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The nature of dark matter (DM) remains one of the most profound open questions in

fundamental physics. In this thesis, we develop and apply novel precision measurement

techniques to probe DM across a broad range of candidate masses and interaction strengths.

For weakly interacting massive particle (WIMP) DM, we present a new directional de-

tection scheme based on solid-state quantum sensing in diamond. For ultralight bosonic

DM, we introduce a novel experimental concept–GALILEO–which employs electro-optics

and resonant interferometry to search for DM–induced oscillating electric fields. To probe

ultra-heavy DM, we develop a geological detection method that maps extended damage

tracks in ancient quartz using electron microscopy, leveraging billion-year exposure times

for enhanced sensitivity. Finally, we analyze gravitational wave signals from double white

dwarf binaries, treating them as a distributed array of galactic accelerometers capable of

dynamically measuring the Milky Way’s gravitational potential. Together, these comple-

mentary approaches demonstrate the potential of precision measurement science to expand

the search for DM. They highlight the powerful interplay between quantum technologies,

materials science, and astrophysics in tackling some of the most fundamental mysteries of

the universe.
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frequency ḟs0 and the global parameter N (purple), which is related to the
Galactic gravitational potential as in Eq. (B.39). Here, numbers quoted at
the top of the plots refer to the “purple” case. . . . . . . . . . . . . . . . . 82

5.5 Comparison of the measurement uncertainties on the parameters (N ,M ,D, fs0,ψ0)
when the chirp mass M is included (purple) or excluded (green) from the
parameter set. The numbers quoted at the top of the plots refer to the
“green” case. Uncertainties on M are not shown even when this param-
eter is included, because in general it cannot be determined. The synthetic
population of DWDs is the same as in Figure 5.4 above (i.e., model FZ
from Ref. [438]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

xvi



5.6 Left panel: only the chirp mass M is determined through EM observations.
Right panel: all parameters (other than normalized acceleration N ) are
determined through EM observations: i.e., {M ,D, fs0,ψ0}. In each plot,
the vertical position of a given circle or dot (as measured by the left vertical
axis) indicates the relative measurement uncertainty on N , εN ≡σN /N ,
assuming that all DWDs within a certain distance from the Sun (as given
by the position of the circle or dot on the horizontal axis) were used to infer
the acceleration; the orange line and the right axis show the cumulative
distribution function (CDF) of the DWDs within that distance. Recall that
N = a/a0, where a0 is the acceleration in the fiducial model of the Milky
Way: see also Eq. (B.39). Individual sources are marked in blue (for all
sources in the catalog, i.e., those detectable by LISA) or red (for verification
binaries). The sizes of the circles or dots are proportional to the source
SNR. Although the distance is not the only factor determining the GW SNR
of a source, we observe a general trend of SNR falling with distance. . . . 84

A.1 Sensitivity projections for the proposed ultra heavy dark matter (UHDM)
search. (a) Model-independent reach of the geological-quartz detector pro-
posal expressed as stopping power dE/dx vs mass mDM of a passing UHDM
particle, together with the existing constraints from MACRO for energy
deposition per nucleus E1 ∼ 1 eV [31, 393] as well as from damage track
searches in ancient mica [358]. The vertical and slanted boundaries of the
quartz-detectable parameter space (for different effective detector areas)
stem from the requirements of an O(1) probability of transit, Eq. (A.1),
and a negligible slowing of the UHDM up to a 1 km depth, Eq. (A.2), re-
spectively. The black horizontal line indicates the melting threshold for a
micron-sized lateral region, Eq. (A.3), above which robust detection is pos-
sible. (b) Parameter space of the UHDM model considered in Sec. A.3.
Left: reach on coupling gn vs DM mass mDM. Right: reach on coupling
gn vs mediator mass mφ . Also shown are existing constraints from ancient
mica [358], fifth force experiments [207], and stellar cooling of SN1987A
[207] and horizontal branch (HB) stars [207] (note that the stellar cooling
bounds are model-dependent [148]). In these gn plots, we set gχ to its upper
bound mφ/Λχ from Eq. (A.14). . . . . . . . . . . . . . . . . . . . . . . . . 101

B.1 (a) Beginning of DWD GW observation by LISA. (b) Time ts passes ac-
cording to a clock at the source. We assume that the displacement of the
source is much less than the source distance D at any point during the LISA
observation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

xvii



Chapter 1: Introduction

The Standard Model of particle physics has proven highly effective in describing fun-

damental interactions across a vast range of scales, from the subatomic to the cosmological.

However, it remains an incomplete theory. It does not account for astrophysical and cos-

mological evidence pointing to the existence of dark matter and dark energy, and it leaves

unresolved theoretical issues, such as the Strong CP problem. As a result, exploring physics

beyond the Standard Model is a major frontier in our quest to understand the fundamental

nature of the universe.

Dark matter (DM) offers a crucial window into physics beyond the Standard Model. Al-

though its gravitational influence on galactic and cosmological scales is well-established,

the fundamental particle nature and non-gravitational interactions of DM remain unde-

tected. Understanding these properties is among the most profound open questions in mod-

ern physics and forms the core focus of this thesis. Theoretical models propose a diverse

range of DM candidates, spanning an extraordinary spectrum from ultra-heavy composite

states to ultralight bosonic fields; see Figure 1.1. Exploring this vast landscape requires the

development of novel precision measurement methods capable of pushing experimental

sensitivities into previously inaccessible regimes.

This thesis focuses on advancing and applying innovative precision measurement tech-

niques to probe dark matter, leveraging quantum sensing, optical interferometry, and astro-

physical observations. The research spans multiple frontiers, from laboratory-scale solid-

state detectors to galactic-scale observations, unified by a common goal: to open new win-
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Figure 1.1: The dark matter landscape spans many orders of magnitude in mass. This illustration
highlights the regions of parameter space explored in Chapters 2, 3, and 4 of this thesis. Adapted
from Ref. [491].

dows into the dark sector through precision experimental tools.

Chapter 2 introduces a next-generation directional detection concept for weakly inter-

acting massive particles (WIMPs) utilizing solid-state quantum sensing in wide-bandgap

semiconductors such as diamond. Directional detection is a critical requirement for over-

coming neutrino background limitations in future dark matter searches. By encoding nu-

clear recoil directions (correlated with the incoming particle’s directions) as durable nanoscale

damage tracks readable by atomic-scale quantum sensors and/or advanced microscopy

techniques, this approach offers a promising path toward background discrimination and

improved WIMP sensitivity.

Chapter 3 proposes the GALILEO experiment, a novel dark matter detection scheme

exploiting electro-optical materials whose refractive index oscillates in the presence of co-

herently oscillating light dark matter fields such as axions or axion-like particles. Using

a resonant Michelson interferometer, GALILEO aims to access an unexplored mass range
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beyond the reach of traditional microwave cavity haloscopes. This method offers a com-

plementary and scalable approach to search for ultralight bosonic dark matter candidates.

Chapter 4 explores a novel search strategy for ultra-heavy dark matter (UHDM) through

geological quartz samples. UHDM candidates with large interaction cross sections can

leave distinctive long, straight damage tracks as they traverse matter. The exceptional age

and large exposure of geological quartz compensate for the low UHDM flux, while electron

microscopy enables high-resolution, low-background readout of these rare events. This ap-

proach opens a unique avenue to probe dark matter beyond the reach of conventional direct

detection experiments.

