With

From the discussion around (3.26), the typical number of phonons is n ~

2m a0y "

@y 2 30 meV and my 2 30 GeV for most crystals, the self-consistency condition for the inco-
herent approximation (g = gpz) is therefore always satisfied for n > 2 processes. The evolution
of (3.36) for increasingly large ¢ is shown in Fig. 3.5a.

We can obtain an approximate scaling for (3.36) by separating each term in the sum over
n into g-dependent and w-dependent parts. The @-dependent part is given by the second line of
the equation, which is only non-zero at ® < n @ o in order to satisfy the delta function. This part

" +1); this is illustrated

of the structure factor can be estimated to have at most the value of 1/(n! @
in Fig. 3.11 of Appendix 3.C, where we plot the numerical result. For ¢ < /2m,®; (left and

center panels of Fig. 3.5a), the Debye-Waller factor can be neglected and the structure factor then

scales as S(q, ®) o< ¥, - = <2md2w > For ¢?/(2my@,) < 1, the structure factor therefore scales as

S(q,®) ~ g*", with m the lowest number of phonons that is kinematically allowed. This scaling

49



will be useful in Sec. 3.4, where we use it to extract the approximate scaling behavior of the
DM cross section curves. It no longer holds for g = \/2m;®, (right-hand panel of Fig. 3.5a),
where many modes contribute equally. This regime however can be understood in the impulse

approximation, which is the subject of the next section.

3.3.4 The impulse approximation (g > ggz)

For g > gz the sum of the multiphonon terms asymptotes to an approximately Gaussian
envelope, as can be seen most clearly from the rightmost panel in Fig. 3.5a. This asymptotic
form can be derived directly with a steepest descent approximation, also known as the impulse
approximation. It is valid whenever the interaction with the probe particle happens on a time
scale short compared to that of the phonon modes.

To derive this, it is most insightful to take a step back from (3.36) and return to using

(3.20) in (3.17). The auto-correlation function is then
1 Dg(@) iolt
Cra = %ezw"(q) / dt a1 49 o yion (3.37)

When g > /2my®,, the exponent involving the density of states integral will be highly oscil-
latory in ¢, and the integral may be approximated by expanding about t = 0 through a steepest

descent method. (See Appendix 3.B). Doing so gives

2

G L 2T (0- 26'1”‘1)2 3.38
~—,|—e - .
W=y a3 202 (5-38)

where ACZZ = ‘1227“’: This approximation is referred to as the impulse approximation since the
saddle-point around ¢ = O dominates the rate. The true peak is shifted slightly from the result
(3.38), which can be corrected by including higher orders in the expansion [81]. Including these

additional terms has negligible impact on later results.
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(a) The first ten phonon structure factors in the incoherent approximation for GaAs, plotted for various fixed

g. At sufficiently large g > /2m;®,, the total structure factor converges to the impulse approximation (IA,

orders in the steepest descent expansion [81].

dashed line). In the right panel, there is a slight difference between the peak of the true structure factor and
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(b) Cross sections for 3 events/kg-yr in GaAs for a hadrophilic mediator. Rates are computed with the n < 10

phonon terms in the incoherent approximation (solid lines), the impulse approximation (IA; dashed), and the
analytic free nuclear recoil result (NR; dotted). We see that at sufficiently high masses—and hence momentum
transfers—the impulse approximation sufficiently recovers the result of summing the phonon terms. Likewise,
for yet larger momenta the impulse approximation merges onto the free nuclear recoil result, as discussed in
Sec. 3.3.4.

Figure 3.5. Multiphonon transition into the nuclear recoil regime.
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From (3.38), we see that the structure factor in the impulse approximation is

I 2\2
y Ua? 2z (07 55)
7 245

SIA(%(D) _ (3.39)
which is a sum of Gaussians peaked around g = \/2my®, one for each atom in the unit cell.
In Fig. 3.5a we see that (3.39) is a reasonable approximation for g ~ \/2m,®; and converges
rapidly to the full result in (3.36) for ¢ = 2+/2my@,. As expected, it does not capture the features
in the structure factor for ¢ < +/2my@;. In our final results, we use (3.39) for g > 2+/2my @y, as
it is numerically much faster than (3.36). For crystals composed of multiple atoms, we define
the boundary as maxy, [ZM} . At this scale, the average number of phonons is about four,
and it is sufficient to truncate the sum at n = 10 for all smaller g.

As we consider larger DM masses which access larger g and w, the Gaussian becomes

more sharply peaked. This can be seen by comparing the width A to the peak value @ = ¢*/2my.

A _
lim 24 ~ /&4 (3.40)
qg— () w

so the Gaussian becomes narrow for @ well above the typical phonon energy. Then the narrow

In the large-¢g limit, we have

width limit exactly reproduces the expected free nuclear recoil delta function response:

. 2z 7
Jlim G =75 (05 ) (34D
2T — 7
SR(g,0) =Y == 26(0)——). 3.42
(¢, @) ;Qc (fa) 2 (3.42)

We therefore recover the familiar free nuclear recoil response for each individual atom in the
unit cell.

In Fig. 3.5b we show cross section curves with a GaAs target, for both massive and
massless scalar mediators. We compare the reach obtained with the full structure factor (in the

incoherent approximation), the impulse approximation, and the free nuclear recoil limit. For
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my S 20 —40 MeV, the full structure factor must be used to capture the rate, depending on the
mediator mass and threshold. For m, 2 20 —40 MeV, the g values compatible with the impulse
approximation start to dominate, and we see that it reproduces the full result very closely. At
even higher masses, the free nuclear recoil response becomes an excellent approximation, as
expected.

A particular feature to notice from Fig. 3.5b is that the free nuclear recoil rate agrees with
the impulse approximation result even in regions of the ¢, @ phase space where the Gaussian is
not narrow. For example, for the massive mediator and m, = 50 MeV, the rate will be dominated
by momentum transfers g ~ 2m,v ~ 100 keV, corresponding most closely to the rightmost panel
of Fig. 3.5a. From (3.40) this gives A;/® =~ 0.5 which is not particularly small. The nuclear
recoil approximation nevertheless works remarkably well. The reason is that phase space integral
in (3.3) has a trivial ® dependence aside from the S(q, @) factor, since the delta function in ®
just determines the region of phase space that is integrated over. Therefore, as long as the energy
threshold is small compared to the peak in @, the phase space integral over (3.39) and (3.42)

yields similar answers.

3.3.5 Summary

Fig. 3.6 schematically illustrates the various approximations for the structure factor
discussed in this section. The boundaries reflect only our choice of approximation and not a
sharp transition in the behavior of the structure factor. The dotted gray parabola represents the
phase space boundary for a given m,, and v (see Sec. 3.4). This parabola extends upwards and
rightwards as m,, is increased, such that multiple different regimes are sampled for high enough
my.

For the single phonon excitations (n = 1) described in Sec. 3.3.1, we use the long-
wavelength and incoherent approximations for ¢ < ggz and g > gz, respectively. This combina-
tion gives good agreement with a full DFT calculation of the scattering rate, at least for a cubic

crystal such as GaAs.
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Figure 3.6. Schematic figure (not to scale) depicting the approximation used to calculate
the structure factor in various regions of phase space. The “1-ph long wavelength” regime is
discussed in Sec. 3.3.1, the “n-ph incoherent approximation” regime in Sec. 3.3.2 and 3.3.3 and
the “Impulse approximation” region in Sec. 3.3.4.
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Figure 3.7. GaAs structure factor. Density plot of the structure factor in the same regimes
of (¢, ®) as shown in Fig. 3.6. Dotted lines are phase space boundaries for various DM masses
with a typical initial velocity v = 1073. At low ¢ and , the solid yellow lines are the dispersion
relations of the single LA and LO phonons. At large g, the black dashed line is the free nuclear
recoil dispersion relation; in general, there are separate lines for Ga and As but for clarity we
show only one line corresponding to the average mass of Ga and As.
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For multiphonon excitations (n > 2), we use the incoherent approximation for the struc-
ture factor for all ¢ below max,[2+/2m,@,|. This is motivated by Sec. 3.3.2, where we argued
that the incoherent approximation can serve as an order-of-magnitude estimate even for ¢ < ggz.
Given the limitations of the long-wavelength approximation, a dedicated DFT calculation is
needed in this regime. For multiphonon excitations, we sum terms in (3.36) until we achieve
convergence, as explained in Sec. 3.3.3. Finally, for ¢ > maxy[21/2m,®,] we make use of the
impulse approximation, which ultimately transitions into the well-known free nuclear recoil
regime. This was explained in Sec. 3.3.4.

Fig. 3.7 shows our full calculation of the structure factor for GaAs, overlaid with the
phase space boundaries for a few representative DM masses. In the low ¢, single phonon
regime, the response is given by a set of d-functions on the LO and LA phonon dispersions,
represented by the orange curves. At intermediate and high g, the structure function is modeled
by a continuous function, where the layered structure for @ < 50 meV reflects the various single
and multiphonon contributions. At higher ¢ and @ the individual resonances cease to be visible
and one transitions into the smooth S(q, ®) predicted by the impulse approximation. At very
high ® the structure function converges towards its free nuclear recoil form, which is represented

by the black dashed line.

3.4 Results

In this section we convert our newly-gained understanding of the structure factor into
concrete predictions for the DM scattering rate in a crystal target. The event rate per unit of

target mass is

1 Px/ 3 /3 do
R=——-—%/d d’qd 343
Ty wity) [ dadog oo (3.43)
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Figure 3.8. Cross section plots corresponding to a rate of 3 events/kg-yr for massive and massless
scalar mediators in GaAs for various thresholds. The structure factors used are the analytic
results demarcated in Fig. 3.6 for each corresponding regime in the (g, @) phase space. For the
massive mediator, we see the dominance of the single acoustic phonon at low masses and low
thresholds, and of the optical phonon for intermediate thresholds. Eventually, for sufficiently
high masses the process becomes dominated by the free nuclear recoil response. For the massless
mediator, the q_4 form factor favors small momenta, and the rate is dominated by the lowest
accessible mode for a given threshold.

where the experimental energy threshold is implicit in the boundary of the @ integral. f(v) is the

DM velocity distribution, which we take to be

1 v+v,)?
f(v)=—exp —% O (Vese — [V+Ve|) ,
2
No = /23 [erf (V“C) oY exp (—Ve;C)} , (3.44)
Vo 140 Vo

with vg = 220 km/s, the Earth’s average velocity v, = 240 km/s, and vesc = 500 km/s the
approximate local escape velocity of the Milky Way. The scattering rate can be further simplified

in the isotropic limit; using (3.3),

q+ (OF8
1 Ppr/3f(V)/ / .
R=tmprm,uz )4V 4 [deqlF 3.45

Ampr my [y Y7 / qwth 0q|F(q)|"S(q, ») (3.45)
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where @y, is the energy threshold of the experiment, and the other integration limits’ are

2
g =myy (1 +1- “’thz) (3.46)
mxv
q2
0y =qv——. (3.47)
2my

Note (4.75) defines the phase space boundary shown in Fig. 3.6 for a given m, and v. Finally, pr
is the mass density of the target material and we have recast the rate in terms of the DM-proton

scattering cross section o), = 47tb12,.

3.4.1 Massive hadrophilic mediator

In the case of a massive mediator coupling to baryon number, we calculate the scattering
rate by taking f; = Ay and F'(¢) = 1. The cross sections corresponding to a rate of 3 events/kg-
year exposure are shown in the left panel of Fig. 3.8, assuming a GaAs target and for different
energy thresholds. The same figures for Si, Ge and diamond can be found in Appendix 3.D.

We can understand the numerical results in Fig. 3.8 analytically using the scaling of the
structure factor discussed in Secs. 3.3.1-3.3.4. First, from (4.73), the m, dependence of the rate

is contained in

qt 04
(o}
R o pz/dq/dqu(q,a)). (3.48)
mxﬂxq_ O

The structure factor only contains positive powers of g across the entire phase space, so for a
massive mediator, the integral (3.48) will be dominated by the largest kinematically accessible
momentum transfers.

For m, > 30 MeV, the kinematically allowed phase space is extended to g and @ where
the free nuclear recoil approximation can be used. The rate therefore approximately scales as

R ~ 1/my for m, Z my > 30 MeV. For low enough thresholds, this scaling holds even as the

7In numerical implementations of (4.73), as done in DarkELF, it is beneficial to change the order of integration
by first integrating over v, then g, and finally over .
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dark matter mass comes within O(few) of 30 MeV, where the structure factor is relatively broad
in @. The reason is that the kinematically allowed phase space is wide enough in @ that the
integral over the Gaussian in the impulse approximation gives within a factor of few of the
integral over the delta function in (3.42), as discussed earlier in Sec. 3.3.4.

For dark matter masses of 1 to 30 MeV, the allowed phase space is restricted to values of
q < /2my@. Here the structure factor can be expanded in powers of ¢/+/2m,® and favors small
o. As noted in Sec. 3.3.3 the structure factor scales as ~ qz’", with m the smallest number of
phonons whose total energy is above the energy threshold. We see there is significant threshold
dependence: the single phonon final state strongly dominates the rate if it is above the energy
threshold, while for higher thresholds only multiphonons contribute. The rate integral now scales

as
2myv

(0]
R 2% /dqq2m+1/dw o< G2, (3.49)
4
Oxh

where g was evaluated at its maximum g ~ 2m,v. The @ integral does not contribute to the m,

scaling of the rate, since the integrand is peaked in @ somewhere near the energy threshold @y, .

2m—1

This expression then gives the approximate scaling R o< my,

. Since m is dependent on the
energy threshold, this explains why different thresholds in Fig. 3.8 result in a different scaling as
a function of m,.

At even lower dark matter masses (m, < 1 MeV), the phase space is restricted to g values
within the first Brillouin zone, which is dominated by single phonon production in the long
wavelength regime. If the threshold is low enough to access a single phonon, the scaling further
depends on whether the threshold captures an appreciable part of the LA branch. If so, the
leading contribution comes from the acoustic mode (3.30), which gives

2myv

c
R 22 /dqqz/de(w—cLAq)«ap, (3.50)
my
approximately independent of m,,. This behavior is clearly reproduced in Fig. 3.8 for the 1 meV
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threshold, for which the acoustic branch is always accessible. If the threshold is too high to
access the acoustic branch, but can detect the optical branch, the structure factor has an extra q3
scaling and we find R o< mi This case occurs for m, < 0.3 MeV on the 20 meV curve in Fig. 3.8.
For m, 2 0.3 MeV the DM can excite the acoustic branch, resulting in a sharp enhancement of

the rate.

3.4.2 Massless hadrophilic mediator

If we instead have a massless mediator that couples to baryon number, then by convention,
the mediator form factor is taken to be |F (¢)|> = (@)4 with vo = 220 km/s. The cross section
curves for this scenario are given in the right panel of Fig. 3.8 again for different thresholds.

As in Sec. 3.4.1, we can analytically explain the scaling of the different curves across
the DM mass range. The main difference with the massive mediator case is that for a massless
mediator, there is a 1/ ¢"* scaling in the form factor, which leads to a scattering rate that generally
favors low ¢ and ®. The main contribution to the rate will therefore be much more threshold
dependent across all DM masses.

If the threshold is small enough to access single acoustic phonon excitations, then this
will be the dominant contribution to the rate at all masses. Again from (4.73) and using the
analytic acoustic structure factor, the rate for thresholds that are sensitive to a single acoustic

phonon scales as

1
R o< Op My /dq?/dw&a)—cLAq). (3.51)
O /cLa

The integrand is largest at the smallest g, so we estimate the g integral by evaluating the integrand
at ¢ &= Wy /cLa in (4.74). The integrand therefore has no m, dependence and gives the scaling
R o< my, for the @ > 1 meV curve in Fig. 3.8. Note however that this scaling behavior is sensitive
to our convention for the reference momentum in F(q). For example, in models with both

electron and nucleon couplings one often chooses to normalize the form factor with the reference

-3

momentum go = otm,, which would yield R o< m;~.
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If the LA branch is not accessible but the LO branch is, the production of a single LO
mode will generally dominate. This introduces a different m, dependence, which can be seen
in Fig. 3.8 by comparing the 1 meV and 20 meV curves in the region with m, < 30 MeV. If

my < 1 MeV, using the expression in (3.31) gives

2myv

R o< Gpmx/dqq/da)5(a)—a)L0). (3.52)

Unlike for the acoustic phonon, the structure factor favors high ¢ so that the largest contribution
is near g ~ 2m, v, giving R o< m% If m, > 1 MeV, the rate integrand is dominated by momentum

transfers g ~ ggz. This is because when g > gz and ® < @ o we are using the incoherent

1

approximation for single phonon production, where the ¢ integrand drops as ¢~ . Thus, we
estimate the rate by integrating up to ggz only:
qBZ
R o< Gymy /dqq/dw §(0 — o), (3.53)

and find that R o< m,. This is the reason why the 20 meV curve in Fig. 3.8 changes slope around
my ~ 1 MeV.

We next turn to the intermediate mass range (1 — 30 MeV) with @y, > @ o, such that
n > 2 phonons. In Fig. 3.8 this corresponds to the curves with thresholds of 40 meV and above.
As in Sec. 3.4.1, we again notice that the leading contribution to the structure factor will be given
by the smallest number of phonons, m, that can exceed the threshold energy. In this regime,
the integrand =< S(g,)/q> scales with positive powers of ¢ for m > 2 phonons, since (3.23)

grows faster than ¢>. The analysis for multiphonons then follows exactly the same logic as the

2m—1

discussion in the previous section and we find that R o<

For large dark matter masses (> 30 MeV), again if the threshold is well above the single

phonon energy, we can apply the free nuclear recoil approximation to obtain the scaling. Using
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the free nuclear structure factor gives

/d /dw6 o —) (3.54)
2md

The g-integral is dominated by low-momentum transfers along the free nuclear recoil dispersion,
so we evaluate the integral at the intersection of ® = @y, and @ = 2 py O g = V2my@y,. Then,

the approximate scaling in this regime is R o< m, / @y, which we verify numerically in Fig. 3.8.

3.4.3 Dark photon mediators

The defining feature of a dark photon mediator is that it couples to the electric charge of
the SM particles. In the regime where phonons are the relevant degrees of freedom, the charge
of the nucleus is (partially) screened by the electrons. This means that we need a notion of an
effective charge, as seen by the DM, which is momentum dependent. For individual atoms, this
effective charge interpolates between zero in the low momentum, fully screened regime and the
nuclear charge in the high momentum regime. We use the calculations from Brown et. al. [82] of
the effective charge for individual atoms, as shown in Fig. 3.9. We expect this approximation to
hold only for ¢ = ggz, since additional many-body effects should be relevant for ¢ < ggz. This
is particularly true for a polar material such as GaAs, where the Born effective charge of the
Ga and As atoms is non-zero in the ¢ — 0 limit. In this regime a full DFT calculation of the
momentum dependence of the effective charge is needed, which we do not attempt here.

In this work, we will therefore focus on the momentum regime ¢ 2 ggz, which corre-
sponds to m,, 2 MeV. In this case we can use the incoherent approximation and take fa=24(q),
with Z;(q) the atomic effective charges in Fig. 3.9. This allows us to compute scattering rates
with dark photon mediators for the production of two or more phonons, which is dominated by
the highest kinematically accessible momentum transfers.

The regime g < gpz is relevant primarily for massless dark photon mediators. (For

massive dark photon mediators, there are strong BBN constraints that severely limit the scattering
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Figure 3.9. Momentum dependence of the effective ion charge for atomic elements, as computed
in [82].
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Figure 3.10. Cross section plots for a rate of 3 events/kg-year in GaAs, for massive and massless
dark photon mediators. For comparison, the dashed black lines represent the cross sections
required for DM-electron scattering with a 2e~ ionization threshold with the same exposure, as
computed using DarkELF [83, 74].
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rate for sub-MeV dark matter, see e.g. [34].) In this regime, there are substantial deviations
from the atomic effective charges due to the delocalized nature of the valence electrons. For
instance, a polar material such as GaAs, SiC and sapphire can have a residual dipole moment
associated with atomic displacements even for ¢ — 0. The effective couplings f; in this limit
are given by Z; /€., where Z; is the Born effective charge and & is a screening due to valence
electrons; the Born effective charges can be calculated with DFT methods [41, 60, 62]. This
was treated in previous studies of single-phonon production through a massless dark photon
mediator [57, 41, 58, 59, 60, 61, 62, 63]. For non-polar materials such as Si, Ge and diamond, the
Born effective charges vanish and instead multiphonon production is expected to dominate. This
can be estimated with the energy loss function [74], at least for sub-MeV dark matter. Since this
q < gz regime is already included in DarkELF [74], we restrict our results here to multiphonon
processes with ¢ > ggz and @ > oy 0.

Our results are shown in Fig. 3.10 for GaAs; the results for Ge, Si and diamond are
deferred to Appendix 3.D. As is conventional for dark photon mediators, we choose the reference
momentum for the massless mediator to be gg = am, and present the results in terms of the

effective DM-electron cross section 6, [84], with

Ge = —50p (3.55)

and Uy, the DM-electron reduced mass. In our calculations using the atomic effective charges,
we impose g > gpz to ensure we are not sampling the area of phase space for which these
charges are clearly invalid. This means that our rate calculations for m, < 10 MeV are a slight

underestimate of the true result.

3.5 Conclusions and outlook

It is well-known that DM scattering in crystals can lead to one or more phonons being

produced if DM has MeV-scale mass, as well as a recoiling nucleus if DM has GeV or higher
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mass. These processes are two sides of the same coin, depending on whether the momentum
transfer is comparable to the inverse of the interparticle spacing and whether the energy deposition
is comparable to the typical phonon energy ~ @. When both momentum and energy scales are
small, single phonon production dominates, and when both are large, nuclear recoils dominate.
Here we studied the intermediate regime which is dominated by many phonons, which allows us
to smoothly interpolate between single phonon production and nuclear recoils (see Fig. 3.8).

To make the multiphonon calculation tractable, we relied on the isotropic, incoherent,
and harmonic crystal approximations. This allowed us to obtain analytic results for the scattering
rate in terms of the phonon density of states in the crystal. These approximations are expected to
be very good for g > gz (my > 1 MeV), as they explicitly reproduce the nuclear recoil limit
when g > /2my®. For g < gz (my < 1 MeV) the experimental threshold determines which
theoretical treatment is most appropriate: for single phonon production, one can obtain analytic
formulas by instead using a long wavelength, isotropic approximation. These results are currently
only valid for cubic crystals such GaAs, Si, Ge and diamond. For strongly anisotropic materials
such as sapphire, one must find a way to generalize them further or rely on DFT calculations. For
multiphonon production and ¢ < gz, the situation is more complicated: in this case it cannot
be taken for granted that anharmonic corrections to the various multiphonon channels can be
neglected. The anharmonic multiphonon contributions involving optical modes are particularly
difficult to model analytically, and at the moment we perform a simple estimate in a toy model to
justify extrapolating the incoherent and harmonic approximations to ¢ < ggz. A dedicated DFT
calculation is needed to improve their accuracy.

Our approach provides a smooth description of sub-GeV dark matter scattering down
to keV masses for hadrophilic mediators. For dark photon mediators, a DFT calculation of the
momentum-dependent couplings in the g ~ gpz regime is needed to complete the interpolation.
For both mediators, we have provided results for multiple direct detection materials of interest,
and also included our calculation as part of the DarkELF public code package. These will be

essential to interpret direct detection results as experimental thresholds for calorimetric detectors
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reach the eV scale and lower.
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Appendix

3.A Two phonon analytic structure factors

In Sec. 3.3.2 we compared the long-wavelength and incoherent approximations for the
two-phonon final states, for g within the first BZ. In this appendix we provide the analytic

expressions for both approximations.