Chapter 5 transitions to an astrophysical precision measurement technique by explor-

ing how gravitational wave observations from double white dwarf (DWD) binaries by the

Laser Interferometer Space Antenna (LISA) can be used to dynamically probe the Milky

Way’s gravitational potential. The impact of apparent acceleration on the gravitational

waveforms of these long-lived, quasimonochromatic sources is examined. The dynami-

cal information encoded in the gravitational wave phase evolution is analyzed to provide a

complementary and, in principle, more direct constraint on the underlying Galactic poten-

tial (and therefore mass distribution) than what is accessible through kinematics alone. A

model for the expected apparent accelerations across the Galaxy is constructed, and LISA’s

sensitivity to these effects is evaluated through Fisher matrix analyses based on a realis-

tic simulated population of resolvable DWDs. The opportunities and limitations of using

DWDs as Galactic accelerometers are highlighted, and the scientific return of this probe is

shown to be enhanced by combining gravitational wave and electromagnetic observations.

Together, these chapters present a set of novel experimental and observational tools at

the intersection of quantum sensing, optical metrology, materials science, and astrophysics.

By pushing the boundaries of precision measurement, this thesis advances the search for

dark matter across a vast range of candidate masses and interaction types, highlighting the
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critical role of innovative technology and cross-disciplinary approaches in tackling one of

the most profound problems in physics.

1.1 Citations to Previously Published Work

This dissertation covers research reported in the following articles:

• LISA double white dwarf binaries as Galactic accelerometers,

Reza Ebadi, Vladimir Strokov, Erwin H. Tanin, Emanuele Berti, Ronald L. Walsworth

Published in: Phys. Rev. D 111 (2025) 4, 044023

• GALILEO: Galactic Axion Laser Interferometer Leveraging Electro-Optics,

Reza Ebadi, David E. Kaplan, Surjeet Rajendran, Ronald L. Walsworth

Published in: Phys. Rev. Lett. 132 (2024) 10, 101001

• Directional Detection of Dark Matter Using Solid-State Quantum Sensing,

Reza Ebadi, Mason C. Marshall, David F. Phillips, Johannes Cremer, Tao Zhou,

Michael Titze, Pauli Kehayias, Maziar Saleh Ziabari, Nazar Delegan, Surjeet Ra-

jendran, Alexander O. Sushkov, F. Joseph Heremans, Edward S. Bielejec, Martin V.

Holt, Ronald L. Walsworth

Published in: AVS Quantum Sci. 4, 044701 (2022)

• Ultraheavy dark matter search with electron microscopy of geological quartz,

Reza Ebadi, Anubhav Mathur, Erwin H. Tanin, Nicholas D. Tailby, Mason C. Mar-

shall, Aakash Ravi, Raisa Trubko, Roger R. Fu, David F. Phillips, Surjeet Rajendran,

Ronald L. Walsworth

Published in: Phys. Rev. D 104 (2021) 1, 015041

List of published articles during PhD that are not covered in the current dissertation:
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• Fingerprints of a Non-Inflationary Universe from Massive Fields,

Jerome Quintin, Xingang Chen, Reza Ebadi

Published in: JCAP 09 (2024) 026

• Diamond Micro-Chip for Quantum Microscopy,

Shahidul Asif, Hang Chen, Johannes Cremer, Shantam Ravan, Jeyson Tamara-Isaza,

Saurabh Lamsal, Reza Ebadi, Yan Li, Ling-Jie Zhou, Cui-Zu Chang, John Q. Xiao,

Amir Yacoby, Ronald L. Walsworth, Mark J.H. Ku

Published in: AVS Quantum Sci. 6, 044405 (2024)

• Gravitational waves from stochastic scalar fluctuations,

Reza Ebadi, Soubhik Kumar, Amara McCune, Hanwen Tai, Lian-Tao Wang

Published in: Phys. Rev. D 109 (2024) 8, 083519

• Spectral distortions of astrophysical blackbodies as axion probes,

Jae Hyeok Chang, Reza Ebadi, Xuheng Luo, Erwin H. Tanin

Published in: Phys. Rev. D 108 (2023) 7, 075013

• Classical cosmological collider physics and primordial features,

Xingang Chen, Reza Ebadi, Soubhik Kumar

Published in: JCAP 08 (2022) 083

• High-Precision Mapping of Diamond Crystal Strain Using Quantum Interfer-

ometry,

Mason C. Marshall, Reza Ebadi, Connor Hart, Matthew J. Turner, Mark J.H. Ku,

David F. Phillips, Ronald L. Walsworth

Published in: Phys. Rev. Applied 17 (2022) 2, 024041

• Milky Way Accelerometry via Millisecond Pulsar Timing,
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David F. Phillips, Aakash Ravi, Reza Ebadi, Ronald L. Walsworth

Published in: Phys. Rev. Lett. 126 (2021) 14, 141103

1.2 Co-author Contributions

Chapter 2

This chapter was originally written entirely by me and presents an overview of a larger re-

search effort within the Walsworth group, focused on developing diamond as a low-energy

nuclear recoil particle detector. The content was later revised and refined with input from

co-authors and subsequently published in AVS Quantum Science 4, no. 4 (2022) [162].

None of the material presented in this chapter is included in another student’s Ph.D. thesis.

I led the writing of the original draft of this review paper. Mason Marshall, David Phillips,

and Ron Walsworth assisted with writing and editing. Surjeet Rajendran, Alex Sushkov,

and Ron Walsworth contributed to the development of the original concept. Mason Mar-

shall, David Phillips, and I also contributed to the development of new experimental ideas

and analyses. Johannes Cremer, Tao Zhou, Michael Titze, Pauli Kehayias, Maziar Saleh Zi-

abari, Nazar Delegan, F. Joseph Heremans, Edward Bielejec, and Martin Holt contributed

to various experiments reviewed in the paper and assisted in validating its content. This

work was performed under the supervision of Ron Walsworth.

Chapter 3

This chapter was originally written entirely by me and presents findings from my research

conducted in collaboration with co-authors. The content was later revised and refined with

input from co-authors and subsequently published in Physical Review Letters 132, 101001

(2024) [163]. None of the material in this chapter appears in another student’s PhD thesis.

I led the primary computations and the writing of the original draft of this paper. Surjeet

Rajendran, David Kaplan, and I contributed to the development of the original concept.

6

https://doi.org/10.1103/PhysRevLett.126.141103


Surjeet Rajendran, David Kaplan, and Ron Walsworth assisted with editing and validation

of the content. This work was performed under the supervision of Ron Walsworth.

Chapter 4

This chapter is based on work published in Physical Review D 104, no. 1 (2021): 015041 [161].