3.A.1 Long-wavelength approximation

Here we discuss how we extend the analytic calculations from [42] for the coherent two-
phonon structure factor to additional combinations of final state phonon pairs. As in Sec. 3.3.2,
we assume a hadrophilic mediator with f; = A, throughout this appendix. It was shown in [42]

that the structure factor separates into harmonic and anharmonic contributions
S(q, 0) = S (q, @) + 5@ (q, o) (3.56)

which do not interfere at leading order in the long wavelength limit. The first term involves
expanding (3.13) to second order; note that it was referred to as the contact term in [42]. The
anharmonic term is computed using an anharmonic phonon interaction Hamiltonian to first order.
The specific matrix elements to be used are given in equations (12) and (13) of [42]. We take the

long-wavelength approximation for the phonon modes, as described in Sec. 3.3.1. For a crystal
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with two atoms in the unit cell, the longitudinal eigenvectors can be approximated by

) PRI PN
e kD,

elowa ~ YA
sK, /A1_|_A2

(3.57)

(3.58)

(3.59)

(3.60)

with k the unit vector along the phonon propagation direction. Note that the rg dependence was

neglected in the LA eigenvector in (3.27) and in [42]; here we have kept this additional phase

so that the acoustic and optical eigenvectors are explicitly orthogonal across a unit cell. This

additional phase factor will only be relevant in cases where there is a destructive interference in

the leading coupling to acoustic phonons, which occurs for some final states [59]. The transverse

eigenvectors lay in the plane perpendicular to k and have analogous normalizations.

Analytic expressions for the harmonic structure factor were provided in Ref. [42] for

acoustic-acoustic final states only. We require expressions for the optical-optical and optical-

acoustic final states as well to perform the comparison with the incoherent approximation. A

straightforward application of (16) in [42] to the lowest order in g gives

S(harm) _ 2_75 7'Eq4
LOLO 0 120m2 o,
4

o(w—2wmL0)

harm) 2r nq

tam) _ 27 mgt o
SLOTO Qc 90m%7a)LOwTO ((D (O)LO + CUFO))

4
(harm) 2T Tq
S. =—————6(w—2wr
TOTO — ¢ 45m12) 20 (@ 0)

for the optical-optical modes.

For the optical-acoustic modes, the harmonic structure factors are of the form
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(harm) 21 a’ A1A;p ( O —0Lo ) 7

LOLA Q. 2304m2c] ym2ano (A1 +A2)% \ cLa
h
X 8(L(§an2 (x) ©(cLagBz — (® — @LO)), (3.62)

where x = J}—ﬁféo. The other structure factors for optical-acoustic final states are given by

relabelings LO — TO, LA — TA, where the expressions g expanded at small g are

3 1 1
g(LOLA)< < 1)~ ~x0 8 10

10 7 15
T 1) a2 = o
S (x < 1) ~ ;x +;x8—115 10
St (x < 1) ~ g 6—%x8+%x10 (3.63)

We see that at leading order in small g, the optical-acoustic structure factors are all suppressed
by an additional factor of ¢ relative to the optical-optical modes, which is due to destructive
interference. Since we will be comparing with the incoherent approximation at small g, we can
effectively neglect these final states.

We would also like to compute the anharmonic contributions to the 2-phonon structure
factor, which we do with the inclusion of an anharmonic interaction Hamiltonian. For acoustic
phonons in the long-wavelength limit, we have an effective Hamiltonian for acoustic phonons
where the interactions are given in terms of macroscopic properties of the crystal through the
Lamé parameters, as described in [42]. For the interactions of optical phonons, however, it is
more difficult to write down a reliable analytic Hamiltonian. In this case we use (45) of Ref. [42],
which comes from [85]. This Hamiltonian should be taken only at the order-of-magnitude level.
We restrict the use of both effective Hamiltonians to the first BZ. The analytic expressions for

the acoustic-acoustic and acoustic-optical final states are given already, so we complete this by
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calculating the optical-optical terms. At leading order in ¢, this gives

S(anh) :2_7[ T CI%A COI%OQ4
LOLO 0 6m3 2 ((2000)2 — (cLAg)?)?
X 6(w—2wL0)
(anh) 27 27 cf, OLo®r0q"

S g
LOTO Q. 3m?2 @ (Lo + 010)? — (cLAg)?)?

X 0(0— oo — 0ro)

(anh) 27 27 cfp 704"

S —
010 70 3m3 & ((2010)2 — (cLaq)?)?

x 8(w—2w10), (3.64)

where ¢ = (cpa + c1a)/2. We have also assumed that the Griineisen constant yg =~ 1.

3.A.2 Incoherent approximation

The second result needed for the comparison in Sec. 3.3.2 is the two-phonon structure
factor for GaAs in the incoherent approximation. To calculate this, we use the simplified density
of states in (3.35) corresponding to the long-wavelength limit. Performing the n = 2 integral in

(3.23) gives

Sn=2(q, ®) = AALA + SLATA + - .. (3.65)

where each .7 is a contribution to the n = 2 structure factor from the part of the density of states

associated with the subscripted modes, and the ellipsis indicates we sum over all combinations
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of modes. The first term of the sum in (3.65) is

2 q*

AAA=F 6 6 5 <0)3®(CLAQBZ - )
Qe 96¢7 A qzmM;,

3 3 ) 3
- (4CLACIBZ —6C AqBz O + ® )

X O(@ — cLAgB7)O(2cLAgBZ — 00)) ; (3.66)

and .#Tata 1s given by .71 apa With the replacement LA — TA and an additional overal factor of

4. The same procedure gives the LATA term as

O 3 6
Q 24¢] aqpzmy \ CTa

—2¢TAGS S + 30g3

n CTAqRz + qBZ@(w
CTA

—2(c] o+ Cha )iz +3(cEp + T qh 0 — @

3
1A

21 4 o’
SLATA = q—2 (T@(CTACIBZ —0)

—c1aqBZ)O(CcLAGBZ — ©)

X O(® —cLagrz)O((cLa + cTA)gBZ — CO)) : (3.67)

as well as the LOLA term,

ZLOLA = 2 @ (d574")
Q. 76873 ciAm% aLo

(® - wLo)

X O(® — 00)O((cLagBz + WLO) — O). (3.68)

Again we may find .%1 ota, -“TOLA, and -#Tota by relabelings and inserting relevant factors of
two for polarizations. Note that, since the incoherent approximation does not recover the ¢°
scaling resulting from interference, we have written the structure factor here using ggz = 27 /a
to make the comparison more explicit. At lowest order in x and for A| =~ A;, such a comparison

of (3.62) and (3.68) shows a relative factor of 40/ 73 ~ 1 for the LOLA channel. Lastly, for the
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remaining optical-optical channels we find

2 q*
AOLO = 5152 0(0—2a00)
Q. 144m2 02,
Soo=2—— 9 50— (wr0+wr0)
LOTO = Q.3 6m2 PLoOTo @0 + @10
2T 4
1010 = Q. 36’52—%6((0—2@0). (3.69)

A comparison now of (3.61) and (3.69) shows the incoherent approximation gives a

smaller structure factor by factors of 27/5 — 67w /5 ~2 — 4.

3.B Impulse approximation

In this section we discuss how to obtain the impulse approximation form of the structure
factor, (3.39) in Sec. 3.3.4. To achieve this we must approximate the ¢ integral in (3.37) for large

q. The expression in (3.37) can be written as
1
= Vefzwd(‘ﬂ / drel). (3.70)

with

2

Re[f(t)] = q—/dw’%w,) cos('r)

Zmd
Im do'?
2md /

From this, we see there is a global maximum in the real part and a global minimum in the

sm(a) t) wt. (3.71)

modulus of the imaginary part at t = 0. This allows us to perform a steepest-descent expansion
about r = 0, giving

| P o) 2
G / dre" 0Ty (3.72)
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where again @; = [d®'®'D,(®’). Note that the leading term in the expansion about r = 0

cancelled the Debye Waller factor, assuming the form given in (3.24). Evaluating the above gives

(o d5;)°
1 [2m ———5¢
Crg~—, | — 283 3.73
ld v Aie s ( )

which is the impulse approximation result.

In obtaining this form, we have assumed that any other local maxima in # gives a
subdominant contribution to the = 0 maximum. In particular, aside from the # = 0 point, which
is a global maximum in Re[f(7)], there are local maxima in the real part which will generally be
near integer multiples of 27t/ @,. The leading order contribution from each additional maxima
'max 18 given by evaluating the real part in the exponential at the location of the maxima.

This must necessarily be smaller than the = O contribution since the following inequality

is always satisfied

Dy(o' Dy(o'
/ do' "(f), )cos(a)/tmax) < / do' dé), ) (3.74)

Since tmax ~ 27/ @y, the left hand side will be suppressed by an O(1) amount due to presence of

the cos(®'tmax ). Then, the contribution from the local maxima will be exponentially suppressed:

2 D (0 2 D (0
L dw’—da(), )cos(a)’tmax) - d(o’id(, )

eZmd < ezmd o (375)

as long as the following condition is satisfied

¢ o
2my [do Ddé)(/ﬂ/)

@y. (3.76)

Here we have taken [do’ %ﬁo/) ~ 1/®, as a typical scale for this integral, although it will
differ by an O(1) factor. Therefore, as long as the free nuclear recoil energy @ = ¢>/(2my) is

well above the typical phonon energy @, for a scattering off of atom d, the t = 0 maximum is
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dominant and the impulse approximation should be accurate.

In the regime where g2 /2my is comparable to @, the contributions from the additional
maxima in ¢ can become important. Nevertheless, the impulse approximation is still accurate at
large m even in this case because of cancellations from the rapidly changing phase in Im[f(z)].
When @ > @, then Im[f(7)] ~ — ot for ¢ around tyax ~ 27t/ @®,. This implies large oscillations
of f(t) around fy,x, which suppresses the contribution from these local maxima. On the other
hand, if ® < @,, there may be large corrections to the impulse approximation due to these
additional maxima.

These effects were shown in Fig. 3.5a when comparing the multiphonon expansion result
to the impulse approximation. The middle panel showed the result if ¢ = \/2m @, in the
MG, & mas approximation. For @ 2 @, the structure factor falls smoothly and can be reasonably
captured by the impulse approximation, while for ® < @; ~ 22 meV or at the optical phonon
energies 31 and 33 meV there are sharp peaks in the multiphonon response that are not captured
by the impulse approximation. For ¢ = 2+/2m,®, the many multiphonon peaks merge and add
up to a shape similar to the impulse approximation over the whole @ range. Practically, for our
calculations, we use the impulse approximation for the structure factor at ¢ > 2+/2my@,. Though
the approximation has small differences with the exact result when g ~ 2+/2my@,, integrating

over the allowed phase space for the rate largely washes out these differences.

3.C Implementation in DarkELF

In the main text, we presented the formulas in the manner which is most clear from the
point of view of the various approximations and their regimes of validity. These formulas were
not always suitable however for an efficient numerical implementation, which we address in this
section. We also provide details on their implementation in the DarkELF package [74].

In the main text we gave the rate in the isotropic limit, (4.73). In order to calculate the

rate for any mediator and to obtain the differential rate dR/d @, it is convenient to perform the
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v-integral first and rewrite the rate as:

o+
2% Too o
d d F S( ) 377
47TPmelix o, @ [dqq|F(q)["S(g, @)1 (Vmin(q, ®)) (3.77)

where now the integration limits are given by

20

g+ = My (Vmax £ 4 | Viax — —) (3.78)
My
1 2
L = mevmax (379)

Wwith Vipax = Vesc + Ve the maximum DM speed in the lab frame. The 1 function is given by
v
1 (Vi) = / d%@@(v—vmm) (3.80)

with vpin (¢, @) = 2mx —I— =«
To evaluate the rate using incoherent approximation, we provide look-up tables for the
structure factor. At each n for the sum in (3.36), the ¢ and @ parts of the integral are separable,

so we can capture the w-dependent part with the family of functions

:—.<H/d ) (Za), ) (3.81)

and calculate the rate in terms of functions F, ;. These functions are simple to calculate

numerically up to n < 10, which we have tabulated and provided in DarkELF as look-up tables
to speed up the calculation. The combination @"F;(®) is shown in Fig. 3.11 for GaAs in the
mGa ~ Mas approximation. For increasingly high n, the F, ; become increasingly smooth.

We have added several additional functions to DarkELF for the differential and integrated
rate calculations from the single phonon to the nuclear recoil regime. Tab. 3.1 describes some of

the new relevant functions. These functions currently work for materials with up to two atoms
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GaAs n-phonon w-dependence
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Figure 3.11. Here we have plotted ®@"F,(®), where F,(®) is the w-dependent part of the
structure factor in the incoherent approximation and given explicitly in (3.81). At fixed g, the
structure factor decreases quickly with increasing .

per unit cell. We have included the necessary data files for the multiphonon calculation for GaN,
Al, ZnS, GaAs, Si, and Ge from a combination of DFT and experimental sources. We also
allow the user to input their own calculations or extractions of the (partial) density of states, as
well as momentum-dependent dark matter-nucleon couplings. Before calculating multiphonon
scattering rates in DarkELF, it is necessary to tabulate the auxiliary function (3.81) for each atom.
This is done using the DarkELF function create_Fn_omega. This step is the most time consuming
part of the calculation, so we provide these pre-tabulated for the aforementioned materials. For
calculations with a user-supplied (partial) density of states, these tables must first be updated by
running create_Fn_omega. DarkELF will save these new look-up tables for future computations,

such that this step only need to be performed once. Next we describe the functions that return
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important results. All of the following straightforwardly apply equations (3.77-3.80).

R_single_phonon: This function takes the energy threshold and DM-nucleon cross sec-
tions and outputs the rate in the long-wavelength single phonon regime using the analytic
functions (3.30-3.31).

R_multiphonons_no_single: This function takes the energy threshold and DM-nucleon
cross section as inputs and calculates the total integrated rate, excluding the single phonon
processes at long wavelengths g < ggz. In other words, this calculation includes only the purple
(multiphonon expansion) and red (impulse approximation) phase space regions in Fig. 3.6.

sigma_multiphonons: This takes the energy threshold as input and returns the necessary
DM-nucleon cross section to produce three events per kg-year for any number of phonons. In
order to return this cross section, this function first calculates the total rate by summing the
outputs of R_single_phonon and R_multiphonons_no_single, so it includes the entire calculation
scheme depicted in Fig. 3.6.

-dR_domega_multiphonons_no_single: This function takes the energy transfer @ and
DM-nucleon cross section and returns the differential rate g—g at that energy excluding single
phonons in the long wavelength regime. This comes from equation (3.77) without evaluating the
o integral. We exclude the single coherent phonon here since the long-wavelength approximation

has delta functions in energy in the differential rate.

3.D Additional results

Here, we provide additional results for Ge, Si, and diamond. Concretely, Fig. 3.12
shows the density of states for these three materials, as extracted from [79]. Fig. 3.13 shows the
differential scattering rate via a massive scalar mediator for two example DM masses in GaAs,
Ge and Si targets. Finally, Figs. 3.14, 3.15, and 3.16 are the cross section plots corresponding to
an integrated rate of 3 events/kg-year for Ge, Si, and diamond, respectively. The electron recoil

cross sections shown (dashed black lines) are based on calculations in [83] for Ge, Si and in [86]
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for diamond.
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Figure 3.12. Densities of states for germanium, silicon, and diamond [79].
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Figure 3.13. Differential rate for various materials and a massive scalar mediator, compared
with the nuclear recoil approximation. The single phonon contribution from the long wavelength
regime is not shown, since it gives a delta function contribution.
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Figure 3.14. Cross section plots for a rate of 3 events/kg-year exposure for different thresholds

in Ge.
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Figure 3.15. Cross section plots for a rate of 3 events/kg-year exposure for different thresholds

in Si.
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Figure 3.16. Cross section plots for a rate of 3 events/kg-year exposure for different thresholds

in diamond.
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Chapter 4

Dark matter-crystal scattering, anhar-
monic effects on multiphonon production

4.1 Introduction

Over the past few decades, a significant theoretical and experimental effort has been
dedicated to detect dark matter (DM), but the particle nature of DM still remains a mystery.
Direct detection experiments look for the direct signatures left by halo DM depositing energy
inside the detectors. Traditionally, such experiments have looked for elastic nuclear recoils
induced by DM particles in detectors [87]. This strategy has had tremendous sensitivity for DM
particles with masses higher than the GeV-scale that interact with nuclei [88, 89, 90]. However,
in recent years it has also been recognized that sub-GeV dark matter models are also compelling
and motivated dark matter candidates [91, 92, 93, 28, 94, 95, 96]. These DM particles would
leave much lower energy nuclear recoils, motivating experimental efforts to lower the detector
thresholds for nuclear recoils. Inelastic processes like the Migdal effect [97, 55, 98, 72, 99] or
bremsstrahlung [56] provide alternative channels to detect nuclear scattering in the sub-GeV DM
regime.

The majority of experiments achieving lower thresholds in nuclear recoils (down to ~
10 eV) are doing so with crystal targets [100, 101, 102, 103], although there is also progress in
using liquid helium [104]. Future experiments like SPICE [37] will reach even lower thresholds

by measuring athermal phonons produced in crystals like GaAs and Sapphire (i.e. Al;0O3). In
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crystal targets, DM-nucleus scattering can deviate substantially from the picture of a free nucleus
undergoing elastic recoils. Nuclei (or atoms) are subject to forces from the rest of the lattice,
which play a role at the lower energies relevant for sub-GeV DM. For recoil energies below the
typical binding energy of the atom to the lattice (0(10 eV)), the atoms are instead treated as
being bound in a potential well. At even lower energies, the relevant degrees of freedom are the
collective excitations of the lattice, known as phonons. In this regime, single phonon excitations
with typical energies < 0.1 eV are possible.

In the DM scattering rate, crystal scattering effects are all encoded within a quantity
known as the dynamic structure factor, S(q, ®). The differential cross section for a DM particle
of velocity v and mass m, to scatter with energy deposition @ and momentum transfer q can be
written in terms of S(q, @) as:

do bf,l%

Fado ~ plvan WS@@)d(@-ay), (4.1)

Here b, is the scattering length of the DM with a proton, L, is the reduced DM-proton mass,
Q. =V/N is the volume of the unit cell in the crystal with total volume V and N unit cells,
and 0g = q-v— q*/ 2my is equal to the energy @ lost by the DM particle when it transfers
momentum ¢ to the lattice. The q-dependence of the DM-nucleus interaction is encapsulated in
the DM form factor F(q). S(q, @) can thus be viewed as a form factor for the crystal response.
For a recent review, see Ref. [43].

Understanding S(q, @) in crystals is critical to direct detection of sub-GeV dark matter.
Thus far, the limiting behavior of S(q,®) is well understood [105]. In the limit of large @
and ¢ (0 > eV and g ~ v/2my® for nucleus of mass my), the structure factor behaves as
S(q, ) =< & (¢*/(2my) — ®), reproducing the cross section for free elastic recoils. At low @
comparable to the typical phonon energy @y and g comparable to the inverse lattice spacing,
S(q, w) instead is dominated by single phonon production. The intermediate regime, particularly

q ~ +/2my @y, is dominated by multiphonon production. For a large number of phonons being
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Figure 4.1. (Left) Due to the computational challenges of obtaining the multiphonon scattering
rate in crystals, analytic approximations are valuable. Here we show a classification of regimes
in which a multiphonon calculation has been performed, as well as approximations made in each
case. In this work, we show that anharmonic corrections can be significant for ¢ < \/2my @y
(Sec. 4.3.2) but are negligible when g > /2my @y (Sec. 4.3.3). We obtain results for all g using
numerical calculations (Sec. 4.4.1). (Right) To estimate anharmonic effects, we take a toy model
of dark matter scattering off an atom in a 1D anharmonic potential. We obtain the anharmonicity
by fitting to empirical models of interatomic potentials.

produced, this should merge into the free nuclear recoil limit.

For DM masses below ~MeV, the momentum-transfers are smaller than the typical
inverse lattice spacing of crystals, ¢ < 27/a ~ ' (keV), where a is the lattice spacing. The
dominant process is the production of a single phonon. In recent years, the single phonon
contribution to S(q,®) has been computed extensively in a variety of materials, often using
first-principles approaches for the phonons [57, 41, 58, 59, 60, 106, 61, 62, 63, 74, 107]. In most
of the crystals, single phonons have a maximum energy of ¢'(100 meV), however, requiring
extremely low experimental thresholds to detect them.

Production of multiphonons is an enticing channel to look for sub-GeV DM with detectors
having thresholds higher than &'(100 meV). They are also important to understand in the
near term as experiments lower their thresholds. However, multiphonon production has been

more challenging to compute. The numerical first-principles approach taken for single phonon
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production does not scale well with number of phonons being produced, where even the two-
phonon rate becomes very complicated. Alternate analytic methods are thus valuable. In Fig. 4.1,
we show a classification of the different regimes in which a multiphonon calculation has been
performed, including this work. We discuss the details of these regimes and calculations below.

One analytic approach was taken in Ref. [42], which calculated the two-phonon rate in the
long-wavelength limit, but this study was limited to the regime ¢ < 27 /a and focused on acoustic
phonons only. For g > 27 /a, a different approximation is possible, the incoherent approximation,
which drops interference terms between different atoms of the crystal in calculating S(q, ®).
Then scattering is dominated by recoiling off of individual atoms. This approach was taken
in [105], which found a general n-phonon production rate scaling as (¢*/(2myay))". This
result also showed how the free nuclear recoil cross section was reproduced in the multiphonon
structure factor as g > \/2my .

However, one limitation of the multiphonon production rate in Ref. [105] was that it
worked in the harmonic approximation, where higher order phonon interactions like the three-
phonon interaction are neglected. Typical crystals have some anharmonicity which introduces
phonon self-interactions, leading to various observable effects like phonon decays, thermal
expansion, and thermal conductivity of crystals [108, 109, 110]. Using a simplified model of
anharmonic phonon interactions, Ref. [105] estimated that anharmonic three-phonon interactions
may give the dominant contribution to the two-phonon rate ¢ < 27/a, and are larger than the
harmonic piece by almost an order of magnitude in the regime. On the other hand, we do not
expect anharmonic effects to be important in the opposite limit of large g (g > \/2my @), where
the nucleus can be treated as a free particle. It is thus necessary to bridge these two extremes and
estimate the anharmonic effects in the intermediate regime where multi-phonons dominate the
scattering.

In this work, we estimate the anharmonic effects on the rate of multiphonon production by
working in the incoherent approximation and ¢ > 27 /a. In this limit, the multiphonon scattering

rate looks similar to that of an atom in a potential [71], although the spectrum of states is smeared
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out due to interactions between neighboring atoms. Given this similarity, we will take a toy
model of an atom in a 1D potential. This gives a simple approach to including anharmonic
effects, which is also illustrated in the right panel of Fig. 4.1. The anharmonic corrections to the
atomic potential only capture a part of the contributions to anharmonic phonon interactions, but
they have a similar size (in the appropriate dimensionless units) and should give a reasonable
estimate of the size of the effect. We can therefore use this approach to estimate theoretical
uncertainties and gain analytic understanding for the multiphonon production rate. However, the
result should not be taken as a definitive calculation of the anharmonic corrections. Fortunately,
we will find that anharmonic corrections are large only in certain parts of the phase space which
are more challenging to observe, and that the multiphonon rate quickly converges to the harmonic
result for DM masses above a few MeV.