For a comprehensive discussion and complete technical details, see Appendix A, which

contains the full text of the original article. This work also appears in the PhD thesis of

co-author Erwin Tanin, titled Beyond the Standard Model Explorations, submitted to Johns

Hopkins University. Erwin Tanin, Anubhav Mathur, and I led the project and the writing

of the original draft of this paper. Erwin Tanin and Anubhav Mathur led the development

of the theoretical framework and signal computation, while I led the development of the

experimental techniques. Nick Tailby performed the SEM measurements and contributed

information about the Jack Hills quartz samples presented in the paper. David Phillips,

Mason Marshall, and Aakash Ravi assisted in refining the proposed experimental meth-

ods. Nick Tailby, Roger Fu, and Raisa Trubko assisted with and validated the geology-

and sample-related content. Surjeet Rajendran and Ron Walsworth assisted with editing

and validation of the content. This work was performed under the supervision of Ron

Walsworth.

Chapter 5

This chapter is based on work published in Physical Review D 111, no. 4 (2025): 044023 [164].

For a comprehensive discussion and complete technical details, see Appendix B, which

contains the full text of the original article. This work also appears in the PhD thesis of

co-author Vladimir Strokov, titled ‘Open Mic with LISA: Intermediate-Mass Black Holes

and Double White Dwarfs’, submitted to Johns Hopkins University. Ron Walsworth and

I originally conceived the idea for this paper. Erwin Tanin and I led the initial primary

computations, and Vladimir Strokov performed the Fisher error estimations. Vladimir

Strokov, Erwin Tanin, and I led the writing of the original draft of this paper. Emanuele
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Berti provided valuable guidance on the gravitational wave physics relevant to the analy-

sis. Emanuele Berti and Ron Walsworth assisted with editing and validation of the content.

This work was performed under the supervision of Ron Walsworth and Emanuele Berti.
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Chapter 2: Directional Detection of Dark Matter Using Solid-State Quan-

tum Sensing

Dark matter (DM) is one of the most pressing puzzles in modern physics [501]. Possible

candidates for DM include weakly interacting massive particles (WIMPs) in the mass range

of a few GeV to 100 TeV. Thermally-produced WIMP DM acquires its observed relic

abundance through the freeze-out mechanism in the early universe [50]. WIMPs are also

strongly motivated from the perspective of model building, predicted in numerous theories

beyond the Standard Model [85, 126, 229, 273, 347]. There have been several dedicated

experiments looking for WIMP particles in the cross section-mass parameter space for

the past decades. Detectors of this type look for nuclear recoils induced by WIMPs in a

background-controlled environment. The null results of these experiments exclude a large

portion of the parameter space of WIMPs [397].

Next-generation multiton experiments will be sensitive to lower cross sections [1, 2].

Nevertheless, these experiments will ultimately be sensitive to coherent scattering from

neutrino scattering as well. The irreducible neutrino background, traditionally called the

neutrino floor, produces nuclear recoil spectra similar to those of WIMP-induced recoils

[76, 213, 313, 425]. Thus, additional information is required to distinguish between the

neutrino background signal and the putative WIMP signal. Angular distributions of WIMP

and neutrino fluxes can provide such a discrimination tool. As a result of the motion of the

solar system within the Galactic halo, WIMP DM flux exhibits a dipolar structure. Solar
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neutrinos, the most imminent neutrino background [38], will also be localized in a relatively

small angular distance, improving directional discrimination power further. Directional de-

tectors can determine the incoming direction of incident particles [211, 303, 335, 451, 453].

As a result, developments toward multiple directional detectors are underway worldwide,

each with its own advantages and challenges [453].

Our goal is to develop a solid-state detector for directional WIMP detection [297, 367].

The detector we envision operates in hybrid mode: nuclear recoil event registration is per-

formed in real time using charge, phonon, or photon collection; and directional informa-

tion is read out using high-resolution mapping of the lattice damage left behind incident

WIMPs or neutrinos. The proposed detector scheme integrates real-time event registra-

tion, three-dimensional directionality information, and high-density target material. Gas-

based time-projection chambers (TPCs) have mature directional detection technology and

offer real-time event detection and full 3D directional readout as well [451]; however, they

feature a very low target density and require large volumes. The scalability of these de-

tectors is therefore limited. Probing DM mass > 10GeV below the atmospheric neutrino

floor, despite being theoretically well-motivated [5, 46, 223, 252, 382], would be especially

challenging for gas TPCs [334]. However, solid-state detectors could allow to access this

parameter space.

In the proposed detector, directional readout and event registration require different sets

of technologies. DM detection using nuclear or electron recoils in semiconductors is a ma-

ture technology; semiconductor-based DM detection experiments are already operational

[18, 290, 371, 444]. Our proposed experiment will use similar methods to register recoil

events [297, 367]. Mapping of directional lattice damage, however, requires a different

set of capabilities. Our research is focused on developing directional detectors enabled by

point defect quantum sensing in wide-bandgap semiconductors. We discuss in the follow-

ing sections how recent developments in defect-based quantum sensing pave the way for
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directional detection. We specifically focus on diamond as a viable target material. Dia-

mond is a leading platform for emerging quantum technologies [58]. Many of the technical

developments have been made over the past decade in diamond-based quantum sensing that

are applicable to directional readout. In addition, the demand for quantum-grade synthetic

diamonds has resulted in efficient protocols for the production of high-quality, low-strain

diamonds [189, 298].

In our research program for the 2020s, we aim to demonstrate directional readout ca-

pabilities using diamond. Implementing conventional DM detection methods in diamond

is also an ongoing research with promising prospects [108, 270]. Combination of direc-

tional readout methods (utilizing quantum sensing methods [58, 297, 367]) and nuclear

recoil registration methods (similar to those used in silicon and germanium-based detec-

tors [18, 290, 371, 444]), it would be possible to build a detector that retains sensitivity to

WIMP despite the presence of irreducible neutrino background.

The rest of the paper is organized as follows. In Sec. 2.1, we discuss the neutrino back-

ground for direct DM detectors; briefly discuss directional detection, current and proposed

technologies; and give an overview of the working principle of the envisioned solid-state

detector. In Sec. 2.3, we summarize the state-of-the-art techniques for directional read-

out in diamond, summarize our recent advances, and discuss anticipated improvements. A

method of producing injected signals for characterization of detector efficiency is discussed

in Sec. 2.4. We conclude with a summary and outlook in Sec. 2.5.

2.1 WIMP detection below neutrino floor

2.1.1 Neutrino floor

Neutrinos couple to quarks via the neutral Z boson exchange [218], resulting in coher-

ent scattering off nucleons in an atomic nucleus for neutrinos whose energies are below a
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few tens of MeV [188]. Thanks to technological advances in detecting low-energy (down

to a few keV) nuclear recoils, coherent elastic neutrino-nucleus scattering (CEνNS) has

been observed recently in CsI[Na] scintillator [20] and liquid argon [19] detectors. The

measurements offer a new pathway that will provide novel advances in a wide range of

fields, including neutrino and nuclear physics [32, 152, 156, 260, 261, 264, 345], possible

hidden sectors [57, 147, 157], and astrophysics [51, 187, 230, 395, 475].