The outline of this paper is as follows: In Sec. 4.2, we discuss the formalism of DM
scattering in a crystal and the dynamic structure factor, which encodes the information about
the crystal response. We consider the calculation of the structure factor under the incoherent
approximation, and motivate the anharmonic 1D toy potentials we use in this paper. In Sec. 4.3,
we study the behavior of the dynamic structure factor analytically for the anharmonic 1D
potentials. Using perturbation theory, we show that anharmonic corrections can dominate for
g < \/2my @y and become more important for higher phonon number. In the opposite limit
q > \/2myay, we use the impulse approximation to show that anharmonic corrections are
negligible and that the structure factor indeed approaches that of an elastic recoil. In Sec. 4.4,
we present numerical results for the structure factor in anharmonic 1D potentials obtained from
realistic atomic potentials in various crystals. In Sec. 4.4.1, we calculate the impacts of including
anharmonic effects on DM scattering rates. We conclude in Sec. 4.5.

Appendix 4.A gives the details of the modeling of the interatomic forces on the lattice,
used to extract 1D single atom potentials. Appendix 4.B gives additional details of the analytic
perturbation theory estimates of the anharmonic structure factor. Appendix 4.C includes addi-

tional details relevant to the impulse approximation calculation. Appendix 4.D summarizes the
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exactly solveable Morse potential model, which further validates the results in the main text.

4.2 Dark matter scattering in a crystal

Consider DM that interacts with nuclei in the crystal. We will parameterize the interaction
with the lattice by a coupling strength fy, relative to that of a single proton, where ¢ denotes the
lattice vector of a unit cell and d denotes the atoms in the unit cell. In the DM scattering cross
section, (4.1), the material properties of the crystal are encoded in the structure factor S(q, ®)

which is defined as,

N

0)= T Y| L fralslevmaio)|
f 4 d

><5(Ef—Eo—(1)), (4-2)

where |®y) is the final excited state of the crystal with energy E and ry; denotes the position
of the scattered nucleus. The crystal is considered to be in the ground state |0) initially. Note
for simplicity we assume a pure crystal where each atom has a unique coupling strength; the
scattering is modified if there is a statistical distribution for the interaction strengths at each
lattice site, for instance if different isotopes are present [105].

The states |®) are the phonon eigenstates of the lattice Hamiltonian,

P
Hlattice Z 2md + Vlattlce + EO; (43)

where the first term is the kinetic energy of the atoms in the lattice and the lattice potential Viice
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in general is given by,

1
Viatice = Y kop K2 (0d,0d') uq () ug(¢'d')
0d.0 d op
1
+3 Y k55 (td.vd e'd")
ed e d' 0" d" o By
X g (ld) ug(€'d") uy(£"d")
+.. (4.4)

where the uy (¢d) is the displacement from the equilibrium position in the Cartesian direction

@ ,0)
ap’ Kapy

third-order force constants respectively. Note that as the displacements are considered around

o for the atom at the position d in the unit cell located at ¢, and k are the second-, and
equilibrium, we do not have a term in the potential which is linear in the displacements.

A number of approximations are useful in evaluating S(q, @). The first is the harmonic
approximation, which amounts to keeping the terms up to second-order force constants and
neglecting the higher order terms (kg?[)3 = 0). This vastly simplifies the Hamiltonian into a
harmonic oscillator system, and has been used in most previous calculations of DM scattering in
crystals. While this is generally an excellent approximation in crystals, including higher order
terms in the Hamiltonian (anharmonicity) is necessary to explain a number of observable effects,
as we will discuss further below.

The second approximation is the incoherent approximation, used for scattering with
momentum transfers much bigger than the inverse lattice spacing of the crystal, g > 27 /a. In
this limit, we drop the interference terms between different atoms in the crystal in (4.2). This

amounts to summing over the squared matrix elements of individual atoms in the structure factor
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in (4.2),

27

. 2
o)~ LYY |fial|(@gle7/0)
f t d

X(S(Ef—E()—(D). (4-5)

The calculation of the structure factor then simplifies to computing matrix elements
, 2
(P|e'T|0)| which are identical for the atoms in all unit cells £.
Below, we will first discuss this calculation under the approximation of a harmonic

crystal, before going on to setting up a model that accounts for anharmonicity in crystals.

4.2.1 Harmonic approximation

In the harmonic approximation, the lattice Hamiltonian can be written as a sum of

harmonic oscillators in Fourier space [75],

1
Higiige " = ZZ g (Gg,vag.v +5), (4.6)

where the phonon eigenmodes of the lattice are labelled by the momentum q and the 37 branches
v with n being the number of atoms in the unit cell. The dI],v (dq,v) are the creation (annihilation)
operators, and @q,y are the energies of the phonons. The lattice eigenstates that appear in (4.2)
can then be written as,

|®,) =al ,ab .4l |0), (4.7)

q1,V174q2,V2 4,:Vn
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where |®,,) is an n-phonon state. The displacement operators in this harmonic approximation are

3n
1 L0
u(ld) = E z 1/—<e d) Gy v 4T v!

+ h.c.), (4.8)

given by,

where the eqy(d) indicates the eigenvector of the displacement of atom d for that phonon.
The equilibrium position of the atom is denoted by r?d. Using ryy = r?d +u(4d) inside (4.2),
the dynamic structure factor can be calculated in the harmonic approximation. This approach
has been applied to calculate single-phonon excitations using numerical results for phonon
energies and eigenvectors [41, 58, 59, 60, 61, 62, 63], but becomes computationally much more
burdensome for multi-phonons in the final state.

Under both the incoherent and harmonic approximations, it is possible to compute the
multiphonon structure factor in (4.5). This was given in Ref. [105] as an expansion in the number

of phonons produced n,

2 n
S(q,0) ~ 21y ng \fd\Zer(q)Zl< q )
d

~n! %
n D, (w;
X <q/d(0i d(f)i l)
1=

)5 (iwj_w), @9
j=1

where D, (o) is the partial density of states in the crystal, normalized to [d@wDy(®) = 1. Wy(q)

is the Debye-Waller factor defined as,

Dd<(0/)
o

2
W,(q) = 4"% / do' (4.10)

(4.9) shows that with higher momentum ¢, there is an increased rate of multiphonons; the typical

6]2

phonon number is n ~ 5= with @ a typical phonon energy. In the limit of n>> 1, this reproduces
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the nuclear recoil limit.

In the incoherent approximation above, we still assumed the final states |®) are the
phonon eigenstates of the harmonic lattice Hamiltonian in (4.6). Let us now make a further
approximation that the final states are isolated atomic states, where each atom is bound in a
potential. Assuming an isotropic potential, and a single frequency wy for the oscillators, a toy
atomic Hamiltonian for atom d in the lattice can be written as,

2
1
Ld | Zngdrd, (4.11)

Htoy _
d " om; 2

where r, is the displacement of the atom d from its equilibrium position. Following (4.5), the

dynamic structure factor can be written as,

. 2
(ile'™4[0)|

Sioy(q, @) =27y nal fal? Y
d n

x 8(Ey—Ey— ), (4.12)

where |ii) are the energy eigenstates of the toy harmonic Hamiltonian considered for atom d,
with 7i = {n,,ny,n;}. The energies with respect to the ground state equilibrium are given by
E, — Ey = noy with n = n, +ny +n;. We have also absorbed the sum over the lattice vector ¢
and the volume V into the density n; of atom d in the lattice. As shown in [71], this structure

factor is given by,

_Apirtoy
Soy(q, ®) ~ 27 ng| fal?e >N @
d

1 7 "
X;ﬁ<2mdwo> 8 (noy — ), (4.13)

where the Debye-Waller factor in the toy model is given by, W;’y (q) = ¢*/4my 0.

This picture can be simplified even further by considering a toy one-dimensional harmonic
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Figure 4.2. Comparison of scattering in a harmonic crystal to 1D harmonic oscillator.
The dotted lines show the DM cross section reach computed using the multiphonon structure
factor in a harmonic crystal, (4.9), and assuming the incoherent approximation [105]. Using the
structure factor of the toy 1D harmonic oscillator in (4.13) combined with the energy smearing
prescription in (4.16) gives a very similar result (solid lines). There are some small deviations at
low momentum since we place a hard cut on the allowed momentum transfer ¢ > 27 /a ~ 2 keV
for the 1D oscillator.

potential for the atom d given by

1
Vy(x) = Emdmgxz. (4.14)

Note that in general @y will depend on the atom d within the unit cell, but we suppress this
dependence for simplicity. The structure factor in this 1D case is exactly the same expression as
the toy three-dimensional case in (4.13), as expected given the isotropic 3D potential assumed.
A derivation of the 1D result is given in Sec. 4.3.1.

The toy model of DM scattering off a 1D harmonic potential gives a simple intuitive
picture for the result in (4.9). We see a very similar form of the structure factor in (4.13), but
with a discrete spectrum of states for the isolated oscillator of the toy model. By assuming that
the final states are isolated atomic states, we have effectively neglected the interactions between

atoms, and the excited states of all the atoms are discrete and degenerate. In a real material,

95



the interaction with neighboring atoms will lead to a splitting of the degenerate levels, and give
a broad spectrum of allowed energy levels (the phonon spectrum). The interpretation for the
structure factor is therefore also somewhat different in the two cases, as it gives a probability
for exciting the nth excited state in an isolated oscillator. But we will still continue to refer the
nth excited state as the n-phonon state to make the connection with the full incoherent structure
factor in (4.9).

The similarity in the structure factor gives a route forward to including anharmonic
effects, which is much easier to understand in the toy model. We can proceed by including
anharmonic corrections to the 1D potential in (4.14), and in some cases obtain analytic results
that illustrate their importance. In order to quantitatively estimate the impact on dark matter
scattering rates, a few remaining ingredients are needed. In practice, the toy model can give very
different results in certain parts of parameter space due to the discrete spectrum assumed and
depending on the choice of @wy. We therefore need a prescription to identify the appropriate @y
for the isolated oscillator, and to smear it out appropriately to mimic a real material.

Comparing Eqgs. 4.9 and 4.13, we see that the complete structure factor can be attained

)6(i a)j—a)). (4.15)
j=1

In this expression, we can identify D(®)/(w®~!) as a normalized probability distribution for

by making a replacement

o(nmwy — w) 1 D(w;)
—a)(’} — (H/dw,- o

i=1

®, where ®! = [dw'D(w')/®’. This distribution yields a mean value for @ of (@~1)~!. The
right hand side of (4.15) is proportional to the joint probability distribution for total energy o,
and we can simplify it when n >> 1 by applying the Central Limit Theorem. This allows us to

replace the right hand side with a Gaussian, which simplifies computations:

- —-1\2

S(nay— ) (0 1)" o)
— 162 O(Wmax — O). 4.16
() 2ol (hn ) (410
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Note we have included a cutoff at multiples of the maximum allowed energy in the density of
states, Wmax = 1 X (min()|D(®) = 0) so that we do not include the region where D(®;) =0

on the right hand side of (4.15). The width of the Gaussian for n = 1 is given by

[0]
GZ\/F— (F)z “4.17)

and @ = [do'D(0")@’. This discussion therefore makes it clear that we should identify the
frequency of the 1D toy model as @y =1/ -1, which can be calculated numerically given the
phonon density of states. This approach is validated in Fig. 4.2, where we compare our previous
result using the full density of states [105] to the prescription described above. Note that small
deviations at low mass arise from the lack of a cutoff at the Brillouin zone momentum in the
previous density of states result. We reiterate that in this work, we shall include this Brillouin
zone cutoff across all rate calculations since the incoherent approximation and subsequent
approximations are only valid in this regime.

We will utilize this prescription to extend the multiphonon calculations for an anharmonic
potential. To set up toy 1D anharmonic potentials, we first need to understand the anharmonic
properties of typical crystals to extract the behavior of the potentials. We do this in the following

subsection.

4.2.2 Anharmonic crystal properties

In general, a crystal lattice will exhibit some anharmonicity. Anharmonicity technically
refers to the presence of non-zero force constants which are higher than second-order in the
lattice potential in (4.4). For example, cubic anharmonicity in the crystal is parameterized by the
third-order force constants kS[; 7/(ﬁd A'd' 0"d") in (4.4). Such force constants can be computed
with DFT methods, similar to the harmonic case [111]. In the presence of such terms, the phonon

eigenstates are no longer the harmonic phonon eigenstates of the crystal, and higher order

phonon interactions, such as a three-phonon interaction, will be present. Calculating the full
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dynamic structure factor in (4.5) for a crystal with such anharmonicity would require accounting
for these higher order force tensors in both the matrix elements and in the final states, which
quickly becomes a very challenging numerical problem. The rough size of the anharmonic force
constants can be inferred from measurable crystal properties, however. We will briefly discuss
some of the anharmonic effects below, and use them to justify our estimate of anharmonic effects.

An important effect of keeping cubic or higher order terms in (4.4) is to introduce
interactions between the phonon modes which are the eigenstates of the harmonic Hamiltonian.
For example, from (4.8), we can see that a cubic term in the displacements u(¢d) will introduce
three-phonon interactions like davdqz’wdqu’vu (i.e. annihilation of two phonons to create a single

phonon) or dayvéﬁ

q/,w‘iq”,v” (i.e. decay of a single phonon into two phonons) in the Hamiltonian

at the first order in the anharmonic force constant k*). Phonon lifetimes in crystals are thus
directly related to the anharmonic force constants, and can be measured to estimate the size of
the anharmonicity [112, 110, 113].

Anharmonicity is also necessary to explain thermal expansion and conductivity in crystals.
In particular, the linear volume expansion coefficient of crystals can be directly written in terms of
the mode Gruneisen constants Y4y which is defined for phonon modes labelled by the momentum

q and branch index Vv as [114],

(4.18)

Note that the change in volume in the equation above is at a fixed temperature. In a purely
harmonic crystal, the phonon frequencies are determined by the second-order force constants
which do not get modified with changes in volume, thus leading to zero Gruneisen constant.
However, in the presence of cubic anharmonicity, the phonon frequencies are determined by
the effective second-order force constants, which receive corrections depending on both the
third-order force constants k) and the changes in volume, thus giving a non-zero Gruneisen

constant [115]. An increase in volume leads to larger displacements of atoms, which typically
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makes the effective second order constants and the phonon frequencies smaller, providing a
positive Gruneisen constant. In the case of a non-zero Gruneisen constant, the free energy of
the crystal, which has a harmonic contribution o< AV2, receives a volume-dependent correction
o< —AVYqvEqv, where Egqy is the mean energy in the phonon mode qV at a particular tempera-
ture [108]. As the temperature increases, the mean energy Eqy goes up, and thus this leads to a
new equilibrium volume which minimizes the free energy. For a positive Gruneisen constant,
this leads to thermal volume expansion.

The Gruneisen constants are thus directly related to the cubic force constants of the
material, and have also been used to extract them [115]. Concretely, the relationship between the
mode Gruneisen constants and the anharmonic force constants for weak anharmonicity can be

shown to be [116],

1 3)
yq‘,:_m Z kaﬁé(ﬂd,ﬁ’d’,ﬁ”d”)
q.V q0d 0"d" apd
y ebv(d) el ,(d") 0.0 iq-(¢"—0)

4.19
g Toa € ) ( )

p

where the egq \(d) indicates the displacement of atom d in the Cartesian direction f8 for the
phonon qv, and rgf is the equilibrium position of atom d in the Cartesian direction & for the
unit cell at the origin. To get a rough estimate of the maximum anharmonicity strength in the
crystal, the relation in (4.19) can be inverted and written in terms of the maximal mode Gruneisen
constant Y™ found in a crystal,

(0) . Oma @Y™

; , (4.20)

where @ is the typical phonon energy of the lattice and / is the nearest neighbor distance. Now

consider a typical displacements ~ (y/2mg@y) ! of an atom in the crystal; the change in the
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potential energy 6V, due to anharmonic force constant estimated above is given by,

SVanh L K3 (\/2mgax) >

Wy wp 3!
—-0.5 —-0.5
~ 0.023)(( 28ngeV> <3oan)$ev>
/ ~1
% (9/1“‘5 > <2.35 A> ’ “2D)

where in the second line we use parameters for Si. We use an estimate for the maximal value of
the mode Gruneisen constant in Si from [108] at OK. In Ge, the maximal Gruneisen constant is
similar to that in Si, while in GaAs, it could be as high as 3.5 for certain phonon modes [108].
The Gruneisen constant thus provides a rough estimate of the overall anharmonicity in the crystal,
including the cubic terms which depend on displacements of multiple atoms.

In this paper, we will work with a toy model of anharmonic interactions similar to the
1D oscillator model in Sec. 4.2.1. In particular, we consider excitations for an isolated atom

in a 1D anharmonic potential. The anharmonicity is controlled by force constant terms like

3

oy (04, 'd’' 0"d") with £d = ¢'d’ = ¢"d" which characterize the modification to the potential

of a single atom in a lattice. Since the Gruneisen constants involve a sum over many cubic force
terms, we instead directly obtain the single-atom anharmonic force constants with an empirical
model of the lattice.

We model the lattice assuming empirical interatomic potentials, which have been shown
to accurately reproduce phonon dispersions and transport properties [117]. Concretely, we
assume the Tersoff-Buckingham-Coulomb interatomic potential with the parameter set given in
Ref. [117] (see Appendix 4.A for details). We then fix all atoms at their equilibrium positions
except for one atom denoted by ¢d, which is displaced by a small distance in different directions.
The single atom potential calculated from this procedure is shown in Fig. 4.3 for Si, with
deviations from the harmonic potential that depend on the direction of displacement. The

maximum anharmonicity is along the direction of the nearest neighbor atom. Along this direction,
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we find that the typical change in the potential energy for an atom displaced by r ~ (\/2mg ) !

1s,

5Vanh

~0.01. (4.22)

Comparing this estimate with (4.21), we see that the anharmonicity strength inferred from the
potential of a single atom is roughly of the same size as the overall anharmonicity strength of
the lattice inferred from the Gruneisen constant. Thus, even though we do not perform a full
calculation of the structure factor for an anharmonic crystal including the modification of the
phonon spectrum and the lattice states, the comparison above suggests that the effects in a full
calculation are expected to be similar in magnitude to the effects we estimate in this work using

single atom potentials.

4.2.3 Toy anharmonic potential

As shown in Sec. 4.2.1 for the harmonic crystal, the features of the dynamic structure fac-
tor under the incoherent approximation can be well-approximated with just a 1D toy potential for
an individual atom. This gives a much simpler path to calculating DM scattering in anharmonic
crystals for g > 27 /a, where many phonons may be produced. In contrast, prior work including
anharmonicity focused on the limit ¢ < 27 /a, restricted to two phonons [42], and does not scale
well to large number of phonons. We can then stitch together the two approaches to gain a more
complete understanding of anharmonic effects.

In this work, we take a 1D anharmonic potential and calculate the 1D structure factor,
in order to simplify the problem as much as possible. Taking the 1D approximation is more
subtle in the presence of anharmonicity since a generic potential in 3D is not separable, unlike
the harmonic case. Denoting the small displacement around equilibrium by r, and the polar and

azimuthal directions by 6 and ¢ respectively, the potential energy for atom d in the lattice can be
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Figure 4.3. Single atomic potential: Potential of a single atom displaced along various
directions with all other atoms at their equilibrium positions. In zincblende Si, the largest
anharmonicity is in the direction of the nearest-neighbor atom, while the smallest anharmonicity
is in the direction of the next-nearest-neighbor. We have also included a third direction orthogonal
to the other two, with intermediate anharmonicity strength.

expanded in powers of r as,

1
Vi(r,0,¢) = zmdw(%rz

+ Y Ao fi(6,0)(ry/2maa)", (4.23)

k>3

where A are dimensionless constants parameterizing the degree of anharmonicity at k™ order,

and f;(60,¢) are functions which specify the angular dependence and whose range is [—1, 1].
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Solving the full 3D problem would require numerically finding the eigenstates of this general
potential, while in the 1D case we can make much more progress analytically. We will therefore
select directions of maximum anharmonicity and use this for our simplified 1D problem. Our
expectation is that this gives a conservative estimate of the importance of anharmonic couplings,
in that the full 3D calculation would give somewhat reduced effects.

As discussed in Sec. 4.2.2, we can extract realistic single atom potentials by modeling
the interatomic potentials on the lattice and displacing a single atom (see Appendix 4.A for
details). We typically find that, for small displacements around equilibrium, the anharmonicity is
dominated by the cubic and quartic terms parametrized by A3 and A4, respectively. Motivated by

these observations, we consider the following forms of toy potentials in our study:

* Single cubic or quartic perturbations: We first consider a harmonic potential with a

single perturbation,

1
Vi(x) = Emdngz + Ao (+/ Zmda)ox)k, (4.24)

where k = 3 or 4. This case is amenable to perturbation theory, and in Sec. 4.3.2, we apply

it to discuss the power counting of anharmonic corrections.

* Morse potential: It is possible to obtain exact (non-perturbative) analytic results for the

Morse potential defined by,
Worse (x) =B (e—2ax - 2€_HX> s (4.25)

where a is a parameter controlling the width of the potential and B is the normalization.
We fit these two parameters to the cubic anharmonicity estimated from the single atom
potentials discussed earlier, and calculate the dynamic structure factor for this potential in

App. 4.D.
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* Fit to realistic atomic potentials: We numerically calculate the structure factor in a
potential with both cubic and quartic terms, where the dimensionless anharmonic couplings
are obtained by fitting to the actual single atom potential. The potential in this case is
given by

1
Vd(x) = Emda)gxz + 7L3a)o(\/ Zmda)ox)3

+ Aq 0 (/2mgaxx)*. (4.26)

We find that typically, A3 ~ 0.01, and A4 ~ 1074

For the 1D toy potentials discussed above, we compute the 1D dynamic structure factor

in the incoherent approximation (g > 27 /a):

Stoy (@, ) =27 Y g | f1P Y | (@ ]ei*| @)
d f

X 5(Ef—E()—(D). 4.27)

Again, we have summed over all atoms of type d in the lattice and defined the number density of

atom d by ny. The wavefunctions |®) are the eigenfunctions of the Hamiltonian,

2

Hipy = 21)741 + V(). (4.28)

The computation of the dynamic structure factor then boils down to computing the ground state
|0) and the excited eigenstates |® ) for this Hamiltonian, and calculating the structure factor
under the incoherent approximation as in Eq. (4.27).

As discussed in Sec. 4.2.1, for a 1D toy model the phonon levels are discrete and in a
real crystal there is a broad spectrum of energy levels. Similar to the harmonic case, we need
a prescription to account for this smearing of energies. In the case with anharmonicity, the

spectrum is shifted. The 1D toy model will instead give a modified energy-conserving delta
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function:

6(f(n)ay — @), (4.29)

where f(n)y is the energy difference between the nth excited state and the ground state. f(n)
will depend on the exact form of the potential. Guided by the harmonic result, we again shall fix

@y = 1/~ and introduce a width to the delta function in a similar fashion:

5 ! et 430
(f(”)wo—w>—>W€ : (4.30)

This is in the 1D approximation, and that including the full 3D anharmonic potential would
be expected to have an additional effect on the spectrum of states. However, in practice the
anharmonicity is sufficiently small that the shift of the spectrum is subdominant to the other
anharmonic effects in the structure factor.

This forms the basis of the toy model we consider in this paper. Focusing on the high
q regime where the incoherent approximation applies, we consider independent lattice sites
and calculate scattering in them with 1D toy anharmonic potentials. We now describe different

approaches to understand the dynamic structure factor in this setting.

4.3 Analytic results for structure factor

In this section, we study the features of the structure factor for a 1D anharmonic potential
with analytic methods. This will allow us illustrate the general behavior for the limits g <
V2mg @y and g > /2mq .

First, we review the derivation of the structure factor for a 1D harmonic potential. For
n-phonon production in the harmonic limit, the structure factor in the regime g >> /2myay is
o< g?" /(2my)". Treating the anharmonic 1D potential as a perturbation, we then show that the
g dependence of the n-phonon term can be substantially modified in the regime g < \/2my 0y,

leading to large anharmonic corrections. In particular, we obtain the power counting of the
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structure factor in powers of ¢ and the anharmonicity parameter A, which allows us to roughly
identify the regime of ¢ where we expect the anharmonic effects to be dominant. As we will see
later, this proves useful to explain the numerical results for realistic potentials.

Finally, we will also use the impulse approximation to perform an analytic estimate of the
structure factor in the regime g > /2my . We show that the nuclear recoil limit is reproduced,
with the structure factor approximated by a Gaussian envelope similar to the harmonic case.
Anharmonic terms give rise to slightly modified shape of the Gaussian, which have negligible

impact on scattering rates.

4.3.1 Harmonic oscillator

First, we briefly review the calculation of the dynamic structure factor in the harmonic

approximation. In this case the potential V;(x) is given by

1
Vi(x) = Emdngz. 4.31)

The energy E, of the n-th excited state |n) of this simple harmonic oscillator is given by,

E, = <n+ %) . (4.32)

The structure factor in Eq. (4.27) thus becomes,

Sioy (@, @) =27 Y ng | fal> Y | (n]e#*]0) |° & (na — o). (4.33)
d n
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The matrix element can be evaluated in the following way,

(ne"|0) = —= (0la"e""|0)

<O]e’qx(a+\/#m)n\0>

Q%%)WWm

(e )e i, (4.34)
2mg

mg

n

EHEHNHﬂH

n

—igx ,, ,igx __ iq : . . .
where we use e '“*ae'?* = a+ N the second equality. Plugging the above matrix element

to the structure factor in (4.33) becomes,

Stoy (¢, ®) 27[21%1 falPe™ M@
1 q2 "
X Z — (2mdw0) 5 (nwy — @), (4.35)

where W;oy (q9) = ¢*/(4mgax) is the Debye-Waller factor in the toy model. The structure factor
follows a Poisson distribution with mean number of phonons g = ¢*/(2myay), as also shown in

the case of the 3-dimensional harmonic oscillator in [71].

4.3.2 Perturbation theory for anharmonic oscillator: ¢ < /2may

We now turn to more general case where small anharmonic terms are included in the 1D
toy potential. An exact solution is no longer possible. But as we will see, in the kinematic regime
q < \/2mgy@y, we can use perturbation theory to obtain the behavior of the structure factor and
illustrate the importance of the anharmonic corrections as a function of momentum and energy
deposition. Our goal in this section then is to obtain the power counting of the anharmonic

contributions to the structure factor.
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The toy Hamiltonian we consider is given by,

2

|
Hioy = zp—md o+ 5ma@x” + Ao (v 2maanx) (4.36)

We will concretely consider k equal to 3 and 4, corresponding to a leading cubic and quar-
tic anharmonicity, respectively. Treating the dimensionless anharmonicity parameter A; as a

perturbation, the eigenstates |®,) are given by
2
D) = )+ A yn) + 22 [ + . (4.37)
and E, are the perturbed energies,

E = (n+%>a)0+7tk Sy (4.38)

With time-independent perturbation theory, the dynamic structure factor can be explicitly
computed at different orders in A; using (4.27). We defer the details of the explicit calculation
to Appendix 4.B. Instead, from the structure of the expansion we can already learn about the
relevant corrections. In general, we can express the dynamic structure factor as an expansion
in both A; and ¢?/(2mgay). At zeroth order in A, we see from (4.35) that the n-phonon term
appears with a g-scaling of ¢>"/(2myx)". As we will show below, anharmonicity introduces
departures from this g-scaling at higher orders of A;. In the kinematic regime under consideration
(q < +/2mgax), powers of g* /(2myax) smaller than 7 can lead to large anharmonic corrections
to the n-phonon term in the structure factor.! The aim of this section is thus to illustrate the
behavior of the g-scaling at different orders of Ay.

The general expression for the dynamic structure factor in the toy model can be written

IPerturbation theory in Ay is still valid. For instance, the expansion in (4.37) still holds. But the harmonic
contribution in the structure function could be suppressed by small g for multi-phonon states.
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as,

Stoy (4 @) =2y ng | fal?e V" @) x (4.39)
d

;6<E,;—E6—w>[1( _y"

ﬁ 2mg @y
2

P (L) (a2 W(;L,;W))]

i>1 2md(00

For each n, the harmonic contribution appears at &'((g>/(2mywp))") as seen in (4.13); note that
we do not include the Debye-Waller factor in this power counting discussion since it always
appears as an overall factor. The anharmonic corrections are included here as an expansion in
powers of g /(2mgax) which are denoted by i. From the orthogonality of the states |®,,) with
the ground states, we see that the dynamic structure factor should vanish for ¢ — 0, which in turn
implies that i > 1. Each power i of ¢ /(2mgay) appears with non-zero powers of A;, denoted by
v(n,i). Here the power v(n,i) is the smallest allowed power of A for a given phonon number
n and the power i of ¢°/(2myax). However, numerical cancellations can sometimes force this
leading behavior to vanish. Typically, the bigger the difference in i and n, the larger the power of
A that is required. We will explicitly see the behavior of the powers v(n,i) for k equal to 3 and
4 below, but we first discuss the implications of this form.

For the single phonon structure factor (i.e. for n = 1), the anharmonic terms are al-
ways suppressed compared to the harmonic term because of the additional powers of A; and
q*/(2mgay). But for phonon numbers n > 1, it is possible for anharmonic contributions to
dominate for ¢ < \/2mg@y. As a simple example, in the 3-phonon state, the harmonic contribu-
tion to the structure factor is proportional to ¢®/(2myy)?, while the aharmonic result contains
23q*/(2mgax)?. So when g < \/2m4 @, the anharmonic effect can lead to a large correction to
the dynamic structure factor.

In a generic n-phonon state, the harmonic piece scales as (¢ /(2mgax))". Comparing this
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with the anharmonic term o< A4, (n’i)qzi /(2mgay)’, we note that the anharmonic term dominates
the harmonic term for g < v/2mg@oA, (n0)/21=0) Eor small enough g, the behavior is governed
by the anharmonic effects. Of course, at even smaller g ~ ggz one would expect the incoherent
approximation to break down. For the values of A in realistic materials, we find that the
dominance of the anharmonic terms can happen for g above gpz, particularly for larger n. These

corrections become larger with n since the harmonic piece is progressively more suppressed in
q*/(2mqex).

We now illustrate the origin of the A; powers v(n,i) with an example in the case of k = 3.
In this case, the perturbation x*> ~ (a+a')? implies the leading correction to the state can change

the oscillator number by 4-1 or £3. Then the perturbed eigenstates have the schematic form:

|@,) ~ |n)+A3 (jn—=3)+|n—1)+|n+1)+|n+3))

+0(A3). (4.40)

We neglect the numerical prefactor in front of each state. Note that the terms are only present
if the integer labelling the state is non-negative, for example for the ground state |®g) ~
0) + A3 (]1) +3)) + €(A}). The matrix element appearing in the n-phonon structure factor

can be expressed as,
(D] ¥ | Do) ~ bo+ A3by + Asbr + O(A3), (4.41)
where the coefficients are schematically given by,

bo ~ (n|e'*|0) (4.42)
by ~ (n—3e'¥|0) +
(n—1]e""0) + (n + 1]"*|0) +

(n+3|e*|0) + (n|e'®|1) + (n|e'4*|3) (4.43)
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In order for given term in the coefficient to be nonzero, a minimum number of powers of igx are
required in the series expansion for ¢/4*. This therefore links the powers of g with powers of As.

Taking n = 3 as an example, then b o< (ig)? at leading order in the g expansion. Mean-
while, by o (ig)? + (ig)* + .... Note that the matrix elements (0|¢’#*|0) and (3]e/%*|3) in by
contain terms proportional to (ig)°, but they cancel each other, consistent with a matrix element
that always vanishes as ¢ — 0. Also note that the coefficients by, b; always alternate in even
or odd powers of (igx) and therefore alternate in being purely real or imaginary. The resulting

matrix element squared thus goes as

[(@3]e"|P0)|* ~ bo + ATbr + O (AF) P +|A3b1 + O(A3) P,

~ g+ 23 (q*+0(¢%) + O(A3). (4.44)

For the cubic interaction, only even powers of A3 appear in the matrix element squared due to
the alternating even and odd powers of (igx) in the b coefficients. In this example, in order to
achieve the minimum ¢ scaling of ¢, higher powers of A3 are required, which will introduce
more terms in the expansion. Here we see a correction to the matrix element squared at O(qz),gl ).

The explicit derivation of v(n,i) is given in Appendix 4.B. The minimum power of A3

required to get the leading behavior o< ¢? /(2my ) in the anharmonic terms is given by,

Vot max(4>< P”glw , 2) for odd n wis)

4 x [(”gz)w -2 for even n

The minimum power of A3 as a function of the phonon number 7 and the power i of ¢*/(2mgax)

for i > 1 is given by,

v(n,i):max<2>< P”;ﬂ ,2), i>1. (4.46)
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We show the expansion of the structure factor in the powers of A3 and ¢>/(2my @) schematically
in Fig. 4.4, where we drop the numerical coefficients for all the terms and only illustrate the
behavior of the powers of A3 and ¢?/(2mgyay). In the right part of the schematic, we show the
behavior of the n-phonon term for n > 3, and in the left part of the schematic, we show the
expansion for n =1, 2, and 3.

The relationship between the powers in A3 and the powers of ¢ /(2my ) in (4.46) can
also be understood in the following way. The powers of ¢*/(2mgay) that appear at &(1}) can
range from n —3v /2 to n+3v/2, with the minimum power allowed being 1, and v being an
even positive integer. Contributions from powers larger than n are suppressed in the kinematic
regime g < \/2my@y. But powers smaller than n can lead to significant corrections in the same
regime.

For example, the anharmonic contribution to the 2-phonon structure factor has a lead-
ing behavior «< A7¢*/(2myay), which is expected to dominate the harmonic behavior
o< g*/(2mya)? for small enough g (explicitly for g < \/2myanA3). Assuming my ~ 28 GeV,
wp ~ 40 meV, and a typical value of A3 ~ 0.01, we expect the anharmonic contribution to start
to dominate for g < 0.5 keV. This kinematic regime does not strictly satisfy the conditions for
the incoherent approximation which are assumed in this calculation. However, it is interesting
to note here that the size of this anharmonic correction roughly matches onto the result for the
2-phonon structure factor in the long-wavelength limit (¢ < 1/a) [42, 105], where it was found
that anharmonic interactions give up to an order of magnitude correction to the structure factor.
At the edge of the Brillouin Zone ¢ ~ 27w/a ~ 0'(keV), with the typical values used above,
we find in the toy model an O(~ 25%) correction at the boundary of the valid region for the
incoherent approximation.

For k equal to 4, which corresponds to a quartic perturbation to the harmonic potential, the
calculation proceeds similarly to the cubic case discussed above, except for some key differences.
All the coefficients b; are either real or imaginary based on whether 7 is even or odd respectively,

and hence the anharmonic corrections appear in all orders of A4. We thus have corrections at
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Cubic anharmonicity
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Figure 4.4.

Anharmonic
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Dominant contributions

for ¢ < V2mgwo

Expansion of the structure factor in phonon number n, powers of ¢>/(2mga)),

and powers of A3 for a cubic perturbation (k = 3 in (4.36)). The right part shows the general
behavior of the n-phonon term for n > 3, while the left part shows the expansion for n =1, 2,
and 3. Shaded terms show the dominant contributions when g < +/2m @y, which comes from
the anharmonic terms for n > 2. Here we just illustrate the power counting; individual terms
might not be present if there is a numerical cancellation in the coefficients.

113



Quartic anharmonicity
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Figure 4.5. Expansion of the structure factor in phonon number 7, ¢*/(2myy), and A4 for a
quartic perturbation (k = 4 in (4.36)). The right part shows the general behavior of the n-phonon
term for n > 3, while the left part shows the expansion for n =1, 2, and 3. Shaded terms show the
dominant contributions when g < \/2my @y, which comes from the anharmonic terms for n > 2.
Similar to the above, individual terms might not be present if there is a numerical cancellation in
the coefficients.

O (A4). For even n, coefficients b; only have even powers of ¢, and thus cannot generate terms
o ¢” in the squared matrix element. The leading behavior for even 7 is thus o ¢*. For odd n

however, the leading behavior is o< g2, and the minimum power of A4 is given by,

v(n,1) :max<2>< {(’14;1)} , 1). (4.47)

For powers i greater than 1, the minimum power of A4 for any phonon number # is given by,

v(n,i> 1):maxd|”2_ﬂ , 1). (4.48)

We show the expansion of the structure factor in the powers of A4 and ¢> /(2my @) schematically
in Fig. 4.5, where we drop the numerical coefficients for all the terms and only illustrate the

behavior of the powers of A4 and ¢°/(2myax). Similar to Fig. 4.4, we are only illustrating the
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Figure 4.6. Perturbativity bound on 132 and A4 as a function of phonon number n. The bound is
based on the criteria of (4.49) that the leading correction to the energy E), is at most 10%. The
dashed line shows the typical coupling sizes in Si and Ge crystals.

minimum allowed powers of A; in perturbation theory for n > 3. Due to numerical cancellations,

the leading A, power can vanish in some cases.
Limitations of perturbation theory

Our analysis has focused on the regime g < /2my@y because this corresponds to a
low mean phonon number. For large enough n, perturbation theory will start to break down.
Equivalently, for a given n, perturbation theory will only be valid for A; sufficiently small.

For a particular phonon number #, if the energy correction in (4.38) is of the same order

as the unperturbed energy eigenvalue (n+ %)a)o, the perturbation can no longer be treated as
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small. Based on this, we set an upper bound on |A;| by requiring that

E - <n+%>(oo| ~ 0.1 % <n+%>a)o. (4.49)

At leading order, the correction for k equal to 3 (i.e. a cubic perturbation) is given by

1
E, — <n+§>a)0:7t32 @ (97° +9(n+1)°

+(n+3)(n+2)(n+1)

+n(n—1)(n—=2))+0(A). (4.50)
The equivalent result for k = 4 reads,

E,— (n+%)wo=/14 @ (n+1)(n+2)+ (n+1)?

+2(n+1)(n+2) +n?

+n(n—1))+0O(A}). (4.51)

Using the equations above, we get the critical value of 7L32 and A4 compatible with the perturbation
theory expansion. These are shown in Fig. 4.6. With the analytic structures of the energy
corrections shown above, we see that the perturbativity bound on 132 (A4) has a scaling o<
1/n*(o< 1/n), where n is the phonon number. For typical values of A3 ~ 0.01, we see that the
perturbation theory is valid only up to n ~ 6 — 7. Furthermore, perturbation theory is impractical
for calculating corrections at small ¢ and very high phonon number 7, since these corrections
will be a very high order in the anharmonicity parameter.

To deal with these limitations, we consider two different approaches in this paper. Since
high 7 is associated with high @ and ¢, in the next section we will use the impulse approximation
to account for anharmonic effects at high ¢g. In Appendix 4.D, we also study a special anharmonic

potential, the Morse potential, where it is possible to obtain exact results. We use this as a case
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study to validate the perturbation theory and impulse approximation results.

4.3.3 Impulse Approximation for g > \/2may

As we have shown, perturbation theory quickly goes out of control beyond the first few
number of phonons. Resumming the anharmonic interaction is usually needed for the structure

factor when ¢ or @ is large. Consider the following phase space

Impulse regime: g > \/2may, (4.52)
2
o~ 2q—m +0(yowy),

It has previously been shown [105, 118] in the harmonic case, that one can calculate the structure
factor by using a saddle point approximation in the time-integral representation of the structure
factor. This is called the “impulse approximation” since the steepest-descent contour is dominated
by small times, which can be interpreted physically as an impulse.

We begin with the structure factor in Eq. (4.27), which can be decomposed as con-
tributions from each atom d, Swoy(q, ®) = Y414l fa]*Sioy.a(¢, ®). Then we rewrite the energy

conservation delta function as a time integral

Stoy,d(% (0)

= ;/dt e Er—Eo—o)t | <CI)f‘eiqx|<D0>}2
_ /dte—iwtz <q)0|e—iqx‘q)f> <q)f‘eth€iqxe—th|q)0>
f

_ / dt e~ (B¢~ (1) |y | (4.53)

where in the second equality we use the fact that |®g) and |®) are eigenfunctions of H, and

in the third equality we use the completeness relation and the time-dependent position operator
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x(t) = eM"xe~ ! The final expression is the well-known structure factor in the time domain.

Using the above representation of the structure factor,

[}

Stoy,d(% a)) :/ dt <e*iqxeiqx(f)> oot

_ /oo dt <e—iqxetheiqx> e—i(E()-i-(Jo)t7 (4.54)

We can further simplify this using the fact that ¢'4* acts as a translation operator on momentum

p, e % pel®* = p+q. Applying the translation on the full Hamiltonian yields

e_iqu(x, p)eiqx =H(x,p+q). (4.55)

2

Here we generalize the impulse approximation to any 1D Hamiltonian, H (x, p) = f—m +

V(x), which satisfies

2
H(x,p+q)=H(x,p) +-L +4p. (4.56)
2m  m

One can also generalize impulse approximation to a generic potential V (x, p) as long as the
above holds in the limit of large ¢.> In other words, we require that the Hamiltonian in the large
momentum limit is dominated by the kinetic energy 571, not the potential. We can then obtain
reliable theoretical predictions in the impulse regime even with large number of phonons.

Applying the above to Eq. (4.54), the structure function now reads

Stoy.a(q,®) = / dt <e"H(x7P+q>t> oi(Eo+ o)

~ / dr () ¢ (Bro-, g (4.57)

where we translate the momentum in the first line and use Eq. (4.56) in the second line. Note

’In this case, the impluse regime in Eq. (4.52) needs to be replaced as @ ~ % + 4 (p) and we impose Eq. (4.56)
holds up to & (@ /q) correction.
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that H = H(x, p) throughout and we drop the argument for brevity. The last line is exact for
potentials that depend only on x.
Now we can apply the saddle point approximation to evaluate the time integral. Defining

H'=H+ 24 we can write
Stoy.d(q, ®) = / drefV, (4.58)
where

2
£(t) =™y — it (EO +o— ;f—m> . (4.59)

In order to calculate this object, we can expand In{e'? : ) in small . The first few terms in

this expansion are given by

f(4) (O) _ i4(— 6<H/>4 + 12<H/>2<H/2>2

_3<H/2>2_4<H/><H/3> + <H/4>)
2 3

= —Llp, HP) + L ([p. 1], %)
+ ani <<p4> - 3<p2>2) (4.60)
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In the harmonic approximation, only the terms proportional to ¢ are nonzero. As a result, only
the first few expansion terms are needed as long as t < & since f (n+1) /f (7) is of order ay. Then

one can solve for the saddle point #; by solving f’(z;) ~ f'(0) + f”(0)z; = 0, which gives

o omi(o—4)
ity = q2ogz , (4.61)
where
o, = (p*) —(p)* = (P*). (4.62)

In the last equality we use the fact that (p) = 0 for a V(x) potential since (p) =< ([x,H]) = 0.
Although #; is formally imaginary, its magnitude is small and close to the origin in the impulse

regime. Since there is no pole around this saddle point, we can approximate the time integral by

the saddle point and find
2r
Stoy,d(% 0‘)) ~ - //(tl) ef(tl)
2
V21 m* (o — L)?
_ V2 o[- ) (4.63)
qGP 2q Gp

For large energy depositions the Gaussian becomes narrowly peaked around ® = ¢?/2m, and
this reproduces the nuclear recoil limit [105].

In the presence of anharmonic interactions, other powers of g will be present in the
expansion of (4.60). In general, the ") term will have a ¢" term with coefficient of #(A). In
this case, f (n+1) /f () o q\/w. Higher orders will then be important in the expansion of
f(¢) for sufficiently large ¢ or t. For a given ¢, the higher order corrections become relevant
for |t| > \/m/ay/q ~ 1/,/®a in the impulse regime. Including these corrections is difficult
in general, but we can continue to use the second order expansion giving (4.63) as long as

lt| < 1//@ay. According to (4.61), this corresponds to a condition on how close @ is to
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g/ (2m). Since ¢*> ~ 2m® and 613 ~ ma, this implies that

2

—>|w—2‘1—|5m. (4.64)
m

i~ 125
)
We see that the distance of w from % sets the size of 77, which in turn tells us the regime for the
validity for the approximation (4.63). The condition (4.64) is approximately the same condition
that @ is within the Gaussian width in (4.63), and keeping terms in f(¢) only up to f”(0) is
self-consistent near @ = %.
Therefore, in the presence of anharmonic interactions, the above structure factor result
(4.63) remains valid in the impulse regime (4.52). The only modification is in GI%. Considering

perturbations in V (x) up to x* and recalling that the expectation value is with respect to the full

gI'OLlIld state, we find that
2 2 14,2 ,
o, = (P’) (1 5+ 12 4+"-> (4.65)

at leading order in A3, A4. The nuclear recoil limit is again reproduced, with a small modification
to the width of the Gaussian envelope due to anharmonic couplings. Note that in order to
calculate the structure factor far from w = 2472”, we must include additional orders in f(¢) and #;.
We do not perform these higher order calculations for the final results in this paper since they
have a negligible effect on the integrated rates, but we provide the procedure for completeness in
App. 4.C.

Finally, we approximate the effect that introducing the full crystal lattice has on this
single atom result. Up until the evaluation of various moments of H’, the impulse approximation
is fully model-independent. We just have to make an adjustment to the final evaluation of (p?).

The states in the full crystal theory are smeared by the phonon density of states, so we calculate
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(p?) via the following prescription

) ="2(1+50))

2
crystal /da)’D(a)’) m2(1)

/

(1 +g(/1)), (4.66)

where g(A) is the anharmonic correction calculated in the single-atom potential. Essentially, we
have used the average single phonon energy to calculate ( p2>. In the harmonic limit, (4.63) then
exactly matches the impulse result from [105].

In summary, in this section we have demonstrated the general behavior of anharmonic
effects with ¢ and @. We have shown that they are indeed negligible at high g and @ ~ ¢*/2my,
consistent with the intuition that scattering can be described by elastic recoils of a free nucleus.
The effects grow for g < /2my @y and at low ¢ they may dominate the structure factor. This
roughly matches onto the results of Refs. [42, 105], which found that for ¢ < 27t /a anharmonic

effects can have a large impact on the two-phonon rate .

4.4 Numerical results for 1D anharmonic oscillator

Having demonstrated the analytic behavior of the dynamic structure factor in the previous
section, we now turn to obtaining numerical results using realistic potentials. We will perform
concrete calculations for Si and Ge as representative materials while briefly commenting on
others. As discussed in Sec. 4.2.2, we adopt an empirical model of interatomic interactions that
encodes the anharmonicity in the potential. We use this empirical model to calculate a single
atom potential, which we then use to evaluate the structure factor numerically.

As stated in Sec. 4.2.3, we start by fitting the single atom potential in a particular direction
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onto a 1D potential of the form,

1
Vi(x) = Emdngz + Az (+/ 2mda)ox)3

+ Aq0(~/2mgaxx)*. (4.67)

In the fit, @y, A3, A4 are free parameters but in order to reproduce the harmonic limit, we then
make the replacement @y = 1/ @, which is calculated from the phonon density of states and
gives a slightly different numerical value. This is motivated by the harmonic case discussed
in Sec. 4.2.1. We do not consider anharmonic terms o x* for k > 5 as we observe that the
anharmonic potential along any direction is dominated by the cubic and the quartic terms.