Through CEνNS, astrophysical neutrinos could trigger background events in low-energy

nuclear recoil detectors. Multi-ton-scale DM direct detection experiments could be sensi-

tive to CEνNS from solar and atmospheric neutrinos which cannot be shielded against, an

irreducible background known as the neutrino floor. In fact, xenon-based DM detectors

(e.g., XENONnT) are expected to detect CEνNS from 8B solar neutrinos in near future,

which would resemble the detection of 6 GeVc−2 DM [38]. DARWIN is a next-generation

liquid xenon time projection chamber (TPC) detector proposed by the XENON collabora-

tion, which employs a 50-ton (30-ton) active (fiducial) mass and can operate for five years,

and aims the sensitivity at the atmospheric neutrino floor [1]. In addition, the DarkSide

collaboration has proposed ARGO, a 300-ton (200-ton) active (fiducial) liquid argon TPC

detector with a five-year operation time, so as to achieve neutrino floor [2].

There can be a substantial overlap between the recoil spectra induced by neutrinos and

WIMPs, which makes the distinction between them difficult [76, 213, 313, 425]. A small

difference in the tails of the recoil spectra could in principle be used as a discrimination tool,

but it would require thousands of neutrino events, making it impractical with any proposed

future experiment. Other methods for breaking the neutrino floor have been proposed, such

as utilizing timing information [140, 388] or complementarity between detectors [384].

Nevertheless, in the low-statistics limit, directional detection appears to be the only feasible

method [211, 335].

Despite the similarities between the signals, a conventional DM search would have
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been possible if there had been a precise understanding of neutrino background levels. Re-

cently some have advocated using the term “neutrino fog” rather than “neutrino floor”,

implying a challenging, but not impossible signal-background discrimination [140, 191,

193, 342, 384, 388]. Even though neutrino-nucleus cross sections are relatively accurately

determined, neutrino fluxes are typically subject to large systematic uncertainties, causing

large uncertainties in the number of expected neutrino events [42]. Thus, the neutrino flux

uncertainty saturates the DM discovery limit in higher exposures [76]. Ref. [342] defines

neutrino floor in terms of the derivative of the discovery limit as a function of exposure

n = −(dlnσ/dlnNν)
−1, where Nν is the number of neutrino events and it is proportional

to the exposure; the neutrino floor is the boundary leaving the standard Poissonian regime

(n = 2) and beginning systematic uncertainty saturation (n > 2). (Note that while this

definition of neutrino floor is useful for illustrating the neutrino background and compar-

ing different target materials, it does not represent a fundamentally preferred definition.)

Figure 2.1 shows the neutrino floor calculated using the method described above for sev-

eral different target materials. Solar neutrinos dominate the neutrino floor for DM masses

≳ 5 GeV; for slightly larger masses diffuse supernova neutrino background dominates;

and eventually, for DM masses greater than ≳ a few 10 GeV, atmospheric neutrinos are the

dominant contribution (for light target nuclear masses like helium or carbon, solar neutri-

nos are also a significant contributor at this regime since the scattering kinematics allow for

large recoil energies) [342].

2.1.2 Directional nuclear recoil detection

As the solar system moves towards Cygnus, the angular distribution of DM scatter-

ing rate exhibits a dipolar feature [421]. The angular distance between Cygnus and the

Sun changes between 60◦ (in March) and 120◦ (in September) over the course of a year.
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This angular separation allows the separation of solar neutrinos and dark matter in a di-

rectional nuclear recoil detector [303, 335, 451, 453]. There is overwhelming evidence

that Milky Way kinematic structures go beyond the equilibrium Standard Halo Model

[36, 68, 114, 115, 135, 190, 198, 199, 276, 322, 323, 326, 394, 469, 474, 483]. First of all,

these phase-space structures can influence interpretation of direct detection experiments,

but they may also be observed in directional detectors [266]. Furthermore, the dipolar

DM angular structure can improve DM reach beyond atmospheric neutrino floor as well;

however, to achieve sensitivity to atmospheric neutrinos higher exposure is required [451].

Although atmospheric neutrino flux is not localized as solar neutrino flux is, it exhibits an-

gular structure caused by cosmic rays passing through different thicknesses of atmosphere

and their interaction with geomagnetic fields [334]. Such a feature could further enhance

the efficiency of directional detection.

Several directional detection technologies are in various stages of development [453].

Identifying three-dimensional direction and head/tail information on an event-by-event ba-

sis is the ideal scenario for directional detection. Gas-phase time projection chamber (TPC)

detectors [55, 62, 310, 387, 452] provide well-developed 3D vectorial directional readout

capabilities [451]. But even so, gas-phase detectors that operate at and below the neutrino

floor would require extremely large volumes, since the target mass determines the detector’s

discovery limit. The use of nuclear emulsion-based detectors provides high-resolution re-

coil track imaging at higher target densities; however, they are time-consuming to read out

and provide only time-integrated signals (hence, a detector installed on a Cygnus-tracking

equatorial telescope would be optimal) [15, 22, 26, 27, 201, 448]. Although emulsion-

based detectors can image 2D recoil tracks, it is unclear whether they can reconstruct 3D

tracks and head/tail signatures.

There are also indirect signatures of DM directionality that can be detected. Solid-

state anisotropic scintillators (e.g. ZnWO4) [399, 409] can exploit modulation of incoming
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DM direction relative to crystal axes in order to statistically provide a directional signal

[66, 110, 113, 139] (although, strong anisotropy at low recoil energies still has to be con-

firmed experimentally). A statistical measurement of this kind would require much higher

exposures than event-resolved directional methods. As a directional signal, the relative di-

rection of the primary ionization cloud and the applied electric field affects the scintillation

yield in liquid noble gas detectors, a method known as columnar recombination [109, 330].

The first measurements of direction dependence of scintillation yield, however, suggests a

small effect. Also, this method is sensitive to only one track dimension and lacks a head/tail

signature, so it is probably ineffective for DM detection below the neutrino floor [334].

We envision using quantum point defects in solid-state detectors to provide directional

readout. Due to intensive work on instrumentation of sensitive charge and phonon detec-

tors during the last decade, semiconductor DM detectors based on silicon or germanium

have become possible [17, 290, 371, 392, 420]. According to the same principles and

using developed instrumentation technologies, wide-bandgap semiconductors such as di-

amond [270, 367] and silicon carbide [210, 367] are proposed for DM detection. These

detectors’ semiconductor properties and low nuclear mass provide a complementary sen-

sitivity profile to existing detectors. Furthermore, a WIMP or neutrino event in such a

detector would leave a characteristic track of damage, with the crystal acting as a “frozen

bubble chamber” to record the direction of the particle’s impact [297, 367]. It results from

a cascade of secondary nuclear recoils initiated by the initial scattering. The damage track

can be read out via spectroscopy of quantum point defects such as nitrogen-vacancy (NV)

[58, 166, 282, 390] and silicon-vacancy (SiV) [306] defects in diamond, and divacancies

in silicon carbide [447, 479]. (In Section 2.3, we cover readout methods in greater detail.)