We find that the maximum anharmonicity is typically along the nearest neighbor direction
(x,y,z) = (1,1,1). For computing results, we will consider the potential along this direction,
which represents maximum anharmonicity, as well as the potential in an orthogonal direction
(x,y,z) = (1,—2,1), which represents an intermediate value for the anharmonicity. Using the
aforementioned interatomic models, we find anharmonicity strengths ranging from A3 ~ 6 x 1073
to 1072 and A4 ~ (2—3) x 10~*. For Si and Ge, the results are same for either atom in the unit
cell.

Given the 1D potential in (4.67), we find exact solutions of the 1D eigenvalue and
eigenvector problem using a simple finite difference method. We take a first order discretization
of the Laplace operator and solve the discretized time-independent Schrodinger equation in a
box. The box grid interval size must be small enough to resolve the maximum momentum scales
of interest, which in this case depends on the highest excited state needed in the calculation.
Also, the minimum box size required depends on the spatial extent of the highest excited state
used. As seen in Sec. 4.3.3, the impulse approximation suffices for g > & (few) x \/2mg .
Beyond this momentum, we no longer need to calculate excited states since the structure factor
in the impulse limit is independent of the details of the highly excited states. The nth excited

state is most relevant at momenta g ~ +/nv/2may. Therefore, to complete our calculation below
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Si Structure Factor, Harmonic vs. Anharmonic Ge Structure Factor, Harmonic vs. Anharmonic
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Figure 4.7. g-dependence of structure factor: We compare the structure factor in the harmonic
and anharmonic cases, where in the latter case the structure factor is calculated numerically with
the maximal anharmonicity. The lines from top to bottom show the structure factor at different
®, corresponding to an increasing minimum phonon number n. There are large corrections for
q < /2my @y when anharmonic interactions are included (dashed), and the corrections become
more significant as the threshold is increased. For g > \/2m,ay, both cases converge to the
same result. For Si, we have \/2myay ~ 40 keV while for Ge, v/2mgay ~ 50 keV. For other
materials, this quantity is listed in Table 4.1. The incoherent approximation momentum cutoff is
gz < 2m/a ~ 2.2 keV for both crystals.
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Si, Multiphonon Structure Factor and Impulse Approximation
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Figure 4.8. w-dependence of structure factor: For different g values, we show the decom-
position of the structure factor into individual n phonon terms, where the energy-conserving
delta function has been smeared as in (4.68). Note that the maximum anharmonicity has been
included in the numerical calculation, but the result is nearly identical to the harmonic result for
these g values, as shown in Fig. 4.7. The dotted line shows the impulse approximation, which
starts to become a good approximation as g increases above +/2m  @).

the impulse limit, we include the first 10 excited states. The results for these eigenstates are
converged above a box size of ~ 10/+/2may and grid size of ~ 0.1/+/2may.

We now use these numerical eigenstates and energies to calculate the structure factor in
Eq. (4.27). We apply a prescription for the energy-conserving delta function similar to that used

in the harmonic 1D oscillator, Eq. (4.15). The final result at momenta below the impulse regime

(g < 2¢/2max) is,

S(q,0) =21 Y ny | fa2 Y| (@] @)
d f

1 (w*f<(n>)w20) ®( )
X——————e 2" X O(Wpax — O), (4.68)
27 f(n)o? .
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where

o = (/dww_lD(a)))l, (4.69)
_ |JdooD(w) 1

o= (4.70)

Omax = f(n) X (min(w)|D(w) = 0) 4.71)

and f(n),|®o),|P) are given by the numerically solved eigenenergies and eigenstates, respec-
tively. D(w) is the single phonon density of states calculated with DFT [79]. In this work we
assume equal couplings of DM with all nucleons so that f; = A;, where A, is the atomic mass
number. In the equations above, we have included a sum over all atoms in the unit cell d with
density ng, and in general the atomic potentials and density states can also depend on d, although
for Si and Ge we do not include this.

In the impulse regime (g > 2+/2may), we have shown in Sec. 4.3.3 that the structure

factor for any position-dependent potential is approximated by a Gaussian envelope,

2\ 2
q-
7(‘0 Zm)

21 2,2
S(g,0) ~ Y nalfal\ | e A (4.72)
d m(l? )

where the the expectation values are all computed in the ground state and adjusted to the
average single phonon energy via (4.66). Now we simply use the numerical ground state of the
anharmonic potential (4.67) to calculate (p?) and therefore obtain the structure factor. Note that
the anharmonic contribution is essentially negligible in the impulse limit, since corrections to
(p?) are o< A3, As.

Fig. 4.7-4.8 shows numerical results on the structure factor for Si and Ge, taking the
maximum anharmonicity in either case. In Fig. 4.7, the structure factor as a function of g is shown.
As o (and therefore minimum phonon number n) is increased, there is a larger anharmonic

correction at small g. This can be understood by looking at the ¢ scalings discussed in Sec. 4.3.2
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and illustrated in Fig. 4.4 and Fig. 4.5. At low g and thus DM mass, the contributions from the

7
2my @

anharmonic structure factor can give smaller powers of compared to the leading harmonic

2 n
term <2qu w()) , so the enhancement grows with n. At high ¢, results converge to the harmonic
result, consistent with our discussion of the impulse regime in Sec. 4.3.3. We see this also in
Fig. 4.8, which shows the structure factor at different g. The impulse approximation becomes

better as g > /2my @), and is indistinguishable from the harmonic case.

4.4.1 Impact on DM scattering rates

We now use the numerical results for the structure factor to compute the DM scattering
rates for a range of DM masses and experimental thresholds. Our results are summarized in
Figs. 4.9-4.10. We consider DM masses in the range ~ 1 — 10 MeV. The lower end of the mass
range is chosen such that the momentum transfers are large enough to satisfy the condition for
the incoherent approximation (i.e. ¢ > 27 /a), while at the upper end of masses it is expected
that scattering is described by the impulse approximation [105]. It is precisely this mass range
where details of multiphonon production are important. We will also consider the two cases of
scattering through heavy and light mediators. The goal will be to identify the region of parameter
space where the anharmonic effects on the dynamic structure factor affect the scattering rates the
most.

In the isotropic limit, the observed DM event rate per unit mass is given by [105]

9+ O+
1 Ppr/3f(V)/ / F0N2
=——=—= [dv——= [dq [dwg|F S(g,w), 4.73
47pr my B2 o[ da q|F(q)|"S(q, ) (4.73)
- ()
where p, is the DM energy density, pr is the mass density of the target material, m, is the
DM mass, (1, is the DM-nucleon reduced mass, o), is the DM-nucleon cross section, and f(v)
is the DM velocity distribution. The structure factor S(g, ®) is given by our numerical results

(4.68)-(4.72) and the integration bounds are determined by the kinematically allowed phase
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space

2
gs = myy (1 +, /1 w“;) , (4.74)
mxv
qz
o, =qv—-1_ 4.75)
2my

where the energy threshold of the experiment is denoted by @y,. The g-dependence of the DM-
nucleus interaction can be encapsulated in the DM form factor £(g), where F(q) = 1 indicates
an interaction through a heavy mediator, and F(gq) = q(z) /q* indicates an interaction through a
light mediator for a reference momentum transfer of ¢gq.

Note that in general, the strength of the anharmonicity varies with the direction of the
recoil of the nucleus, and the structure factor will depend on the direction of the momentum
transfer. For simplicity, we are assuming that the anharmonicity strength is uniform in all
directions. Our estimate with the maximum anharmonicity thus provides an upper bound on the
anharmonic effects on DM scattering.

The DM mass sets the typical momentum-transfer scale g of the scattering, and the
experimental energy threshold @y, sets the phonon number n. Hence, to identify the DM masses
and experimental thresholds where anharmonic effects start to become important, we first need
to understand the g-values where the anharmonic corrections are large for a particular phonon
number n. We can estimate this using the perturbation theory results in Sec. 4.3.2. Note that in
our numerical calculation, we find that A3 generally provides the larger anharmonic contribution,
so we will focus on a purely cubic perturbation in this discussion.

For the analysis of a cubic perturbation discussed in Sec. 4.3.2, we showed that an-

harmonic effects introduced additional terms to the n-phonon structure factor of the form o<

: i
7L3" (n,i) (2 quz w()) , see (4.39). Therefore when g is lower than the scale

q g /ZMda)()l;(nJ)/(z(n_i)), (476)
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terms in the anharmonic structure factor can be of comparable size to the harmonic structure
factor. In order to find the largest g-scale where the anharmonic contribution starts to become
relevant, we can evaluate (4.76) for all positive i < n, and find the minimum possible exponent
of A3. For n =2 or 3, the minimum exponent is achieved for i = 1, for which v(n,1) = 2.
This gives a g-scaling of g ~ \/WQL; /=) This tells us that for the 2-phonon case, the
anharmonic contribution should begin to become important at g ~ v/2my@yA3, while for the
3-phonon case, the anharmonic contribution becomes important at g ~ \/m%l /2. For a
larger number of phonons, this scaling is approximately g ~ \/W/I; /3. So we see that
higher energy excitations have more significant anharmonic contributions at larger momentum
transfers. Below the g-scale identified above, the anharmonic contributions are expected to
increase substantially with decreasing ¢, as terms o< g% for i < n dominate the harmonic scaling
o 2",

We now recast our analysis concretely in terms of DM mass and experimental energy
thresholds as follows. For both massive and massless mediators, the event rate for n > 2 phonons
is always dominated by the large g portion of phase space and energy depositions near the
threshold. Therefore the enhancement in the rate due to the anharmonicity roughly corresponds
to the enhancement in structure factor evaluated at S(g = 2myv, ® = @y,), where v is the DM
velocity. Inserting g = 2m, v into the condition in (4.76) gives a condition on the DM mass:

(
V2mg o3
2x10-3

< \/Zmdwoll/z . 4.77
My <TO_33 n=3 4.77)

V2my Cl)()/ﬁlg1 /3

2%103 n>3,

\

where 1073 is the typical DM velocity. In order to determine the appropriate phonon number
n for a given @y, we must take into account the subtlety that each excitation energy is smeared

across a width, as discussed in Sec. 4.2.3 and also given in (4.70). To solve for the smallest n
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Table 4.1. Single phonon properties for various crystals. Using these energy scales, for a
given experimental threshold we can estimate the DM masses where anharmonic effects become
large, (4.76)-(4.79). For crystals with non-identical atoms in a unit cell, we show the quantities
averaged across atoms. The relative importance of anharmonic effects in the different materials
will mainly be governed by the different phonon energies @y.

Materials
@y [meV] | o [meV] | /2myoy [keV]
GaAs 16.9 9.5 48.8
Ge 18.2 10.6 49.6
Si 30.8 17.6 40.3
Diamond 109.6 35.8 49.7
Al,Oj3 51.6 20.4 51.1

that contributes appreciably above @y, we solve the following equation:

W = nwy + /1o, (4.78)

where o is the single-phonon width as defined in (4.70) and we have for simplicity taken

f(n)=n.
Applying (4.77)-(4.78) to Si with @y = 31 meV, 6 = 18 meV, and my = 26 GeV, we find

the following results

(

0.2 MeV @ = 80 meV
1/2
my S 2.0 Mev(lg—iz) o, = 120 meV 4.79)
w13
45 MeV(lO—32> o > 160 meV

Below these masses, anharmonic corrections become large. The last line applies for thresholds
above 160 meV which corresponds to n > 4, and these n-phonon terms all give the same
condition on DM mass. Note that this is only a heuristic, which does not include for example the
combinatorial pre-factors or cancellations in the perturbation theory calculation. Nonetheless, we

do see the same qualitative features in the complete numerical result which is given in Fig. 4.9.
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Figure 4.9. Ratio of anharmonic to harmonic rate. For each material (Ge and Si) we
consider two representative values of the anharmonic couplings. The larger set corresponds to a
direction of maximal anharmonicity while the other set corresponds to an orthogonal direction
of intermediate anharmonicity. Anharmonic effects become more important for DM masses near
the MeV scale and for larger energy thresholds.

In order to generalize (4.79) to other materials, we give the necessary energy scales in
Tab. 4.1. Despite large differences in @y, the momentum scale /2m @y ends up being about the
same in all crystals. Then the typical DM mass scale for anharmonic effects to become important
is also about the same for a fixed phonon number n. However, the differences in @) mean that
the threshold corresponding to a given n can vary significantly. For a given threshold, GaAs
and Ge have the largest phonon number. Since anharmonic corrections become more important
with larger n, GaAs and Ge will therefore have larger anharmonic contributions compared to
Diamond at the same threshold.

In Fig. 4.9, we present the ratio of scattering rates in the anharmonic case to the harmonic
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Figure 4.10. Cross section uncertainty. Comparison of the cross section corresponding to 3
events/kg-yr in the harmonic (solid) and anharmonic (dot-dashed) cases. The anharmonic result
is shown for maximal anharmonicity, and so the shaded band represents our estimate of the
theoretical uncertainty due to anharmonic effects. The effects are primarily important for high
thresholds and low DM masses, corresponding to large o,, which is generally in tension with
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existing astrophysical or terrestrial constraints.
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case in Si and Ge, taking two representative cases for the couplings. We also present the cross-
sections corresponding to an observed rate of 3 events per kg-yr in Fig. 4.10. The bands depict
the possible uncertainty that anharmonicity introduces to an experimental reach, with the solid
line giving the harmonic result and the dot-dashed the result for maximal anharmonicity. We do
not show the effects above the cross sections of 6, > 10728 cm? as for these large interaction
strengths, the DM is expected to lose a significant energy in 1 km of Earth’s crust through
scattering, thus rendering DM with such cross sections unobservable in underground direct
detection experiments [119].

For my > 10 MeV, the typical ¢ becomes similar or larger than \/2m,ay, where there
is negligible difference in the anharmonic and harmonic structure factors. The rates will also
start to be dominated by the impulse regime g > 1/2my0y. In this case, the structure factor
calculated with an anharmonic potential is nearly identical to that calculated in the harmonic
case, as discussed in Sec. 4.3.3. We have also seen this behavior with numerical computations in
Fig. 4.8. The anharmonic and harmonic scattering rates are also essentially identical for DM
masses my, > 10 MeV.

For DM masses my < 10 MeV (i.e. g < v/2myax), the ratio of the anharmonic to
harmonic rate begins to grow with decreasing DM mass. As the typical g decreases with

7
1y W

decreasing DM mass, the leading anharmonic term o< 5 grows faster compared to the

harmonic term o< (2:7?;@0)” for n > 2. The effect is more pronounced for higher thresholds or
equivalently higher n, since the harmonic term is even more suppressed. Therefore at larger
thresholds, the anharmonic effects start becoming important already at larger masses and also
grows much more quickly as the DM mass is decreased. For a given DM mass, this also implies
that the spectrum of events will have larger anharmonic corrections on the high energy tail of
events. However, the rates are also highly suppressed in this tail, and only observable for high
scattering cross sections.

At DM masses my < 1 MeV, the slope of the ratio of the anharmonic rate to the harmonic

rate starts to decrease slightly, which is an artifact of the Brillouin zone momentum cutoff that
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we apply across all rate calculations. The incoherent and subsequent approximations are not
guaranteed to be justified in this regime, so this effect should not be treated as physical. For
sub-MeV DM masses, the phonons again should be treated as collective excitations, similar to
the calculation of Ref. [42].

Lastly, we note an interesting feature that the anharmonic scattering rate is strictly greater
than the harmonic rate in the entire parameter space that we probe. This is a consequence of the

7
2myap

sign of the leading g-scaling term For the production of an excited state |® /) in the crystal,
the term in the dynamic structure factor o< g can only come from the term |(®f|igx|®¢)|?, as the
mixing term o< (P ¢|I|Pg) (P @ |®Pp)* and its conjugate are zero from orthogonality. Thus,
the sign of the term o< ¢? in the anharmonic structure factor is strictly positive for producing
an excited state, whereas there is no corresponding term o ¢ in the harmonic case for n > 2
phonons. Since we are probing the ¢ < /2myy regime, this leading term quickly dominates
the structure factor. Thus, the anharmonic scattering rate exceeds the harmonic rate in this regime.

A consequence of this is that we expect the harmonic crystal result gives a lower bound on the

scattering.

4.5 Conclusions

Scattering of DM with nuclei in crystals necessarily goes through production of one or
many phonons for DM masses smaller than ~ 100 MeV. Previous work has focused on calculating
the multiphonon scattering rates in a harmonic crystal under the incoherent approximation (i.e.
q > gz or DM mass = MeV). In this work, we have studied the effects of anharmonicities in
the crystal on the scattering rates, while still working within the incoherent approximation.

In order to obtain a tractable calculation of anharmonic effects, we have simplified the
problem into a toy model of a single atom in a 1D anharmonic potential. In this toy model,
scattering into multiphonons can still be well-approximated by applying a smearing on the

spectrum of quantized states to account for the phonon spectrum of a lattice. We extract
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anharmonic couplings by modeling the interatomic potentials of Si and Ge, which give rise to
realistic single atom potentials. This approach allows us to obtain an analytic understanding and
first estimate of the impact of anharmonicity, although the numerical results should not be taken
as a definitive rate calculation.

We find that the harmonic crystal results of Ref. [105] can be safely assumed for DM
masses down to ~ 10 MeV. Below ~ 10 MeV, this assumption cannot be taken for granted. In
this regime, we find that anharmonic effects on the scattering rates increase with decreasing
DM mass and increasing experimental thresholds. Anharmonic corrections up to two orders
of magnitude are possible for DM masses ~ a few MeV and for experimental thresholds ~ a
few times the typical single phonon energy of the crystal. These findings are consistent with
Refs. [42, 105], which studied two-phonon production from sub-MeV DM and found up to an
order of magnitude larger rate from anharmonic couplings.

The size of the corrections is dependent on the material through the anharmonicity
strength of that crystal and also, non-trivially, through the typical single phonon energies of
the material. For a particular energy threshold, crystals with lower single phonon energies
exhibit larger corrections since they require larger phonon numbers to be produced. For example,
anharmonic effects in Ge can be larger by almost an order of magnitude than those in Si for
similar DM parameter space and thresholds, even though the anharmonic couplings in the
two crystals are similar. This is a consequence of the difference in g scaling of the harmonic
and anharmonic contributions, which become more pronounced with larger phonon number.
Materials with low single-phonon energies, such as GaAs and Ge, therefore have the largest
anharmonic effects. The effects will be reduced in Diamond and Al,O3, which have even higher
single phonon energies than Si.

The relevance of anharmonic effects to direct detection experiments depends on the DM
cross section. The effects are largest for low DM masses and high thresholds, in other words
on the tails of the recoil spectrum where the rates are small. For a typical benchmark exposure

of 1 kg-yr, the anharmonic corrections become sizeable for DM-nucleon cross sections above
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~ 1073* cm?. Being agnostic about any terrestrial or astrophysical constraints on the DM model
and only requiring the DM to be observable in underground direct detection experiments, the
upper bound on the DM cross section is 6, < 10728 cm? [119]. This comes from considering
an overburden of ~ km. On the other hand, these very high DM-nucleon cross sections are
typically excluded by terrestrial and astrophysical constraints for the simplest sub-GeV dark
matter models [34, 120]. DM-nucleon cross sections o, = 10~ cm? (0, 2 10731 cm?) are
constrained for typical models with a heavy mediator (light dark photon mediator) for a DM
mass ~ MeV. With these constraints, we see from Fig. 4.10 that the anharmonic effects can only
impart corrections of at most an order of magnitude for experiments with kg-yr exposure.
Experiments with exposures above kg-yr could see larger anharmonic effects, since they
would be more sensitive to the events at high phonon number for MeV-scale DM. However, for
solid-state direct detection experiments, achieving exposures significantly bigger than a kg-yr is
challenging. Thus, for near-future crystal target experiments, we conclude that the anharmonic

effects are only important up to &'(1) factors at masses of ~ a few MeV for the simplest DM

models.
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Appendix

4.A Interatomic potentials

In order to produce results for a real crystal, we adopt atomic potentials based on
Ref. [117]. The interatomic potentials used here are a combination of various commonly used
empirical potentials. We choose to use the Tersoff-Buckingham-Coulomb interatomic potential
defined in Ref. [117] using the parameters in the set labeled “TBC-1”, though other interatomic
potentials may be chosen and give similar estimates for the anharmonicity strengths.

This potential includes a three-body Tersoff potential, originally defined in [121], which

we restate here for reference.

1
E=2) )V

i i#]
Vij = fe(rij) (fr(rij) +bijfa(rij)), (4.80)

where the sum is over nearest-neighbor, and r;; is the distance between neighbors i, j. The
function fc is a cutoff function that keeps the interaction short ranged, fr and f4 are repulsive

and attractive interactions, and b;; is a three-body term that is a function of the bonding angle of
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the third body with the atoms i, j. Explicitly, these functions are defined as

1 r<R—D
fe(r)=q 1-1sin(258) R-D<r<R+D (4.81)
\ 0 r>R+D
fr(r) =Aexp(—Air) (4.82)
fa(r) = —Bexp(—2Aar) (4.83)
T (4.84)
Gj= Y, fe(ra)g B (rij,rn)]
=y
x exp [A3" (rij — ri)"'] (4.85)
g@)=1+£i— < (4.86)

& [dz + (cos @ — cos 00)2} ,

where 6, is the angle between the displacement vectors r;; and ry. R,D,A,B,f3,n,c,d,6p,
M, A2, A3 are constants that can be found in Ref. [117]. Note that the notation in this section
matches that of Ref. [117] and is standalone from the main text. Specifically, the parameters
A1, A2, A3 are not to be confused with the anharmonicity strengths defined in the main text. In
practice, anharmonicity arises from the asymmetry between the repulsive and attractive terms.
The directional dependence of the anharmonicity strength is a result of the crystal’s zincblende
structure and bond angle-dependent potential.

The other components of this interatomic model include a long-range two-body Bucking-
ham term

Wﬂz&””—%, (4.87)
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and a screened Coulombic interaction defined by

V(r) = & [erfc(ar) B erfcfcocrc)
erfc(ar,) 2o e

+ <—rg v )or=ro)] (4.88)

X O(re—r) (4.89)

Here g is the effective atomic charge, & is a damping parameter, and . is a cutoff. As discussed in
Ref. [117], the full interatomic potential model is a sum of the three aforementioned interactions.
All of the free parameters are fit onto the actual second, third, and fourth order forces calculated
from DFT. This gives an analytic interatomic potential that produces the correct single-phonon
dispersions and also captures the anharmonicity in the potential by fitting onto the higher order

interatomic forces from DFT.

4.B Power counting in perturbation theory

In this appendix, we work out the explicit relation between the powers of ¢> and A in
the perturbation theory calculation for the anharmonic Hamiltonian in (4.36).

The primary object we focus on in the dynamic structure factor is the squared matrix
element | (P, |e'4*|®y)|?, where |®,) are the eigenstates of the anharmonic Hamiltonian. With
perturbation theory, the eigenstates can be expanded in powers of A; as in (4.37). The corrections

to the nth final state up to second order in A; are given by,

)=y el (4.90)
k#n
Vleln 1 |an|2
n k Y )

where V;; = (i|(v/2mg@x)*|j). In terms of the standard ladder operators of the harmonic
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oscillator, V;; are given by,
Vij = (il(a+a")"j). (4.91)

This tells us that V;; can only be non-zero when i — j is one of the following: —k, —k+2,...,
k—2, k.

With these selection rules, the corrections in Egs. 4.90 can be schematically written as,

i) ~ = k) + n—k+2) + ..
+|n+k—2)+|n+k) (4.92)
WD) ~ | —2k) + [n— 2k +2) + ...

+ |n+2k—2)+|n+2k) (4.93)
This pattern continues for higher orders in A; such that at & (7Lk] ), we have,

) ~ = (< k) + [n— (X k) +2) + ..