Simulations for a diamond target indicate measurable orientation and head/tail asymme-

try down to 1-3 keV of recoil energy [367]. Therefore, quantum defect-based solid-state

detectors offer both full directional information (akin to gas TPCs), as well as high density.
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Figure 2.2: Result of the SRIM simulation assuming a carbon lattice (appropriate for diamond)
and implantation of a carbon ion with energy in the range ∼ 1− 100keV (representing the initial
recoiling nucleus). (a) Distribution of the angular difference between the initial recoil direction and
the damage track direction. Higher recoil energies are predicted to have a higher correlation. (b)
Distribution of damage head/tail asymmetry. The asymmetry is defined as the ratio of the number
of lattice vacancies and interstitial nuclei in the first and last third of the damage. As an example,
for 10keV initial ion, we predict about 70% efficiency and 5% false positive rate. Reproduced from
ref. [367].

2.1.3 Working principle of a solid-state point defect-based directional de-

tector

In a solid-state crystalline detector, WIMP recoil would impart substantial kinetic en-

ergy onto a target nucleus, knocking it off from its lattice point, giving rise to a chain of

secondary nuclear recoils, leaving behind a characteristic damage track, comprising inter-

stitial nuclei, lattice vacancies, and distorted bonds. SRIM simulations [499] for a diamond

detector predict damage tracks will be tens of nanometers long for recoils with energies in

the range of 10−100keV [367], equivalent to WIMP masses in the range of 1−100GeV;

the orientation of these damage tracks is well correlated with the initial recoil orientation

(see Figure 2.2a); and they will exhibit an observable head/tail asymmetry (see Figure 2.2b).

We envision integrating directional detection within a conventional WIMP detector with
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well-developed instrumentation and background discrimination methods [297, 367]. Hy-

brid detectors like this would be able to detect candidate WIMP events by using estab-

lished methods, such as charge, phonon, and scintillation detection using semiconductor

solid-state detectors. Detector designs utilizing fabricated charge collection electrodes and

phonon sensors provide coarse localization of events at mm scale [16, 96]. To operate at

the neutrino floor or below, meter-scale solid-state detectors are needed (see Sec. 2.1.1).

Following event localization to a mm-scale chip in a modular detector, that chip can be

extracted and interrogated to determine the direction of damage. However, using existing

methods, it would be time-prohibitive to scan an entire mm-scale chip with nm resolution.

We propose a two-step damage track reconstruction strategy: a micron-scale localization

of the damage track using optical-diffraction-limited imaging techniques, followed by a

high-resolution 3D reconstruction of the damage track. Therefore, the proposed detector’s

readout can be summarized in three steps as follows (see Figure 2.3):

• STEP I: Event localization at mm scale using charge, phonon, or photon collection.

• STEP II: Damage track localization at micron scale using optical-diffraction-limited

techniques. (See sections 2.3.1 and 2.3.2 for methods.)

• STEP III: Mapping damage tracks at nanoscale using either superresolution optical

methods or hard x-ray microscopy. (See sections 2.3.3 and 2.3.4 for methods.)

For this hybrid detection method, we propose to develop a detector with diamond as its

target material. WIMP detectors based on diamond are currently being studied for next-

generation semiconductor-based detectors. Diamond has excellent semiconductor proper-

ties, and the carbon nucleus has a relatively light mass, making it a suitable candidate for

low-mass DM candidates, as compared with xenon or other heavy target materials. The

implementation of traditional event detection techniques in diamond is an active topic of
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Figure 2.3: Schematic overview of the proposed directional dark matter detection procedure. (a)
Solar neutrinos (νS) stream towards the earth. Because of the motion of the solar system in the
Galactic rest frame, there is a preferred direction of incoming WIMP particles (χ) on the earth (so-
called WIMP “wind”), distinct from solar neutrinos, allowing directional discrimination (see text for
details). (b) WIMP or neutrino particles interact occasionally with the shielded solid-state detector
at an underground facility, depositing energy as well as causing cascades of nuclear recoils, leaving
a long-lasting crystal damage. Charge, phonon, or photon collection is used to detect and localize
the event to a mm-scale segment of the detector. The time of the event determines the orientation of
the detector with respect to both the Sun and the galactic WIMP wind. (c) The triggered segment
is removed from the bulk of the detector. Using optical-diffraction-limited methods, damage is
localized in a micron-scale volume. (d) The nanoscale structure of crystal damage is mapped,
allowing WIMP and neutrino events to be distinguished. Reproduced from ref. [297].
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research [270]; this includes the first demonstration of a diamond calorimeter coupled to a

transition edge sensor (TES) at cryogenic temperatures [108]. Diamond is a promising ma-

terial for semiconductor electronics applications [236, 482] as well as for quantum sensing

[58, 166, 282, 390] and quantum information processing [132, 133] applications that make

use of diamond’s lattice point defects. Such technological demand is supported by mod-

ern diamond growth techniques using chemical vapor deposition (CVD) [166, 236] which

enable repeatable, fast, and low-cost growth of uniform crystals. As a result, diamond

has also been widely used in particle physics research [436], including in the ATLAS and

CMS detectors at the LHC [332]. For the proposed directional WIMP detector, a diamond

detector at cubic meter scale is needed to achieve sensitivity below the neutrino floor. In

light of the advances over the last decade, a realistic development should be capable of

producing the volumes of diamond required for such a detector. With optimized crystal

growth protocols [166], both semiconductor properties, which enable very sensitive charge

and phonon extraction, and very uniform, low crystal strain properties are achieved, which

are advantageous for the proposed directional detector.

In the remaining sections, we provide an overview of methods available for damage

track localization and nanoscale mapping (Sec. 2.3) as well as a method for generating

injected signals (Sec. 2.4). Here, we present an estimation of the signal strength and back-

ground rate in order to evaluate the feasibility of methods based on their sensitivity and

speed. SRIM simulations indicate that nuclear recoil-induced damage tracks relevant to

WIMP events are O(10−100)nm in length and have lattice vacancies of O(50− 300)

[367]. It is possible to detect the strain caused by such a lattice damage. Following [367],

we assume a fractional strain of ∆x/x ∼ 10−6 at a distance of 30 nm from a single lattice

defect. Furthermore, the strain from each individual point defect in a damage cluster can be

added to find the strain from the entire cluster [172]. We benchmark damage localization

by a simplified model of the strain signal within a µm3 volume that contains the damage
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cluster: for each vacancy, a cylinder of uniform strain ∼ 10−6 with height and radius 30 nm,

while the strain outside the cylinder falls off as 1/r3 [297].

We benchmark the damage localization time to not exceed the expected event rate in

the detector, so the event direction can be measured as each event is detected before the

next occurs. (The localization experiment could, however, be parallelized using multiple

setups if necessary.) It is expected that the rate of events from coherent solar neutrino

scattering, mainly from 8B solar neutrinos, will be approximately O(30) per ton×year

[69, 313]. With a low rate of WIMP events, this would limit the localization time to about

10 days. We consider, however, a conservative three-day target between event registra-

tion and damage localization at the micron scale to account for a potential WIMP signal

at the neutrino floor, as well as background events [297]. Note that we assume a detector

with sensitivity below the neutrino floor will have fewer background events than neutrino

events. Furthermore, quantum diamond microscopy experiments (see sections 2.3.1, 2.3.2,

and 2.3.4) are expected to take place on-site at a shielded complex that houses the detector,

using infrastructure that is constructed from high-purity materials, similar to what is used

in current WIMP detectors [39]. Note that the complementary technique of scanning x-ray

diffraction microscopy for nanoscale strain mapping requires access to synchrotron facil-

ities (see Sec. 2.3.3). Nevertheless, localization of the WIMP/neutrino signal to a small

µm3 volume before transport and shielding during the transport would eliminate signifi-

cant background contamination. With a reasonable allocation of synchrotron beam time,

scanning the micron-scale volumes of interest should also be feasible.