+ln+(jxk)—=2)+ |n+(jxk)). (4.94)

Note that the sum should only include terms for which the integer labelling the state is non-
negative. With the knowledge of the unperturbed states appearing in |®,), the matrix element

®, |¢'4*|d) can also be expanded in Ay,
Y

(D] ¥ |Dg) ~ by + kbt +Alby + ..., (4.95)
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where the coefficients b; are given by,

by ~ (n]e#"[0)
by ~ (Wt |e¥]0) + (n]e| ) (4.96)

2)) i i 1 i 2
bz~ (yn”[e10) + (" ) + (nle™ |y
In general, the coefficient b; is schematically given by,

by~ (w110 + (w1 ug) +-.

+ (w1 ™) + (e |yg”). (4.97)

To study the powers of ¢ appearing in b;, we first need to understand the structure of the
matrix element (n;|e'?*|n,) for general eigenstates |n;) and |n,) of the unperturbed harmonic

oscillator. This matrix element is given by the following,

. ! /nilny!
<n] ‘equmz) — Z ni:np. %
N(ny—1)(np—ny+1)!

= Mgty
= 2

2

lq np—n+21 -3 q o 4 98
md . .
(\/Zmda)o> ¢ ( )

We learn that the matrix element (n1|e'#|ny) contains powers of ig/(1/2mgy) ranging from
2
__ 4
|ny — na| to n; + ny. Note again that the Debye-Waller factor e *7«® is not included in this
2

9
power counting since e *"¢® =2 1 in the regime of interest.

Combining this information with the structure of b; in (4.97) and the structure of |w,5j ))

in (4.94), the powers of g in b; can be identified:

2

j —jk ] —jk+2
e ol () ()

V2mg oy V2mg oy
_fg R 4.99
+...+< _2mdw0) } (4.99)
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Note that only those terms with powers of ¢ larger or equal to 1 are present. Terms o< ¢° have to
cancel as they otherwise lead to ¢° terms in the squared matrix element |(®, |¢’#|®)|?, which is
forbidden due to orthogonality of eigenstates.

As the kinematic regime under consideration is of g < 1/2my @y, we will focus on powers
of g less than n, which corresponds to the harmonic case. We see from the equation above that
the lowest powers of g decrease with increasing values of j. Thus, higher order corrections in A;
appear with lower powers in g. Eventually, at a sufficiently high power of A, we get a coefficient
b; with the minimum power of g equal to 1. The squared matrix element can then be written in

general as,

2 2

(@€ Do) > = e a0 x nl <2quwo>n
’ zzzi <2mdzw0>i <an,i/lkv(n’i) + ﬁ(}tlf(”=i)+1>> ] 7 @100

where the first term on the right hand side o< ¢*" is the harmonic term, and the anharmonic
corrections are expanded in powers of ¢> which are denoted by i, with i > 1. Every power i
appears with a minimum allowed power v(n,i) of A;.

To study the behavior of v(n,i), we first note that, for even k, the matrix element
(®,|e*|Py) is purely real or purely imaginary, depending on whether 7 is even or odd respec-
tively. For instance, if n is even, then by is purely real. Higher orders in 4; lead to insertions of
(a+a")¥ and therefore matrix elements where the difference in the harmonic oscillator states is
also even, so that all coefficients b; are real in this case. But for odd k, the b; coefficients will
alternate in being real and imaginary. This changes the structure of the squared matrix element
depending on k, as we will see below.

Odd k: We will first consider odd k. In this case, the squared matrix element can be
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written as,

(D] | Do) [* ~ [bo + b2+ Albs+ .|
+ | Mby + A3 + ... (4.101)
~ [bol* + A2(|b1 > + (bob + byb))

+ A8 (|b2|* + (bobj + bybs) + (b163 + bibs))

+O0A) (4.102)
2 2
oL Ly
n! \2mgaxy
2 n—k 2 n—k+1
2 q q
+Ak{<2md0)0> +<2md(00>

qz n+k
ot )}
Zmda)o

n 14{ ( q2 >n—2k n ( (]2 >n—2k+1
“W\2mgan 2my

2

T (2nzw0)"+2k}+ﬁ(/l,?)] (4.103)

Thus we see that we get corrections at even orders in Ay, with the lowest non-zero power being
AZ. In general, at ﬁ(?t,f) for an even j = 2/, the lowest power of ¢* is n — (j/ x k), and the
highest power is n + (j/ x k). Note that only terms with positive powers of ¢* are present. The
term o ¢> can also subtly cancel in some cases as there is no term o< ¢° in coefficients b j- We
will deal with this case later below. But to get a power i > 1 of g2, the lowest non-zero j is
In

|. Thus, in the squared matrix element, the lowest

('";iw, with the lowest j given by 2 x [ ,:i‘

non-zero power V(n,i) required is given by,

v(n,i):max(Zx ['”I:ZH , 2). (4.104)

To get the lowest power i = 1 of ¢ i.e. the term o ¢, the only possible way is to get

the term o ¢! in the coefficient b ; as there is no term o< ¢°. For odd n, the term o< ¢! in b j can
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only be generated at an even j, since that is the only way to satisfy n — jk = 1. For every even

j=2j, the powers of ¢ in b; range from n — (2k) x j' to n+ (2k) x j'. The lowest j’ to get a

term o ¢! is then given by [%1, with j given by 2 x ['"Z_k”}. For an even 7, the term o< ¢! in

b; can only be generated for an odd j. For every odd j =2’ — 1, the lowest power of g in b is

n+k— (2k) x j'. The lowest j' to get a term o< ¢! is then given by [%L with j given by

2 X f|"+2kk_1|1 — 1. In the squared matrix element, the lowest non-zero power Vv(n, 1) required is

given by,
max(4><(|"2_1‘1 : 2) for odd n
v(n,1) = (4.105)
|n+k—1|
4x[=5—1-2 for even n

Even k: Now we consider even k. In this case, the squared matrix element is,

(D, || Do) | ~ |bo + Axby + APby + .2 (4.106)

~ [bo|* + A ((bob} + bib1))

+ AZ(|b1 > + (bob’ + biby) + O (AD) (4.107)
<o )
() o)
bt (L))
() )
+...+(2nf;wo)n+k}+ﬁ(/l,§)]. (4.108)

Thus we see that we get corrections at all orders in Ay, with the lowest non-zero power being
Ar. In general, at & (/’L,f ), the lowest power of ¢* is n — (j x k)/2, and the highest power is

n+ (j x k)/2. Following similar arguments to the case of odd k discussed earlier, v(n,i) for
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i > 11s given by,

v(n,i) = max<[”z/_2i’1 , 1). (4.109)

Another difference between the case of even k considered here and that of odd & is that
we do not get an i = 1 term for even n, as all terms in the coefficients b; contain even powers of
g. This means that the leading term will always go as ¢*, with a A, power determined by (4.109)
for i = 2. For odd n, the lowest power of g in b; is n —k X j. Thus, in the squared matrix element,

the lowest non-zero power v(n, 1) required is given by,

v(n,1) = maX(Z X ('”;kl'} , 1). (4.110)

The calculations in this appendix up to this point consider the overall scaling behavior
of the powers of ¢> and A; in the squared matrix element. We have neglected combinatorial
factors at several steps in the calculations that enter into the numerical coefficients a,, ; in (4.100).
Sometimes, the numerical coefficients can also cancel with each other, and the naive leading
behavior estimated in this section can vanish. In order to give concrete examples of the numerical
coefficients, we perform explicit calculations of the squared matrix element using perturbation
theory with k = 3 (i.e. a cubic perturbation), and phonon numbers n = 1, 2, 3, and 4. We
perform this explicit calculation only up to & (7L32) The results of various numerical coefficients
are presented below.

For a single-phonon production (i.e. n = 1), the coefficients a,, ; are given by,

ara =44 (4.111)
ajp = —82 (4.112)
a3 =>5. 4.113)
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For a two-phonon production (i.e. n = 2), the coefficients are given by,

ay) =8 (4.114)
azn =59 (4.115)
ar3 = —56 (4.116)
ar4 =2.5. (4.117)

For a three-phonon production (i.e. n = 3), the coefficients are,

a3y =18 (4.118)
az3 =37 (4.119)
az4 = —23.04 (4.120)
azs =0.77. 4.121)

Note that we do not show the coefficient a3 ; as it appears at & (/'Lg1 ). Finally, for a four-phonon

production (i.e. n = 4), the coefficients are evaluated to be,

as; =0 (4.122)
azr =0 (4.123)
as3 =0.097 (4.124)
as4 =0.05 (4.125)
ass = —0.012 (4.126)
age=1.81x107% (4.127)

Note that the coefficients a4 1 and a4 amount to zero because of a numerical cancellation

between the two terms in the b; coefficient in Eq. 4.96. The leading behavior of the terms
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proportional to ¢* and ¢* in the structure factor is instead q2136 and ¢*A3, respectively.

As these numerical coefficients appear through combinations and interferences of several
combinatorial factors at various steps of the calculation, it is hard to provide a general expression
for them. By looking at the examples above however, we can make some general observations.
Typically, we see that the coefficients follow a pyramid structure, with a,, ; being the largest for i
near n, and decreasing with i away from n. We also find that the coefficients can vary by orders of
magnitude from each other. The terms with i near n receive contributions from several individual
matrix elements, and in general seem to be larger. We expect to see this pattern continue for
higher phonon numbers as well. The exact values of these coefficients play a role in determining
where the anharmonic corrections dominate, and so our power counting approach only gives an

O(1) estimate.

4.C Impulse approximation

In Sec. 4.3.3, we calculated the structure factor via the saddle point approximation in
the regime defined by (4.52). This regime corresponded to values of @ near % and within the
Gaussian width of (4.63). As discussed in the main text, in order to calculate the tail of the
structure factor far from w = %, more expansion terms are needed in f. Here we discuss this
extension of the impulse approximation.

First, in the special case of a harmonic potential, we can start from the full result in

Eq. (4.35). After rewriting the energy conservation delta function as a time integral, we find that

2
_ q it
ft)=—iot+ g (e 1) (4.128)

Solving f'(r) = 0 gives the exact result

LY s (4.129)
= (0] 2m ' .
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Using the saddle point approximation for ® > @y, we find

1 qz @ o
S ~ o 2Wiy(q) [ 4 @ 4.130
toy.d (¢, ©®) Jom e 5 e ( )

The same result can also be derived by approximating the sum over phonon states as an integral in
Eq. (4.35). The saddle point approximation for the harmonic oscillator holds as long as @ > @y,
and we no longer have a condition on how close @ is to %. In the impulse regime, @ ~ ;172,1, one
can check that it reduces to the previous result in Eq. (4.63). We see in this exact result that the
tail at large @ is Poissonian instead of Gaussian.

For general potentials, this exact analytic result is no longer possible, but we can still

calculate corrections to the tail. First, we start by giving the exact saddle point equation:

2

/ . q .<H/€iH/l‘1>

which is valid at all orders. We begin by noticing that saddle point equation (4.131) is satisfied
exactly at @ = % by #; = 0. Then, w-derivatives of #; at @ = % can be found by taking ®-

derivatives of (4.131) and solving for tl(n) [0 = 5’71] This allows us to calculate #;[@ = %] in an
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iterative fashion. The first few terms are

l‘][quil] =0
/ s I
o = =)
L) 2 3 ) - ()
o (7 = (H7))’
P

2 (- )

(6<H’>6 —18(HYHH?) + 3(H?)?

+8(H'Y3(H”) — 14(H")(H"*)(H"®) (4.132)
+3(H7)? — (H?)(H")

+ <H/2>(12<H/2>2+ <H/4>)>

(n)

where 7,7 denotes the nth w-derivative of #;. In the harmonic case, this series resums to (4.129).

For general potentials, one can then use the expansions (4.60) and (4.132) to calculate

27 -
Swoya(a-@) = 4 | = ( tl)ef (1) (4.133)

to a desired order.

4.D Exact results for Morse potential

The Morse potential is a special case of an anharmonic potential where the structure
factor is analytically solvable. We will use this case to illustrate the behavior of the structure
factor discussed in Sec. 4.3.2. We also use it to validate the numerical calculations used in our
final results and check the validity of the impulse approximation in the regime where there are

n > 10 phonons.
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Si Structure Factor, Morse vs. Numerical
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Figure 4.11. Comparison of analytic structure factor in the Morse potential and the numerical
calculation for Si as described in Sec. 4.4. We find that the two methods give almost the same
result due to the fact that the Morse potential well approximates the single-atom potential along
the nearest-neighbor direction.
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Si, Multiphonon Structure Factor and Impulse Approximation
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Figure 4.12. w-dependence of structure factor for the Morse potential: Comparison of the
Morse (dashed rainbow) and harmonic (solid rainbow) structure factor contributions from each
individual excited state. The solid black line is the sum of contributions from the Morse potential,
and dotted is the impulse envelope. Even though the energies of each individual Morse excited
state are perturbed, the total structure factor remains essentially unchanged from the harmonic
result. The small shift of order wy between the exact result and impulse approximation results
from dropping higher order terms in the impulse approximation as discussed in Sec. 4.3.3 and

App. 4.C.

The Morse potential is defined as

Wiorse = B (efZax - zefax) )

(4.134)

where a is a parameter controlling the width of the potential and B is the normalization. Expand-

ing this potential in powers of x gives

7
VMorse =—-B +Ba2x2 — BCZ3X3 + —Ba4x4 4+ ...

12

(4.135)

Matching the quadratic and the cubic terms with (4.26), we find that

a= —4&3\/ 2m(00
Wy
B=—015.
6427
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Note that the Morse potential has fewer free parameters than the anharmonic potential up
to fourth order in the displacements, so we cannot simultaneously fit A4. Nonetheless, the
realistic potential as obtained App. 4.A are well approximated by this Morse potential due to the
dominance and Morse-like behavior of the fg and f4 terms in the Tersoff part of the potential.

The Morse potential approximation of our anharmonic potential is then given by

(estm _ 2e4/1w217wox> : (4.138)

where we take A); = A3 in order to fit up to third order anharmonicities. In this potential, the
structure factor (4.68) is exactly calculable since the Morse eigenstates and eigenenergies are
known analytically. These results [122] give squared matrix elements between the ground state

and nth excited state of

2K —2n—1)(2K — 1)
n'T(2K)C(2K — n)

[(@ule®|apo) P = ¢

F(n—l— i(q/W))F(2K+%@—n_ 1) ?
M M 4.1
% r(iay/2man ’ (4139
Ay
with energy gaps
n(l+n)
E,—Ey— (n— ) : 4.140
_ 1
where K = 213

Note that these formulae are only valid for n < K — % since above this excited state,
the eigenstates are unbound and have a different analytic form. For Ay, ~ 0.01, this condition
requires n < 312, which corresponds to an energy gap of &(eV). Recoil energies at this scale
are comparable to the size of a typical lattice potential well and thus the free nuclear recoil
approximation holds. Then, for typical anharmonicity strengths, the discrete states of the Morse
potential that we have used in this analysis are sufficient to estimate the anharmonic effect in the

multiphonon scattering regime.
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Putting together expressions (4.139)-(4.146), (4.68), and (4.72) we can calculate the
structure factor in the Morse potential in both the large and small g regime. We show these
results for A3y = A3 in Figs. 4.11 and 4.12. Fig. 4.11 provides a check for our numerical results
in Sec. 4.4. Here we see that the numerical calculations and corresponding analytic Morse
results are almost identical. There is a modified g scaling of the structure factor compared
to the harmonic case, as was already illustrated in Fig. 4.7. We can also obtain this behavior
analytically with the Morse potential. Expanding the expression (4.139) to leading order in g

and subsequently in Ay, we get explicitly,

1(2]¥|0) | = 8A4q* + ... (4.141)
|(3le"*10) —% Mg+ (4.142)
(4]'*|0)|? = 6144454 + .. (4.143)
1(5]/44]0) 2 = 1572864/1 - (4.144)
1(6]'*|0)|? = 209715204, 04> + . (4.145)

where the ellipses include higher orders in both ¢ and A;;. The leading Ay scalings are consistent
with those illustrated in Fig. 4.4 for n = 2 and 3. For n = 4, the leading A, scaling differs from
the power counting in Fig. 4.4, but matches with the explicit results obtained using perturbation
theory as presented in Appendix 4.B. An exact numerical cancellation modifies the leading
behavior to Af,,qz. We see that the leading behavior in g, Ay, for n > 4 also differs from the
x>-theory power counting, suggesting a generic presence of cancellations at lower orders of A3
for the ¢> dependence.

In Fig. 4.12, we demonstrate that the impulse approximation remains robust for g >
V2mgay and n > 10 excited states. Note that we can also calculate corrections to (p?) in the
Morse ground state exactly:

ma)o(

(p?) = 1—16A%), (4.146)
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which is used in the impulse regime result (4.63). The impulse result is almost identical between
the Morse and harmonic cases, since the Gaussian width is only corrected at order 7LA2,,, which is

~ 10~*. This is also borne out in the full calculation of the structure factor shown in Fig. 4.12.
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Chapter 5

Signals of primordial black holes at gravi-
tational wave interferometers

5.1 Abstract

Primordial black holes (PBHs) can form as a result of primordial scalar perturbations at
small scales. This PBH formation scenario has associated gravitational wave (GW) signatures
from second-order GWs induced by the primordial curvature perturbation, and from GWs
produced during an early PBH dominated era. We investigate the ability of next generation GW
experiments, including BBO, LISA, and CE, to probe this PBH formation scenario in a wide
mass range. Measuring the stochastic GW background with GW observatories can constrain
the allowed parameter space of PBHs for masses 10° - 10?7 g. We also discuss possible GW
sources from an unconstrained region where light PBHs (< 10%g) temporarily dominate the
energy density of the universe before evaporating. We show how PBH formation impacts the
reach of GW observatories to the primordial power spectrum and provide constraints implied by

existing PBH bounds.

5.2 Introduction

Primordial black holes (PBHs) may play an interesting role in astrophysics and cos-

mology [123, 124]. Much attention has been paid recently to the possibility of PBHs as dark
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matter (DM) and as an explanation of recent LIGO/VIRGO [46] gravitational wave (GW)
observations [125]. Such PBHs would need to be heavy enough to avoid Hawking evapo-
ration on timescales comparable to the age of the Universe. Alternatively, there may have
existed a significant population of light PBHs, which would have Hawking evaporated at
early times. Though not corresponding to an observable PBH population today, light evap-
orating PBHs can be tied to other interesting phenomena, such as an early period of PBH
domination [126, 127], baryogenesis [128, 129, 130, 131, 132], the production of dark radia-
tion [127, 128, 129, 133, 134, 135, 131, 132], and perhaps the production of the observed DM
density, either as a product of Hawking radiation [127, 128, 129, 133, 134, 135] or if evap-
oration ends in a stable relic [136, 137, 138, 139]. Such scenarios are challenging to probe.
However, gravitational wave observations at interferometers can provide important insight into
the formation and abundance of both evaporating and long-lived PBHs produced in the early
Universe.

In this work, we will study the prospects for future GW interferometers to detect a gravi-
tational wave background associated with PBH formation and, possibly, black hole domination,
across a wide range of mass scales. The most well-studied PBH production mechanism is the
collapse of primordial density perturbations from inflation. In this context, a sizable density
perturbation associated with the formation of PBHs can source a stochastic GW background
at second order in cosmological perturbation theory [140, 141, 142, 143, 144, 145, 146, 147].
Additionally, if the density perturbations are large enough to generate a substantial population
of PBHs, a period of PBH domination can ensue, which provides additional mechanisms for
producing primordial GWs. Such mechanisms have been the study of recent works including
[148, 149, 150, 151]. We will elucidate on the combined impact of these sources in what follows.

There is a large corpus of existing literature dealing with GWs associated with PBH
formation. Our study complements this past work in several ways. For one, we incorporate a
treatment of the effects of a possible PBH-dominated era, which provides several additional

mechanisms for generating GWs and affects the observational prospects. Secondly, we study
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a larger range of PBH masses than is often considered, including very light PBHs which are
sometimes neglected due to their evaporation at early times. Thirdly, we incorporate a state-of-
the-art treatment relating the underlying inflationary perturbations to the resulting PBH mass
spectrum and subsequent evolution. Finally, we present our results in a unified way alongside
other observational constraints and prospects, facilitating a clear comparison of the corresponding
GW interferometer reach to that of other observations sensitive to evaporating or long-lived
PBHs.

Our study focuses on PBHs for which the underlying inflationary perturbations, or the
effects of PBH domination, give rise to signals at GW interferometers. This occurs for sub-
solar mass PBHs (assuming that the mass spectrum is approximately monochromatic), and
so we will show results for masses below ~ 10°° g. It is important to note, however, that
heavier PBHs with masses above ~ 103° g can also induce an observable GW signal through
various mechanisms. There is a vast corresponding literature covering this regime as well,
especially in the context of the observed LIGO/VIRGO mergers (see e.g. [46, 152, 153]) and
recent NANOGrav results [154, 155, 156, 157]. Such scenarios can also induce GW signals at
interferometers if the mass function is sufficiently extended or the corresponding inflationary
perturbations approximately scale-invariant [158], but we will not consider this possibility further,
focusing instead on PBH populations with a nearly monochromatic mass function peaked well
below the solar-mass regime.

Our study is organized as follows. Section 5.3 discusses various aspects of primordial
black hole cosmology, and introduces the relevant parameter space. Section 5.4 details the
relationship between the assumed underlying inflationary perturbations and the resulting black
hole mass spectrum. Section 5.5 describes the various stochastic GW sources relevant at
interferometer scales, including GWs from the formation and evaporation of PBHs, while the
resulting observational prospects are discussed alongside other astrophysical and cosmological
probes in Section 5.6. We conclude in Section 5.7. Our final results are summarized in Figs. 5.6-

5.7.
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5.3 Primordial Black Hole Cosmology

Primordial black holes could have meaningfully impacted our cosmic history in several
ways. Depending on their mass and initial abundance, they may have led to an early period
of black hole domination (BHD), injected entropy (including a possible dark radiation com-
ponent [127]) as they evaporated, or survived long enough to constitute some fraction of the
observed dark matter density. In this section, we discuss these various possibilities in the context
of the PBH parameter space, compared with current constraints on PBHs.

We will describe the PBH parameter space in terms of characteristic mass mgy and an

initial fraction of the total energy density at time ¢,, with

PBH *
= — 5.1
ﬁ pr,*

Here p,., is the energy density in radiation at that time, and we will assume throughout that PBHs
are formed in the early radiation-dominated FRW universe.

There are several mechanisms that could in principle give rise to an abundance of PBHs,
but the most well-studied is the collapse of density fluctuations from inflation, whereby PBHs
are formed when a large scalar perturbation enters the horizon. We will assume this mechanism
throughout, taking a primordial curvature perturbation power spectrum that is peaked at a
characteristic comoving wavenumber k,. We take #, to be the time when the mode k, enters the
horizon, which is defined by the condition k, = a,H,, with a,, H, the FRW scale factor and
Hubble parameter at horizon entry. The PBH mass is proportional to the horizon mass at this

time:

AT Yett
3

mpy = PraH (5.2)

where Y. is an O(1) prefactor inferred from numerical simulations and dependent on the
spectrum of the primordial curvature perturbation. For a review on PBH formation and discussion

of this y parameter, see Refs. [160, 161, 124, 162], and references therein. It is important to note
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Figure 5.1. Range of PBH mass and 8’ considered in this work. 8’ is proportional to 3, the initial
fractional energy density in PBHs; see (5.3). The shaded region shows observational constraints
for a monochromatic mass function, see text. The solid lines delineate different regimes of PBH
cosmology, while the dashed line is where PBHs comprise all of the observed DM. The dotted
lines are where Hawking radiation of the PBHs into particle DM produces Qpm#® ~ 0.1; the
two lines shown are for DM mass of 10° GeV and 10'3 GeV [127]. The dash-dotted line is where
Planck-scale relics from BHs make up all of the DM [159].
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that our y.¢ differs from the value of y ~ 0.2 which appears sometimes in the literature. The
difference arises from the fact that we define the PBH initial conditions at horizon entry of the
mode k,, but more realistically, PBH formation happens over an extended period of time. In
addition, the PBHs form with a distribution of masses, and here mpy is defined by fitting to a
lognormal mass distribution, given in (5.21). Examples of the PBH mass function and details
about the time-dependent formation rate will be provided in Sec. 5.4. For now, we emphasize that
the value of 7.¢ depends on the amplitude and shape of the primordial curvature perturbation.
Both 7. and g, the number of relativistic degrees of freedom at PBH formation, will

enter into a number of quantities, making it useful to define the parameter

, « N4 R\ T2
p=vi(ies)  (oe) » 63)

where £ is the dimensionless Hubble constant. Throughout this paper, we will generally suppress
h dependence of quantities and use 4 = 0.68. In particular, the definition above is useful is
because the relic density of long-lived PBHs is proportional to 8’. We thus follow the convention
of plotting observational constraints in terms of B’ vs. mpy, and can thereby directly use the
constraints of Ref. [160].