2.2 Nitrogen-vacancy centers in diamond

We present a brief overview of the NV physics and related quantum sensing techniques

in this section; the reader familiar with this topic may skip to the next section.
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Nitrogen-vacancy centers (NVs) are composed of a nitrogen atom and an adjacent va-

cancy in a diamond crystal (see Figure 2.4a), and they can be classified according to their

orientation in four crystallographic directions. Nanoscale NV centers exhibit quantized en-

ergy levels similar to atomic systems. The energy levels couple to magnetic fields, electric

fields, temperature, and the lattice strain; this allows NV centers to function as quantum

sensors [12, 52, 144, 304, 437]. The transition frequencies can be measured using phase-

sensitive interferometric methods [363, 368] or alternatively through resonance features

in NV photonic and electronic response [58]. NV sensors feature high spatial resolution

as well as operation at ambient temperatures, pressures, and magnetic fields. In particular,

negatively charged NV− is the most useful for quantum sensing. The NV− is a two-electron

system with a triplet spin-1 ground state that typically has a longitudinal relaxation time

T1 ≃ 6ms [239, 380] and decoherence times T2 of up to a few ms [53] under ambient con-

dition. Although NVs are observed in three charge states (NV−,NV0, and NV+), NV−

is favored for quantum sensing [153]; in reminder of the discussion, NV stands for the

negatively charged defects.

Ground state spin Hamiltonian. With a bias magnetic field aligned with the NV

symmetry axis z, the simplified NV electronic ground state Hamiltonian can be written as

[246]

Hgs

h
≃ (D+Mz)S2

z + γBzSz . (2.1)

D ≃ 2.87GHz is the zero-field-splitting (ZFS) parameter at room temperature, resulting

from the spin-spin interactions between the NV electrons. ZFS varies with temperature

as dD/dT ≃ −74.2kHz/K [13]. Mz is the spin-strain coupling parameter, which can be

converted to lattice strain using proper coupling constants [56]. We ignore the remaining

strain-coupling parameters since their contribution is subdominant [246]. The last term is
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Figure 2.4: Overview of nitrogen-vacancy (NV) centers in diamond. (a) Diamond lattice diagram
hosting an NV center. (b) NV electronic energy level diagram, illustrating triplet ground and excited
state as well as singlet states. Intersystem crossing (ISC) through singlet states yields a nonradiative
decay pathway. Inset: Ground state spin energy levels. The ISC nonradiative decay path results in
dimming of ms =±1 states’ fluorescence. MW frequencies of ω± can be used to drive spin transi-
tions. Further hyperfine splitting results from electronic spin-nuclear spin interactions (not shown).
(c) Simplified schematic of a quantum diamond microscope (QDM). Permanent magnets and/or
Helmholtz coils (not shown) provide a bias field. Green illumination is used to initialize and read
out the spin state. MW delivery via the waveguide allows spin transitions. A microscope objective
collects red fluorescence and focuses it on a camera (not shown). (d) Schematic fluorescence curve
as a function of MW frequency: optically detected magnetic resonance (ODMR). Temperature-
dependent zero-field-splitting parameter and local strain determine the center frequency, while the
axial bias magnetic field determines the splitting between them. The spin-1/2 nuclear spin of 15N
contributes to the double resonance structure (splitting of about 3.05MHz); the 14N spin-1 nucleus
would produce triplet hyperfine energies instead (splitting of about 2.16MHz).
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the Zeeman Hamiltonian, which splits ms = ±1 eigenstates. The NV electronic gyromag-

netic ratio γ = geµB/h ≃ 28.03GHz/T, where ge ≃ 2.003 is the NV electronic g-factor, µB

is the Bohr magneton and h is the Planck’s constant. Hamiltonian (2.1) leads to transition

frequencies

ω± ≃ (D+Mz)± γBz . (2.2)

Energy level diagram of the NV ground state is illustrated in Figure 2.4b (inset). The tran-

sition are in the microwave (MW) frequency band, and they can be resonantly driven using

MW fields of corresponding frequency.

Spin-dependent fluorescence. NVs can be excited to an excited electronic state by

green laser illumination, which decays back to ground state via fluorescence in the red

spectrum; in addition, there is a nonradioactive decay pathway which preferentially applies

to the spin state excited from the ms = ±1 spin ground state, leading to both less fluores-

cent ms = ±1 spin states and a method for spin polarizing the NV ground state to ms = 0

(see Figure 2.4b). Resonance MW driving of spin transitions in the NV ground state, in

conjunction with the optically-driven dynamics, results in a decrease in fluorescence level

through enabling the non-radiative decay path (see Figure 2.4d). Fluorescence contrast fea-

tures of this type can be exploited to determine the NV spin state for sensing applications.

Figure 2.4c illustrates a simplified schematic of a quantum diamond microscope (QDM),

which enables NV-diamond sensing.

Ramsey measurements. Measurement protocols based on quantum interferometry

have been successfully and robustly implemented in NV systems. Here we outline a basic

Ramsey protocol to introduce the measurement principle (see Figure 2.5); in Sec. 2.3.1,

we present our recent advances in engineered strain-sensitive sensing protocols. Ramsey

measurements with NVs use a green laser pulse to initialize the spin state at ms = 0. The
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spin-polarized state is then driven into an equal superposition state by means of a MW

pulse (the so-called π/2 pulse), which is then allowed to evolve uninterrupted for a period

of time. The spin states that comprise the superposition state accumulate a differential

phase during the free evolution. Phase accumulation depends on the transition frequencies

encoding NV coupling to the environment. During the final MW pulse, which couples

the two spin states again, the differential phase is projected to a difference in population

between ms = 0 and ms =±1, manifested as interferometry fringes in NV fluorescence (see

Figure 2.5c).

Figure 2.5: Principle of Ramsey measurement protocol in NV systems. (a) Ramsey pulse se-
quence. See text for details. (b) Illustration of spin population in each spin state. Following the
green initialization pulse, the spin is polarized at ms = 0. The first π/2 pulse places them in equal
superposition of ms = 0 and ms = −1 states. During free evolution, the two populations acquire a
differential phase. The second π/2 pulse projects the phase onto population difference. Note that
in this protocol the ms = +1 state does not play a significant role since the longitudinal spin re-
laxation time is usually longer than the free evolution times limited by the decoherence time scale.
(c) Schematic NV fluorescence contrast curve as a function of free evolution time. Interferometry
fringes reflect the accumulated phase accumulated during the free evolution period. Inhomogeneous
phase accumulation causes the overall decay in an ensemble of NV centers.

Ensemble NV-diamond. NV-diamond sensors with ensembles of NV centers provide

higher SNR than single NV systems by statistical averaging over multiple single-spin sen-

sors, scaling as square root of number of NVs; additionally, they enable widefield imaging

with NV-diamond sensors. High-sensitivity applications using diamond samples with NV
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concentrations ≳ ppm (1017 percm3) have been demonstrated [59, 209, 391, 478, 498].