Assuming radiation domination, the temperature associated with 7, is

155\ 1/2 1/4
T*:3x108GeV‘/_%ff(10 g) (106'75) . (5.4)

MBH 8x

Depending on the primordial power spectrum, the actual times associated with PBH formation
will be slightly different from 7,. As discussed above, this leads to different characteristic PBH
masses, but these effects can be captured by the 7.¢ parameter. Requiring 7} to be below a reheat
scale Try ~ /HMp with the scale of inflation Hy < 10'* GeV implies that mpy 2 1 g, while
034

requiring T} to be well above BBN temperatures implies mpyg < 107 g.

The relationship between mpy and &, can be derived by redshifting back from the present
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day. If B’ is sufficiently small such that the PBHs never dominate the energy density, then

5.4 %1019 1015\ /2
ky >~ M—pC\/Yeff< g) , B < Brins (5.5)

MBH

where we have neglected the (mild) dependence on g, in this equation. By, defines the condition
for black hole domination, which we will give below in (5.9).

Throughout this study, we will approximate the PBH mass distribution as approximately
monochromatic. The formation scenarios we consider have sufficiently small width in the PBH
mass function, such that observational constraints and cosmological evolution are expected to be
modified only at the O(1) level by including a full mass function. We will also neglect the effect
of mergers and accretion, so that once formed, the PBHs maintain an approximately fixed mass
until they begin to evaporate. Given these assumptions, the subsequent cosmological evolution
of the PBH population is governed by the parameters mgy and ’. We can therefore map the
mpy — B’ plane into different cosmological scenarios, as shown in Fig. 5.1. In this paper, we
will further map the gravitational wave reach from interferometers onto this plane.

Fig. 5.1 shows three qualitatively different scenarios: in the bottom right of the mgy — 8’
plane, PBHs are long-lived enough to exist today. The region to the left of the blue vertical line
features PBHs that would have evaporated by today, while the upper left corner supports an
early black hole-dominated epoch. The gray shaded parameter space is excluded by existing
constraints. Note that for the parameter space shown, there is (or was) at least one PBH formed

in our observable universe. We discuss each of these regions in turn below.

5.3.1 Long-lived PBHs

In the bottom right portion of the parameter space in Fig. 5.1, the PBHs are heavy and the
initial abundance relatively small. Hawking radiation inevitably depletes the energy density of
PBHs. However, the evaporation rate dmgy /dt «< 1/ mZBH, so that heavy PBHs evaporate slowly.

Sufficiently heavy PBHs can have lifetimes longer than the age of the Universe and exist as a
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(meta-)stable relic today, making up a fraction (or all) of the observed dark matter density. The

evaporation time fey,p for sufficiently heavy black holes is given approximately by [127]

3
fevap ~ 4 x 10745 x (%) (5.6)

assuming only photons and neutrinos are emitted (the other SM degrees of freedom are too heavy
to be thermally produced via Hawking evaporation of long-lived heavy PBHs, since the Hawking
radiation temperature is inversely proportional to mpy). From this, we see that PBHs will have
lifetimes longer than the age of the Universe provided mpy > 4 x 10'*g. This region lies to the
right of the blue vertical line in Fig. 5.1.

The long-lived population of PBHs can serve as a viable dark matter candidate. Since
the effects of evaporation are negligible in this mass range, the energy density of PBHs simply
redshifts as matter, pgy o< > with a the FRW scale factor. Using entropy conservation, the

PBH relic density today is given by

1015 1/2
Qg ~ 1.4 x 1017/ <KH‘%) . (5.7)

The parameter values where PBHs are long-lived and satisfy Qpph® ~ 0.12 with 4 = 0.68 is
indicated by the black dashed line in Fig. 5.1, and provides a particularly compelling target for
GW interferometers and other astrophysical probes, as is well known (see e.g. [163, 164, 165]).
Above the DM line in Fig. 5.1, the relic abundance of PBHs is too large and leads to overclosure.

This is the strongest bound on the large-B region for mgy ~ 1017 — 10?3 g.

5.3.2 Evaporating PBHs

To the left of the blue vertical line in Fig. 5.1, mpy < 4 x 10'*g and PBHs are light
enough to evaporate on timescales smaller than the age of the Universe. In this regime, PBHs

themselves are no longer a viable DM candidate, but can have other interesting effects. For
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example, in Refs. [133, 127], it was shown that evaporating PBHs could source a significant
amount of dark radiation. The same work also pointed out that PBH evaporation can also provide
a non-thermal production mechanism for heavy DM candidates, potentially giving rise to the
observed DM density. The dotted lines indicate the parameters which produce Qpwyh? ~ 0.1
for particle DM mass of 10° GeV (lower line) and 10'3 GeV (upper line). Furthermore, it has
been suggested that quantum gravity effects may halt PBH evaporation near the Planck scale,
leaving behind a cold ~Planck mass relic which is a possible DM candidate [166, 167]. The
dash-dotted line in Fig. 5.1 indicates the parameters required for the Planck-scale remnants to

produce Qpmh? ~0.1.

5.3.3 Early black hole domination

Even if the PBHs evaporate away, if the primordial curvature perturbation is large enough,
there will be a period of early black hole domination (BHD). Whether or not BHD occurs depends
on if the energy density in black holes grows enough before they evaporate, so the minimum
value of B for BHD is given by the ratio Try /Ty, where the reheating temperature Try is the

temperature at the time of black hole evaporation (5.6). Assuming matter domination, we find

~3/2
Tapr = 2.8 X 10%GeV B8 , (5.8)
10%g

so our condition on the energy density for a BHD era is

10 (10
3% 10710 <—g) . (5.9)
MBH
For simplicity, we have suppressed the dependence on degrees of freedom and on 4.
For B’ > B/ ., there is an additional BHD era where the scale factor evolves as in a

matter-dominated era. This changes the relationship between the scale k, and black hole mass
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mgy, which now has 8’ dependence:

2.4 % 1020 107\ r10% g\ ¥/
k,=""— /v —° ! - 1
* MpC Yett ( B, ) (mBH ) ’ ﬁ > Bmm (5.10)

since B’ determines the time of the onset of a BHD era. In this region of parameter space, any
gravitational waves generated at the time of PBH formation will be diluted by an additional

redshifting factor given by

4/3 4/3
aRH s B mpH
=24x%x10 . 5.11
ABHD 8 (107> (104g) G-AD

This has a significant impact on experimental reach from gravitational wave interferometers if

mgy < 10° gand B/ > B!

5.3.4 Constraints

Aside from the overclosure constraint, we show combined observational constraints
on PBHs from Ref. [160]. These bounds are for a monochromatic mass function, and the
observational constraints can change significantly for PBHs with extended mass functions and
large enough widths [168]. In this work, we will restrict to formation scenarios where the width
of the PBH mass function is not too large, such that constraints are not drastically different. We
will discuss the width of the PBH mass function further in the following section.

We now briefly summarize where the constraints come from. If 10° g< mpy < 4 x 1014 g,
then PBHs will evaporate during or after Big Bang Nucleosynthesis (BBN), but before today.
This leads to injection of high energy particles that can impact BBN or the cosmic microwave
background (CMB). These effects are the source of the strong constraints on 8 in the parameter
space for evaporating BHs. The bounds are again taken from Ref. [160], although note that the
BBN bounds have been updated in more recent work [169]. Bounds from observations of CMB

anisotropies are strongest in the mass range of 3 x 1013 g to 2 x 10'# g, see for example Ref. [170].
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For long-lived PBHs with mass 10'* g < mpy < 10!7 g, the bounds come from various galactic
and extragalactic probes of cosmic rays or gamma rays produced in the Hawking radiation. More
recent work has obtained stronger constraints with data from the INTEGRAL satellite [171].
At higher masses, there are constraints from lensing by PBHs. For 102} g < mpy < 10?8 g,
shown here are recently updated bounds [172] based on Subaru/HSC observations [173]. For

10?8 ¢ < mpy < 10°° g, OGLE bounds [174] are shown.

5.4 Primordial black holes from Curvature Perturbations

In this work, we assume PBHs formed due to primordial curvature perturbations with
Gaussian statistics. In cases with non-Gaussianity, the same curvature perturbation amplitude
gives a larger energy density in PBHs [175]. We will consider a monochromatic curvature

perturbation
(k) = A8 (log(k/k.)), (5.12)

as well as a more realistic initial Gaussian perturbation

A log?(k/k)

It has been shown in [176] that the maximum primordial curvature perturbation slope is o< k* for
single-field inflation, so only a Gaussian with ¢ 2 1 can result in this case. Multi-field inflation
[177, 178, 179, 180] is required for growths steeper than k*, which corresponds to a lognormal
curvature perturbation of o < 1. We will restrict to ¢ < 2 so that we can treat the black holes
as forming at approximately the same time and so that we can compare with observational
constraints on PBHs with nearly monochromatic mass functions.

In the section, we relate the primordial perturbations to the abundance and mass spectrum

of the black holes, which can then be translated into parameters 3 and ¢ defined in Sec. 5.3.
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Because PBHs are forming from rare overdensities over the vast majority of the parameter
space, the relationship between the primordial curvature perturbation and the PBH mass function
depends sensitively on the treatment for the collapse of density fluctuations. There is an enormous
literature dedicated to this topic, with varying results. Here we consider the Press-Schechter
formalism with the parameters given in [162]. As shown in [162, 181], this gives a relationship
between BH mass spectra and curvature perturbation that is consistent with other treatments of
PBH formation, namely peaks theory and variations thereof.

In the Press-Schechter formalism, PBHs are formed whenever the density contrast
exceeds a certain threshold. Therefore the initial energy density can be simply related to the
probability distribution for density contrasts. Consider black holes formed at a particular time
corresponding to a horizon size R. The initial fraction of the energy density in those black holes

is given by
m
My (R)

Be=2 [ dCy"p(©). (5.14)

where My (R) is the horizon mass and C is a smoothed density contrast, defined below. p(C)
is the probability distribution for C, and the lower limit C, is related to the density contrast
threshold required for PBH formation. The black hole mass is related to the density contrast and

horizon mass at formation by the critical collapse scaling relation:
m= My (R)K(C—C,)", (5.15)

where K and Y are constants determined via numerical simulation. Here we use K = 10,C, = 2.5,
and Y = 0.36. The critical collapse relationship allows us to recast the integrand of (5.14) as
a function of black hole mass m, which gives us the mass function of black holes formed at a
certain horizon size, dBr/dm.

To relate the curvature power spectrum in Fourier space to density contrasts in real space,

we must smooth the power spectrum on horizon scales R with window function W (k,R). The
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variance of density contrasts on a scale R is given by

of = W%E(kR)“Wz(k,R)gZ(k). (5.16)
o k 81

In Press-Schechter, the probability density for density contrasts is given in terms of this variance:

L e

C) = 207 5.17
p(C) mcoe 0 (5.17)

Note that the probability density p(C) depends on the horizon size, which appears in the
calculation of oy through the smoothing of the primordial power spectrum. It has been noted
that different choices of window functions can give rise to quite different required amplitudes
for PBH formation [182], but [162] resolves these issues and shows that these differences are
< 10% if one uses consistent quantities for smoothing and threshold density contrasts. In these
calculations, we use the Gaussian window function.

The total effective energy density fraction in black holes is obtained by integrating (5.14)
over PBHs formed at all horizon sizes, multiplied by a redshifting factor to account for the fact

the black holes are forming in a radiation dominated era

> dRR(1)
t) = a— 5.18
B0 = [ T Be (5.18)
where R is the horizon size. Note that this is slightly different from the true energy density at ¢,
since integrating over all horizon sizes includes black holes forming at times greater than ¢. This
is a negligible difference when evaluated at 7., since most black holes form before #,. Recall that

the B parameter introduced in (5.1) is the effective PBH energy density evaluated at the horizon

entry for the mode k., and thus corresponds to () = B,. Evaluating B, from (5.18), we find
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Figure 5.2. PBH mass function for different primordial curvature spectrum: the ¢ = 1,2 lines
are for the spectrum in (5.13). The amplitude is selected so that 3, ~ 4 x 10~ for all cases
here. M, is the horizon mass associated with entry of the mode k,. Fitting these to log-normal
mass functions gives peak BH masses of mpy = VM, with Y% ~ 7.6,5.0,3.1 and widths
O ~ 0.4,0.7,1.1 for the monochromatic, 0 = 1, and o = 2 cases, respectively.

that the relationship to A is well-described by the following fitting function:

. — aAPErfc {%} , (5.19)

where the fit parameters a,b,c will vary with the curvature perturbation width. Concretely,
a=1547,b=0.51,c = 0.28 for the monochromatic case; a = 14.3,b = 0.66,c = 0.47 for a
Gaussian perturbation with 6 = 1; and a = 36.0,b = 0.91, ¢ = 0.64 for a Gaussian perturbation

with o = 2.
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The PBH mass function is given by

1 dp(r)

B(t) dm

(5.20)

and can be obtained by writing Bg as an integral over dfg/dm in (5.18). Examples of the
resulting mass functions are shown in Fig. 5.2. In order to compare to existing observational
bounds on PBHs with extended mass functions, we fit this mass distribution to a log-normal

mass function given by

1 logz(m /mpy)
—_— —_ . 21
V27w Gym P ( 207, (5.21)

The fit value mpy is the characteristic black hole mass. mpy can be written as some pre-factor
Yetf(0,A) times M, where M, = 47'cpr,*H*_3 /3, the horizon mass corresponding to the entry of
the mode k,.

Fig. 5.3 shows that % is an O(few) number that decreases with increasing curvature
perturbation width and has a mild dependence on A. The width of the mass function, o;,, also
grows with the curvature perturbation width and A. For example, in Fig. 5.3, ¢, ranges from 0.4
to 1.1 going from a monochromatic to ¢ = 2 primordial spectrum for typical 8 values of interest
for PBH observational constraints. Studies of PBH constraints with log-normal mass functions
have shown that for ¢, < 0.2, observational bounds on the PBHs are nearly identical to that of a
monochromatic mass function [168]. However, the shape of the constraints starts to deviate from
the monochromatic case for 0, ~ 1 and will be substantially different as o,, is increased beyond
1. For this reason, we restrict to ¢ < 2 in the primordial power spectrum. Given the typical o,
values for these primordial perturbations, the observational bounds on monochromatic black
hole mass functions that we show from [168] are not exactly correct. In addition, some of the
formulae in Sec. 5.3, such as the early black hole domination condition, are also not exact in
the presence of an extended mass function. We neglect these model-dependent O(1) differences

given that we are working with many orders of magnitude in the total parameter space.
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Figure 5.3. PBH mass function parameters as a function of the amplitude A and width of the
primordial curvature spectrum. The peak BH mass is Y.¢M, and the width of the log-normal
distribution is o;,. The dots indicate the A values to produce B, values of 10~ and 10~14.
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5.5 Stochastic Gravitational Wave Spectrum

There are potentially multiple sources of stochastic gravitational waves associated with
these PBHs. Assuming PBHs form due to a large primordial scalar perturbation, then gravitational
waves can be generated at second-order in perturbation theory. These gravitational waves are
dominantly produced around the time of PBH formation, and will determine the sensitivity in the
absence of a BHD era. For sufficiently large density of PBHs such that there is a BHD era, then
there are several additional effects. First, there can again be large scalar perturbations during the
matter dominated-era due to the Poissonian distribution of PBHs, leading again to second-order
gravitational waves. There may also be contributions from PBH clustering and evaporation at
the end of a BHD era. These sources from the BHD era do not depend on the origin of the PBHs
being from scalar perturbations, but they do in principle depend on the resulting mass function
of the PBHs.

In this section, we detail each of these possible GW sources in turn. Note that aside
from what is discussed here, there could also be GWs from Hawking radiation and PBH
mergers [183, 184, 185, 186, 148, 187, 188], but these are generally at higher frequency and
cannot be detected by GW interferometers for most of the PBH mass range we focus on. The
GWs from mergers start to become detectable for some experiments at large masses near the

very edge of our plots, but this contribution is more relevant for studies on solar mass PBHs.

5.5.1 Second-order gravitational waves from primordial scalar perturba-
tions

Primordial scalar perturbations provide a source for the tensor modes at second order

in perturbation theory, as first noted in [189]. In this section, we review the result following

Ref. [190], and also account for differences in the parameter space where there is a black

hole dominated era. Again, we assume the primordial perturbations obey Gaussian statistics

throughout. For discussion of GWs resulting from non-Gaussian primordial perturbations, see
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Refs. [175, 163].
As derived in detail in, e.g., Refs. [146, 190, 191, 192, 193, 194], the equation of motion

for each tensor mode polarization is given by

hy (M) + 25 () + Khi(n) = 45k () (5.22)

where 7 is the conformal time, .# = aH is conformal Hubble parameter, and Sx(1) is a source
term which depends quadratically on the first order scalar perturbations ®. The tensor power

spectrum and primordial power are related to the tensors and scalars by

3

Fow(n,0 (k+K) = 2 (e (), 523)
3

P08 (k4 K) = 3 (@) By (). (524

The measurable quantity is the GW energy density fraction per logarithmic wavelength, which is
given by

1 k 2
Qcw = 24 <W) Pew(n,k) (5.25)

where we have summed over both polarization modes.

We begin by considering a long-lasting radiation dominated (RD) era after horizon entry
of the primordial perturbation. During radiation domination, the source term drops as 1/a” with
Y ~ 3 [146] while for a freely propagating tensor mode 4 o< 1/a. As a result, the power in the
tensor modes will mainly be generated at horizon entry of the primordial perturbation, and well
afterwards, they will behave as freely propagating gravitational waves. In this calculation, we
will focus on those modes that enter the horizon during radiation domination and first study
their evolution through RD. We will separately consider modes that enter the horizon during the
PBH-dominated era below.

The GW dimensionless power spectrum in pure radiation-dominated (RD) is given
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by [190, 191, 194]

Paw(n,k) = 2/0°°dt /_11 ds P (lev) P (k) I (5,1, %)

2
t(241)(s* -1
x { @1 1) (5.26)
(I=s+1)(14+s+1)
where 7 is the initial perturbation, u and v are defined as u = % andv =" _“;“, and x = nk.

The I? term arises from second order perturbation theory as an integral over some combination
of the Green’s function for tensors and the transfer functions for the scalar modes. To consider k
modes within the horizon such that the gravitational wave energy density is well-defined, we take
the limit x — oo (or Nk > 1). In this limit and in a radiation-dominated era, I> can be explicitly

written as

52 [ 2
IZ(S,t,x):ZfzS( (S;ri(?;ti)z)i) %@)(t—(ﬁ—l))
S—@+1? 1 |=2+12+0)])’
<s2+z(2+z)—5+ilog’T) ] (5.27)

From this result, we see that the power spectrum Zgw scales as o< # in the nk > 1 limit. Since
a(n)H(N) = % we find that the GW energy density fraction in this limit is constant during RD:
1

QG = 57 (kn)> Pw (1,6) |0 (5.28)

corresponding to freely-propagating modes. Note that all dependence on the degrees of freedom
is suppressed in the above equations and restored in the final expression below.

The GW spectrum in (5.28) applies during the early radiation dominated era. If there is

a BHD era before standard MRE, we must include an additional factor of a(ngup)/a(Nry) to

account for the different scaling of the energy density in matter-dominated era. This factor is

just the ratio of scale factors between the beginning of black hole domination and the period of
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reheating at the end of black hole domination.
Redshifting the energy density to today, we obtain the final result for the second-order

GWs associated with the primordial perturbation:

1075\ 1
Qo = 1490 (100 ) LR Faw (0l
1 ﬁ/<ﬁrlnin
x . (5.29)
a(neup) g/ /
atne) P = Broin

8 1s degrees of freedom at the horizon entry of the k, mode, and y is the abundance of
photons today. We emphasize again that this applies for modes which have entered the horizon
before PBH domination and therefore satisfy kngup = 1, or equivalently k = Bk,. For the GWs
produced at PBH formation, the experimental reach is primarily from tensor modes that are near

the peak mode k, or a few orders of magnitude below, so this result will suffice for our purposes.
Dependence on primordial perturbation

For sufficiently narrow primordial spectra, the BH mass function will not depend much
on the details of the shape or width of the spectrum. The situation is quite different for the GW
spectrum discussed in this section, however, where the infrared tail is quite sensitive to the width
of the primordial spectrum.

Fig. 5.4 shows the GW spectrum for a monochromatic perturbation as well as Gaussians
with a range of widths. For the monochromatic case, the spectrum goes as k> for k < k.
However, for a Gaussian primordial perturbation with width o, the slope of the GW spectrum
goes as k* for ok, < k < ks, and goes as k3 for k < Ok, as also shown in [195]. The K3 tail
is a generic feature of gravitational waves produced at second order in a radiation dominated
universe, as long as we have perturbations satisfying the conditions given in Ref. [196]. The
important conditions here are that the source has finite width and that the k£ must be less than

all characteristic scales associated with the source. The monochromatic case of course never
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Figure 5.4. Gravitational wave spectrum induced at second order from the primordial scalar
perturbations. Qgw is the energy density per logarithmic wavelength today. The different lines
show the dependence on the width of primordial curvature power spectrum, ¢. For reference, we
take A = 0.003, k, = 10'® Mpc~!. The black and green lines are power law integrated sensitivity
curves for BBO and CE; for more details see Sec. 5.6.
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satisfies these conditions, so it does not show this k3 infrared scaling. In the finite width case,
the condition that & is less than the characteristic scales associated with the source is satisfied
for k < ok,. This can be seen in the change in k scaling at k ~ ok, for the case o = 0.001 in
Fig. 5.4. For the other O(1) values of o, the possible region with k> scaling is not visible and
instead the dominant behavior of the tail is the k> scaling. The width-dependence of the GW
spectrum can thus have large impacts on GW detectability, even when the BH mass functions are
similar.

In the monochromatic case, we can see the behavior for k < k, by simply evaluating the
integral (5.26) at the peak, where s = 0, r = 2k/k, — 1. Defining k= k/k,, then for k<1, we

have
3. 4 4
Q&R = A2"R? {10 2<T) —4lo (—) -|—7r2+4] :
GW 4 g 2 g 32
In the Gaussian case, we can analytically approximate the result via the Laplace method. Ex-

panding the integrand about the peak s =0, 7 = 2—,6*(202 — 1 and evaluating gives the following

simple expression for the power spectrum for k < o

3536207 103 | 42
ORD _ 42 AN (5.30)
GW 8\/§G

4e—40° 4e—40°
log? _ +20%lo . + 402

which indeed goes as &°>.