However, one of the main challenges in using ensemble NVs is the inhomogeneous de-

phasing, leading to deteriorated coherence time T ∗
2 (illustrated as the exponentially decay-

ing envelope of the Ramsey curve in Figure 2.5c) and broadened resonance lines. To extend

the coherence time, material engineering techniques and dynamical decoupling sequences

have been employed, and further improvements are envisioned as well [58].

2.3 Methods for directionality readout in diamond

2.3.1 Optical diffraction-limited strain spectroscopy

In this section, we discuss using nitrogen-vacancy (NV) centers for micron-scale lo-

calization of the WIMP or neutrino-induced lattice damage. Strain features can occur in

CVD diamond as localized deformations within the crystal lattice because of imperfections

propagated during growth and imperfections in surface processing [189, 299]. A variety

of methods have been developed for measuring and mitigating such strain features in dia-

mond devices [189, 192, 298]. However, these methods rarely meet all the requirements of

the directional dark matter detector proposal (see Sec. 2.1.3). The spatial resolution of bire-

fringence imaging is limited since the signal is integrated over the entire diamond thickness

[224, 246]. Raman spectroscopy suffers from relatively high detection noise floor [25, 136].

X-ray tomography and microscopy involve lengthy data acquisition times as well as access

to synchrotron beamlines [296, 314]. An alternative method is, however, quantum-point-

defect strain spectroscopy, which offers both speed and sensitivity required for directional

dark matter detection. NV ground state spin transitions are sensitive to local strain (see

Sec. 2.2); therefore, spectroscopic measurements can be used to detect local strain features

using NV centers as integrated quantum sensors [95, 246]. Recent developments in NV

strain spectroscopy suggest promising prospects for diamond-based directional dark matter
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detectors [295].

We model strain induced by each vacancy is modeled as a cylinder of uniform strain

10−6 with height and radius 30nm, while strain outside the cylinder falls off as 1/r3 [297]

(see Sec. 2.1.3). Based on this model, Figure 2.6 shows the fraction of NV centers experi-

encing a given stain for a 10keV recoil, which is 50 induced vacancies (Figure 2.6c). We

consider two scenarios of the damage track localization: resolved volume of about 0.1 µm3

with diffraction-limited 350nm lateral resolution and 1 µm axial resolution (Figure 2.6a);

and resolved volume of 1 µm3 with three-dimensional µm resolution (Figure 2.6b). NV

centers are most sensitive to strain projections onto their symmetry axes. Depending on

the relative orientation and location of crystal damage and point defects within the resolved

voxel, the strains projected onto different NV centers could add constructively or average

to zero. In the former case, we compute the mean averaged strain (leading to frequency

shifts), and in the latter case, we calculate the standard deviation of the strain distribution

(leading to line broadening and a reduction in coherence time). A small number of NVs

exhibit considerably higher strain levels > 10−5, whose effect on the signal depends on

experimental details. Combining different cases, the voxel-averaged strain signal ranges

between 1×10−7 and 3×10−6 [297].

Figure 2.6: Fraction of NV centers experiencing a given strain, within (a) 0.1 µm3 volume and (b)
1 µm3 volume from a 10keV nuclear recoil. (c) Number of vacancies created as a function of the
recoil energy, as predicted by SRIM simulations [499]. Reproduced from ref. [297].
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NV strain imaging is typically performed using quantum diamond microscopes (QDM)

[282] to detect strain-induced modulations in optically detected magnetic resonance (ODMR)

spectra [95, 246, 282] (see Figure 2.4c and 2.4d). Although the best measurements with this

method demonstrate the sensitivity required to detect WIMP-induced strain, its lengthy

averaging times render it unsuitable for dark matter detection. The implementation of

Ramsey-like measurements in QDM, however, provides fast and sensitive measurements.

The strain Carr-Purcell-Meiboom-Gill (strain-CPMG) sequence, illustrated in Figure 2.7,

is a Ramsey-like sequence that is suitable for strain sensing [295] (and thermometry in

certain applications [254, 265, 325, 442, 461]). The protocol is insensitive to magnetic

inhomogeneities arising from electronic and nuclear spin bath within the diamond lattice,

thereby allowing longer NV ensemble dephasing times and enhanced strain sensitivity.

We describe the spin evolution during the strain-CPMG protocol here. We first spin

polarize the NV ground state to |ms = 0⟩. After that, we prepare an equal superposition

of |0⟩ and |−1⟩ by applying a microwave (MW) π/2 pulse resonant with the |0⟩ ↔ |−1⟩

transition. The NV spins accumulate a relative phase with the rate of D+Mz − γBz (see

eq. (2.1)) during the free evolution of this superposition state. Following that, we apply

triplets of MW π-pulses, switching between |0⟩ ↔ |−1⟩ and |0⟩ ↔ |+1⟩ transitions that

collectively swap the NVs from |−1⟩ to |+1⟩. Therefore, during the middle free evolution

time τ/2 the phase accumulation rate is D+Mz + γBz. Following, we apply a reverse

swap pulse to transfer the spin population from |+1⟩ back to |−1⟩ and phase accumulation

continues for another τ/4 duration. The final accumulated NV phase is independent of Bz

and only sensitive to D+Mz. The last MW π/2 pulse projects the accumulated phase onto

NV population difference in |0⟩ and |−1⟩ states which we read out using the spin-dependent

fluorescence measurement discussed in Sec. 2.2.

The Strain-CPMG protocol employed on a QDM has enabled us to perform high-

precision strain mapping at micron-scale resolution and with mm-scale field-of-view [295].
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Figure 2.7: Strain-CPMG measurement protocol. Top: Pulse sequence. ω± denotes microwave
frequencies addressing |ms = 0⟩ ↔ |ms =±1⟩ transition. Bottom: Evolution of the ground state
spin population. See text for details.

The technical details of this work are detailed in ref. [295], but here we summarize the most

important implications for directional dark matter detection. We use an NV-diamond sam-

ple that is a CVD bulk diamond grown by Element Six Ltd., isotopically purified with

99.995% 12C, and have NV concentrations of about 0.4 ppm. The strain-CPMG measure-

ments exhibit extended dephasing time TD = 21 µs, compared with T ∗
2 = 7.5 µs in basic

Ramsey protocol, which demonstrates strain-CPMG’s effectiveness in reducing effects of

inhomogeneous magnetic noise. In the sensing mode, we fix the total free evolution time

to 21 µs and monitor signal variations at different locations in the diamond. This is then

translated into strain using spin-strain couplings. In the first step, we employ a confocal

microscope to limit the interrogation volume to micron scale, and characterize the volume-

normalized sensitivity of the method; we obtain an unprecedented volume-normalized sen-

sitivity of 5(2)× 10−8/
√

Hz ·µm−3, surpassing previous work [246] by two orders of

magnitude. To map mm-scale areas, we use widefield-imaging QDM because confocal

scanning is excessively time-consuming.