5.5.2 Gravitational waves from PBH-dominated era

In addition to GWs produced at PBH formation, which dominates near the formation
scale k., there are also GWs generated during matter domination [197] that contribute at k below
k.. We first consider GWs that arise from second order perturbation theory sourced by the scalar

perturbations, with the difference in this case that the scalar perturbations are produced by the
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gravitational potential of the PBHs themselves.

We will adapt our estimate from [197], including here an additional correction factor to
restrict to the linear regime in perturbation theory. We first review Ref. [197], which directly
computes the curvature power spectrum assuming a Poissonian distributed gas of PBHs. At
formation, the density contrast in black holes can be treated as an isocurvature perturbation, which
later evolves into a curvature perturbation. From [197], we have the following approximation for

the perturbation at the onset of BHD:

2 (kN 4R\
Popk) = —|-— S+-—+ 5.31
QT (kUV> ( +9%’62> 63D
where 7] is comoving Hubble at the onset of BHD and &gy is the mean comoving BH separation
scale,
RE
kuv = (—) k. (5.32)
Yeft

Upon PBH formation, the black hole energy fraction grows, and the comoving Hubble when the
black hole dominated era begins is 773 = k..

In order to calculate the contribution to the tensor power spectrum, we make the replace-
ments & — Py and I — Iyp in (5.26). Recall I arose in second order perturbation theory as an
integral over a combination of the Green’s function in RD and quadratic terms in the transfer
function, so we must replace these with the solutions for the PBH era. This is the same as an
matter-dominated (MD) era for our GW calculation, since BHs can be treated as a pressure-less
non-relativistic fluid for modes < kyy < k.. The most important difference to note between
the RD and MD eras is that the transfer function decays in RD but is constant in MD, so in the
limit x — oo, II%D o< é as in (5.27), while II%,ID = const. The source is constant and amplifies the
resulting GWs from the BHD era.

For the BHD era, the energy density is Qgw = (k/aH )> Pw (k) /48, which has a factor

of 2 difference from the corresponding relationship for GWs generated in the RD era, (5.25).
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While in the RD era there is an equal contribution from kinetic and gradient terms, in the MD era
the kinetic terms are negligible when there is a constant source term. This is because the constant
source forces the tensor modes to constant values at late times in the MD era. An approximate

form for the GW spectrum today is then given by [197]

~1/3 ~1/3
Qaw =44 x 101y x (E2D) 7 (&)

106.75 10.75
mBH 3 16/3
!
g (109 g) .
(
k
X498 8y < k < kyy - (5.33)
0 k > kyv
\

Here we have assumed that the gravitational waves redshift as radiation after the transition from
the PBH-dominated era to the radiation era. In general, there can be additional dampening or
growth in the GW spectrum result depending on the details of the transition between the PBH
and radiation dominated eras [198, 149]. For example, if there is a sufficiently narrow BH mass
function, there is a rapid evaporation and a sudden change in the equation of state at the end of the
MD era, leading to a significant enhancement in the spectrum relative to (5.33) [149, 150, 151].

This is the case if the BH mass function has o, <

~Y

0.01 [148], while we have log-normal mass
functions with typical 6, ~ 0.4 —1.2.

However, it is not clear whether (5.33) applies for an extended MD era, because at some
point during the MD era, density perturbations can become nonlinear. The density perturbation

at black hole formation is given by

>/ g \32
O(tBHD) ~ \ 37 (E) (5.34)

and starts growing with the scale factor at Max [appup, ax|, where g is the scale factor at horizon
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entry for that mode, since the density perturbation is frozen while outside of the horizon and
can only grow in the BHD era. Once perturbations become nonlinear, the perturbation theory
solution of the scalar modes with a constant source term is no longer valid. There may be GW's
produced instead by collapse of nonlinear perturbations or mergers, as estimated in [199], but
these require further numerical simulations to treat properly.

A lower bound on the possible GW spectrum can be obtained by restricting the source
function to regions in k and time for which & () < 1. Setting the cutoff at § = 1 gives the cutoff

scale factor acy(k):

2 3/2
3n [ A k
a a 3/2 ' '
RH RH 377( (kUTV> k > %

Compared to the results of [197], cutting off the source function when density perturbations

become nonlinear introduces an additional factor in (5.33) given by

3/2
R~ (Min [@ X @(6]&:})3)2/ a 6%71])2, (5.36)
WEE () ks e
see Appendix 5.A for details. Here we have connected the results at k < 773 and k > 773 as the
details in the intermediate regime are unimportant. With this approach, the source function is
cut off well before the transition to radiation domination, leading to a strong dampening of the
spectrum. Then the spectrum is far beneath the threshold required for experimental observability,
such the details of how the source is cut off and the transition from the PBH to the RD era are
not relevant for our calculation. We note that our estimate may be overly conservative, however.
In addition, other sources of GWs will be present and can be many orders of magnitude larger
when the perturbations are nonlinear [199]. We estimate one possible source of GWs generated

at the end of the BHD era in the following subsection.
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5.5.3 Gravitational waves from reheating

There can further be contributions to GWs from reheating of the universe due to PBH
evaporation. One possibility is that GWs are produced when the nonlinear structures of the BHD
era all evaporate into radiation. The idea is that the black holes slowly evaporate a fraction of
their mass into radiation through the bulk of the BHD era. Then, at the end of the BHD era, the
remaining mass contained within the halos evaporates and collides against the radiation fluid.
This could produce a turbulent fluid with eddies that cascade down to smaller scales, which can
induce GWs. In this section, we perform an order of magnitude estimate for this potential source.
Detailed numerical simulations are required to determine if evaporation of the clustered PBHs
indeed acts as an efficient source of turbulence.

The topic of GWs from turbulent events in the early universe has been studied in
Refs. [200, 201]. Here we discuss the assumptions and calculations in these works and ar-
gue that the results can be used in estimating the GWs sourced by the PBHs at the end of
their lifetime. In these studies, the picture is that during the early universe, a fraction of the
available energy density is transformed into kinetic energy of the cosmological fluid. This kinetic
energy is stirred on a length scale Lg over a time scale Tg;,. These quantities correspond to the
characteristic length and duration of the turbulent source. The turbulent kinetic energy then
cascades down to some damping scale determined by the fluid characteristics of the plasma.

In these works, the turbulent source is left generic and the only assumption is that the
spectrum of the turbulence is Kolmogorov. We note that the Kolmogorov energy spectrum is
a result from classical hydrodynamics and that relativistic turbulence is much less explored;
nonetheless, we follow other works in assuming that classical theory provides an approximation
for turbulence in a relativistic fluid. To summarize, the calculations of these studies depend on
the scale and duration of turbulence, cosmological parameters and characteristics of the plasma
during energy injection, and the model of the turbulence. The gravitational wave spectrum from

turbulence is then calculated by solving the usual wave equation for tensor modes sourced by
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the transverse traceless piece of the stress-energy tensor. Refs. [200] and [201] perform this
analysis in Fourier and real space, respectively, arriving at approximately the same results with
slight differences arising from different treatments in the time dependence of the turbulence. In
particular, no assumption is made on the particle physics origin of the turbulence. For example,
while Refs. [200, 201] discussed phase transitions as one possible source of GWs, the results
have been applied to other scenarios such as decay of a scalar field reheating the universe [199].

We may apply these results to calculate GWs from Hawking evaporation in the BHD era,
given the following physical picture. For the bulk of the BHD era, the universe will look like
clusters of black holes with sparse radiation fluid freely streaming outwards. However, by the
end of the BHD era, all of the mass in the black hole clusters then gets deposited into radiation,
which is a possible source of turbulence. Since we expect the typical black hole mass function
to have a fairly significant width as in Fig. 5.2, we approximate the turbulent source to last for
around Tgir ~ fevap. In addition, we take the length scale of the turbulence source Lg to be defined
by the smallest comoving wavenumber that becomes non-linear by black hole evaporation, knt .

That is, kni is the comoving wavenumber that satisfies aqy = ary in (5.35), which gives

17

3.2x10"% rmpy\— 12 B’ > B!
kg, = Mpc (104g) } 8 NL (5.37)
1x10'% (mpy\— 18 ( B \~39
Vipe (10%2) 18(15_77) T < B
where )
;o 6 (mBH\
P =5x10 (W‘g) (5.38)

is the minimum S’ such that the largest non-linear mode enters the horizon after the BHD era
starts.

As argued in [200], the relevant time-scale for production of gravitational waves from
turbulence is given by the maximum of the turbulence duration 7, and the dissipation time of

the largest eddies 7s. In the PBH evaporation scenario, the black hole mass function is wide
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enough that the larger time-scale is on the order of the black hole evaporation time feyap. Then,

the energy dissipation rate is given by

g~ P (5.39)

)
Wlevap

where p is the energy density, K is the efficiency factor of conversion to turbulent kinetic energy,
and w is the enthalpy density of the radiation fluid. Note that this is highly approximate, as we’ve
effectively treated the turbulence as uniformly injected over the time fey,p rather than modeling
the exact time-dependence of the Hawking radiation, so the result should be treated as a very
rough estimate. Another important quantity for the turbulence calculation is the Mach number

defined in Ref. [201], which goes as

M o (é)m o K1/3<’];lz_lz)l/3, (5.40)

Typical Mach numbers for these early evaporating black holes are M ~ 0.1 —0.5. The comoving
wavenumber of the horizon at the end of evaporation kry can be calculated from (5.6) and is

given by

4.9 % 10! (mBH>3

Mpe (107 (5.41)

kru =

With these physical quantities in hand, we may apply the final result of Ref. [201] to our
scenario. For clarity, we rewrite the original expression here and make explicit the replacements

in our variables. The turbulence-sourced GW spectrum today is [201]

100GeVy /100y 1/3
h(;0<< T. )( g ) %
1/2

H.A\32
) (H*rsﬁr)l/2<k3mH,-ﬁj(w,w)) : (5.42)

ko

where T, g. are the temperature and degrees of freedom at the end of the turbulence, kg is the

inverse length scale of the turbulent source, 7y, is the turbulence duration, ® is the angular
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frequency of the gravitational waves at feyap, and the function H;j;; is approximated by

MK N ® \2 )
632 /0 dxx exp[—(ko—M> x}Erfc[—ko—M x].

Then, taking T = TRy, g+ = &RH> Tstir = levap, and rewriting in terms of comoving quantities

. 2
H, = kru/aru, ko = knp/arn, ® = knL/ary, and using the usual Qgw = %fzh%, we have
)

100GeV\2 /100y 2/3
Q —4 % 10—22< ) ( ) X
GW turb TRH 9RH
k 2 kru\4/ k
(IMPC1> (kNL) <kNL * F(k)) )

where F (k) is given by

M k2
167r3/2/0 dxx eXp[_ (kNLM) x} Erfc[_

gl

The function F (k) is approximately constant below kny M and decays as k—13/2 above kni. M,
so the GW spectrum from turbulence peaks at kxp. M. When the initial PBH abundance is well
above the BHD line, the spectrum has no 8’ dependence. This is because at large 8/, the black
hole dominated era starts early enough that kny is only dependent on the PBH mass. This can be
seen from (5.37), which is 8’ independent above f;; . Within 3-4 orders of magnitude in 8 of
the BHD line, there is a large suppression in this spectrum since the BHD era is much shorter
and the halo sizes are smaller.

The spectrum in (5.43) should be regarded only as a rough estimate of the GWs from
turbulence. For example, a large uncertainty arises from the dependence on the efficiency factor
k. There should also be an additional suppression from the expansion of the universe since the
turbulence occurs over a Hubble time. Regardless, even with an optimistic efficiency factor
Kk = 1, our turbulence estimate in (5.43) is not strong enough to be detected even by BBO and

does not appear in our reach plots.
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Figure 5.5. Total gravitational wave spectrum today from a Gaussian perturbation with o =1,
for mpy = 1 x 107g and different values of 3. The solid lines are for small  with no BHD era.
The dashed lines indicate the total resulting GWs when there is a BHD era. We see that when 3
increases, the dominant contribution shifts to the GWs from turbulence as discussed in Sec. 5.5.3.
For this contribution, we assume an optimal efficiency of k¥ = 1, which gives a Mach number of

M = 0.2. For B much larger than the minimum required for black hole domination, the turbulent
contribution is identical.

5.5.4 Combined spectrum

In Fig. 5.5, we show the combined GW spectrum for a reference PBH mass of mpy =
1 x 10°g and assuming a primordial perturbation with lognormal width ¢ = 1. For small enough
B, there is no BHD era, and the only GWs are those induced from the primordial perturbation,
discussed in Sec. 5.5.1. The dashed lines show the GW spectrum where there is a BHD era.

The BHD era leads to an overall redshifting of the GW spectrum associated with BH formation.
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For this signal, it also leads to a peak frequency k, which depends on f3 according to (5.10),
leading to a peak at lower frequencies as f is increased. In addition, our rough estimate of
the GW spectrum generated by turbulence at PBH evaporation is visible, giving a contribution
that peaks at lower frequencies. The contribution from gravitational waves generated during
the BHD era discussed in Sec. 5.5.2 peaks in a similar frequency range as the turbulent source,
but has negligible amplitude when we implement a cutoff on nonlinear density perturbations.
We emphasize again that our estimate of this latter contribution is likely too conservative and
that a numerical study is required to calculate the GW spectrum from the black hole dominated

non-linear regime.

5.6 Observational Bounds and Reach

In this section we discuss the experimental reach for various GW experiments on the
stochastic GW background associated with PBHs. We show the sensitivity in terms of the
parameter space for the primordial scalar perturbation, (k,,A), as well as in the black hole mass
and mass fraction parameter space, (mpy, B’). We also translate existing PBH bounds into the

(k«,A) plane.

5.6.1 Calculation of Observational Bounds

We calculate the expected observational bounds and observational reach from various
current and proposed experiments following Refs. [202, 203]. We consider Big Bang Ob-
server (BBO) [204, 205, 206, 207], Einstein Telescope (ET) [208, 209], Cosmic Explorer (CE)
[210, 211], and the Laser Interferometer Space Antenna (LISA) [212, 213]. Other proposed
interferometers that operate in a similar frequency range to LISA include TianQin [214, 215] and
Taiji [216], while experiments that cover a similar range as BBO include DECIGO [217, 218],
AION [219, 220], and AEDGE [219, 221]. We also note that current LIGO/VIRGO data has been
used to search for a stochastic GW background [47], but the results do not add any constraints to

the parameter space that we show.
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Figure 5.6. For monochromatic perturbations, the observational reach for experiments BBO,
LISA, CE, ET are shown in the (k,,A) plane for the primordial scalar perturbation (left) and in
the (B’,mpy) plane of PBH parameters (right). We assume an observational time of 1 year and
a signal-to-noise ratio of 1 for each of the experiments. In both panels, the gray shaded regions
are the existing PBH bounds that were shown in Fig. 5.1 and discussed in Sec. 5.3.4. The DM
line (black, dashed) shows the parameters that would result in the saturation of current observed
dark matter density today. The BHD line (black, solid) is the minimum ' at a given mpy that
would result in a period of black hole domination. Above the BHD line, none of the GW sources
we have estimated are observable. For mpy > 10° g, the experimental reach comes from the
second-order GWs induced by the primordial scalar perturbation. Note that pulsar timing arrays
(PTA) have some observational reach near at k, ~ 108 Mpc’l or mgy ~ 103 g, but we choose
not to show this here as these reaches are most relevant for near solar mass PBHs.

An overview of the method to obtain the bounds can be found in [202]. We follow
Appendix A of [203], which calculates the strain sensitivity curves for these experiments
explicitly using the methods in [202]. The strain sensitivity curves and overlap reduction
functions are used to calculate an effective GW background Q.. The signal-to-noise (SNR)

ratio for an expected stochastic GW spectrum Qgw is then given by

1/2

2
p=/nT [/fmaxdf (QGW) (5.44)

min Qeff

where T is the observational time and we take the integral over the entire bandwidth of the
experiment. n is 1 or 2 for auto-correlation (LISA, CE) and cross-correlation detections (BBO,

ET), respectively. The spectrum Qgw is function of initial perturbation amplitude A, scale k,,
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and Gaussian width o, so for some choice of ¢, we can solve for the parameters that give a
desired SNR. In this paper, we present results with p = 1 and T = 1 yr for each experiment and
assume a perfect subtraction of foreground GWs from active sources. For a given o, we can then
use the one-to-one correspondence between (k,,A) and PBH parameters from Sec. 5.4 to show

the same bounds in (mpy, B’) space.

5.6.2 Results

Our main results are shown in Fig. 5.6 for a monochromatic perturbation and Fig. 5.7 for
a finite width Gaussian perturbation. The left panels show the existing bounds and experimental
reach in the parameter space of primordial curvature perturbations, similar to Ref. [222], while
the right panels are in the parameter space for PBHs. In both panels, the gray shaded region are
existing bounds on PBHs, as previously shown in Fig. 5.1. Similar to Fig. 5.1, we again indicate
where PBHs comprise all of the DM (dashed line) and the lower boundary to the region where
we have a black-hole dominated (BHD) era (solid line). These features appear roughly inverted
in the left and right panel due to the relationship between mpy and k.. We note again that the
correspondence between k, and mpy is different if BHD occurs. If BHD never occurs, we have
ky ~ mg}ll/ 2 while if BHD does occur we instead have k, ~ m];g/ 6 B~1/3. This is why the PBH
bounds depend on both A and k&, in the BHD era.

For black holes that evaporate after BBN (mpy > 10° ), gravitational wave interferome-
ters are sensitive to the stochastic GW spectrum induced at second order from the primordial
curvature perturbation. In this mass range, we see the broadest level of sensitivity for the largest
curvature perturbation width (¢ = 2), with the reach extending from 10° — 10?® g when all ex-
periments are included. This is because the GW spectrum extends over a much wider frequency
range, as seen in Fig. 5.4. The reach curves thus shrink with smaller o in Fig. 5.7. However,
once o decreases below ¢ ~ 0.01, the reach actually improves again at small PBH mass, which

can be seen in the sensitivities for the monochromatic perturbation in Fig. 5.6. This is because

the k% infrared tail grows as o decreases below o ~ 0.01, as discussed in Sec 5.5.1.
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Figure 5.7. Similar to Fig. 5.6, but assuming a Gaussian perturbation as in Eq. 5.13. The
different rows are for different curvature perturbation widths ©.
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In the region of parameter space where the black holes are short-lived, the spectrum of
stochastic GWs produced during or at the end of the BHD era is highly uncertain since density
perturbations become nonlinear. At present, we do not find a detectable signal from any of
the sources discussed in Secs. 5.5.2-5.5.3. However, more numerical work should be done to
investigate what happens in a BHD era as density perturbations become non-linear and whether

there are observable GW sources from the transition of the BHD to radiation era.

5.7 Conclusions

In this paper, we have investigated how generation GW interferometers can probe the
parameter space of primordial black holes in the mass range of 10 g — 10*® g. Assuming that the
black holes form from some generic primordial curvature perturbation at small scales generated
by inflation, there are several possible stochastic GW signals, which we calculate as a function
of the initial abundance and mean black hole mass. Second order gravitational waves from the
primordial curvature perturbation can be used to probe primordial black hole masses in the range
10° — 10%® g down to very small 8/, depending on the experiment and curvature perturbation
width. For black hole masses below 10° g, there are additional possible sources of GWs if B’ is
sufficiently large enough, such that there is an early black hole dominated era. We considered
second order GWs generated from the black hole fluid curvature perturbation itself, as well as
GWs produced from the turbulent fluid at the end of the BHD era. Based on our estimates, we did
not find these to give rise to observable GWs. In addition, there may be GWs produced during
the nonlinear evolution of the BHD era, from Hawking evaporation itself, mergers, or from a
sharp transition from black hole dominated to radiation eras. Treating the BHD era properly and
including all of these sources requires a numerical treatment.

Finally, we also presented results in terms of the curvature perturbation parameters and
see that second order GWs allow us to probe perturbations at quite small scales. The stochastic

GW spectrum is thus a promising way to probe inflationary scenarios giving rise to both short-
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lived black holes, as well as long-lived black holes comprising some fraction of the dark matter

today.
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Appendix

5.,A GWsin BHD era

In this appendix, we briefly describe how we obtained (5.36), which we use to obtain a
rough lower bound on second-order GWs sourced by scalar perturbations during the BHD era.
To obtain (5.36), we imposed k-dependent time cutoff on density perturbations. To apply

this cutoff, we must re-calculate the quantity /, which now becomes

I(u,v,x) = /xde%ka(x,f)Fk(u,v,X) (5.45)

X O (xcut (Vk) — %) O (xeyt (uk) — X).

where G and F; are Green’s functions defined in [197], x = knry, and x¢y¢ = kNcye 1S given by

Xeut(VK) =
2 3/2
\/ 3n (4 kgy vk <
x |Min ["Bﬂ x{V? < " ) 3/<2 v ) ,1] . (5.46)
AarH
37” <kg—k"> vk > 7

This comes from applying (5.35) to the density perturbation vk. Evaluating I? as in Appendix B
of [197] gives the leading term
100 (xeur (vK))*

2 —_—
P = (5.47)

which is similar to the result in [197], but with an additional suppression from the cutoff on non-
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Figure 5.8. Comparison of GW spectra today from the BHD era and turbulence for mgy =
10%g,6 = 1 and two values of B. The blue line is the pure BHD era result (5.33) without
any modification to account for the fact that the density perturbations become non-linear. The
magenta line is our conservative lower bound of the spectrum, which includes a cut-off when the
density perturbations become non-linear. This introduces an additional suppression factor (5.36)
to (5.33).

linear perturbations. Since (5.45) has two step functions we should have Min|x¢y(vk), xcut (1k)],
but the integrand always peaks near u ~ v so we take both step functions to be the same.

We now evaluate the tensor spectrum with our modification to 2. Here we provide simple
estimates in the large and small k limits, similar to [197]. Since the integrand (aside from the
I? factor) is peaked in u,v, we will treat I? as constant about the peak. Then the effect of the
nonlinear cutoff is just to introduce a factor of (xey(vk)/x)%, evaluated at the peak value of v. For
k > kpup, the integrand is peaked at u = v = 1, so we can approximate Xy (vk) = xcy (k). For
k < kgup, the integral is peaked at u ~ v ~ 6"3% which gives xcyt(vk) ~ Xcut(6kpup). Using
(5.46) in these limits then gives (5.36), where we glued the solutions in the two limits together to
obtain a continuous function. We have checked numerically that including the u,v dependence
only leads to O(few) deviations from our analytic estimates.

Fig. 5.8 shows a comparison of the GW spectrum without the nonlinear cutoff, (5.33),

and with the cutoff. With the nonlinear cutoff, our estimate of this GW signal is not detectable.
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Chapter 6

Conclusions and Outlook

In the coming decades, advancements in solid state technologies may lead to new avenues
of dark matter direct detection in the sub-GeV mass range. The primary result of this Dissertation
is the calculation of experimental response rates in this light dark matter regime to the DM
wind. In Chapter 3, we work in the harmonic crystal approximation and provide a complete
prescription for calculating the crystal response across the entire energy-momentum phase space.
In particular, we have shown how to calculate scattering rates in the multiphonon regime and that
the response in this regime smoothly approaches the well-known nuclear recoil limit. The results
of this work are neatly packaged in the multiphonon addition to the code DarkELF, which
is gaining popularity with our colleagues in the experimental world. In Chapter 4, we allow
for anharmonicities in the crystal potential and identify the DM mass regimes in which these
anharmonicities are experimentally relevant. We have generalized methods from the harmonic
case to demonstrate that the anharmonic corrections are negligible at DM masses ~ 10 MeV,
but can introduce small ¢'(1) enhancements at ~ few MeV for near-future experiments. This
work provides a fairly comprehensive theoretical understanding and a practical methodology for
calculating LDM-crystal scattering rates, which will become increasingly important for probing

LDM as experimental energy thresholds decrease.
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