Figure 2.8 shows the widefield imaging results. A mm-scale strain map is obtained by
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registering multiple fields-of-view of 150× 150 µm2 each with one second of data acqui-

sition (Figure 2.8a). We detect strain features of strength ∼ 10−6 at micron-scale. Large

areas of diamond sample with sub-10−7 strain variations are observed, indicating promis-

ing prospects for diamonds used to detect dark matter. An example of such a low-strain

region is shown in Figure 2.8b, and a distribution of one-second pixel Allan deviations is

shown in Figure 2.8e. Furthermore, post processing might be performed in order to im-

prove spatially resolving WIMP/neutrino-induced strains; intrinsic strain features can be

spatially filtered, for instance, using high-pass filters or with modern machine learning-

based methods proposed in similar contexts [197]. Because of the fast decay of the signal,

interferometric measurements are less sensitive in pixels with large strain variations. These

pixels, for example, can be found near the center or edge of strain features. In order to

calculate the amplitude of the interferometry curve, we measure the two quadratures of the

interferometry signal (see [295] for details). Figure 2.8d shows an example of how we use

this information to identify pixels with high strain gradients.

Since the QDM used for measurements reported in Figure 2.8 does not impose any

further depth restrictions beyond the focal plane of the objective, sufficient z-resolution

for 3D micron-scale localization remains to be demonstrated. Various methods of achiev-

ing z-resolution are envisaged [297]. Well-established optical sectioning methods such as

structured illumination microscopy [125] and light-sheet microscopy [248] offer promis-

ing pathways, especially since these techniques have already been implemented in NV-

diamond systems [231, 486]; another possibility is z-dependent NV control with engineered

spatial inhomogeneity of the MW drive [500]. In the assumption of a realized z-resolution,

demonstrated strain imaging capabilities in [295] allow for micron-scale localization of

WIMP-induced strain within a mm-scale diamond chip after one day of sensing time. In-

cluding the experiment overhead time, damage localization can be achieved within the

required three-day period.
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Figure 2.8: Strain map generated with a quantum diamond microscope (QDM) using the strain-
CPMG measurement protocol. (a) Manually-registered array of multiple 150×150 µm2 strain im-
ages, covering a mm-scale area of the NV-diamond sample. Each field-of-view is acquired in one
second. Since diamond is an excellent thermal conductor [446], the temperature is constant over
the entire sample area for a single measurement, however, temperature drift between multiple mea-
surements causes minor artifacts in the concatenated image. (b) An example of a low-strain region.
(c) Typical intrinsic strain features are detected. (d) Interferometry curve amplitude (refer to [295]
for definition of the visibility parameter νXY ) in a high-strain-gradient region with degraded dephas-
ing time. (e) Distribution of the pixel Allan deviation after one second of averaging data in the
low-strain region (b). Reproduced from ref. [295].
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2.3.2 Fluorescence detection of defect creation

Under high-temperature annealing, diamond lattice vacancies become mobile and can

be captured by fixed nitrogen impurities, forming nitrogen-vacancy (NV) centers [37, 122,

143, 216]. This NV center creation mechanism can be utilized to localize the WIMP-

induced damage track [297]: WIMP scattering event induces lattice vacancies along with

interstitial nuclei; subsequently, high-temperature treatment of the sample helps develop

NV centers on-site, which can then be detected through fluorescence microscopy. Flu-

orescent nuclear track detection using Al2O3 : C,Mg crystals [21] is a mature field with

applications in oncology/dosimetry [262, 329], as well as nuclear [61], neutron [185], and

beam [449] physics. Such fluorescent nuclear track detectors (FNTDs) capture particle

tracks in three dimensions through the electronic activation of color centers in the crystal

lattice caused by the local electron cascades triggered by particle interactions [328]. How-

ever, FNTDs are focused on much longer track lengths than the expected damage length of

WIMP events. Fluorescence detection of particle tracks in diamond has also been demon-

strated [337]; for example, to study diffusion dynamics of the particle-induced vacancies

[338]. Nonetheless, the ability to detect lower energy particles relevant for WIMP recoils

remains to be established.

Diamonds of low pre-existing NV concentration and high nitrogen impurity content

offer favorable prospects of localizing WIMP damage tracks using NV creation scheme.

High concentration of pre-existing NV centers present a confusion background for WIMP-

induced NVs. HPHT-grown type Ib diamonds typically contain few vacancies and pre-

existing NV centers, while nitrogen concentration can be as high as a few hundred parts

per million (ppm) [128, 175]. The initial scans reported in ref. [297] find no more than

two NV centers in the diffraction-limited volume (see Figure 2.9). Assuming similar NV

background in a scaled up diamond detector material, three NVs created for each WIMP
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event is sufficient for diffraction-limited damage track localization. Simulations suggest

that each WIMP scattering event results in O(10−100) lattice vacancies (see Figure 2.6c).

However, not all the vacancies form NV centers during the high-temperature annealing –

competing processes like recombination of vacancy with an interstitial carbon atom or for-

mation of vacancy clusters reduce the NV yield [37, 143, 216]. In order to determine the

minimum detectable recoil energy, NV yield must be characterized for different incident

particle energies and annealing parameters. An understanding of NV creation efficiency

can be gained from molecular dynamics simulations of induced damage and annealing pro-

cesses [37]. Additionally, the described characterization can be performed experimentally

employing focused ion beam (FIB) systems (see Sec. 2.4).

If damage localization through NV creation proves to be effective, a crucial aspect of

this method that needs to be demonstrated is maintaining the directionality and head/tail

asymmetry of the damage tracks (see Figure 2.2) during high-temperature annealing pro-

cess. For the 3D directional information to be retained, vacancy travel range must be

less than 10 nanometers since damage track length scale is expected to be several tens

of nanometers. Twenty nitrogen atoms are located within the 3 nm travel range in a type Ib

diamond with 200 ppm nitrogen concentration; the expected larger than percent level va-

cancy capture probability [37] suggests minor damage geometry deformation. The amount

of directional signal wash-out caused by annealing can be assessed by nanoscale analysis

of the damage track induced by single ion implantation before and after annealing. The

high nitrogen content in type Ib diamonds may help preserve the head/tail asymmetry, but

it reduces the NV coherence time, which negatively affects nanoscale mapping using super-

resolution Ramsey-type measurements (see Sec. 2.3.4). Instead, the directionality readout

can be achieved by resolving the positions of individual NVs or using x-ray diffraction

microscopy [296].
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Figure 2.9: Nitrogen-vacancy center background in type Ib HPHT diamonds. The measurements
are carried out using a scanning confocal microscope. The number of NVs was then determined
based on the normalized intensity of fluorescence at each site. (a) A typical field of view illustrating
intrinsic NV centers. (b) Distribution of pre-existing NV centers in diffraction-limited spots. Ap-
proximately 104 µm3 volume of diamond from three different samples is scanned. A maximum of
two NVs per spot is found. Note that the low-background facilitates fast confocal scanning; with
about 100 µm of dwell time, a mm-scale diamond can be scanned within one day. Reproduced from
ref. [297].

2.3.3 Hard X-ray diffraction microscopy

Scanning X-ray diffraction microscopy (SXDM) offers a method to map the crystal

strain features in 3D at nanoscales [297]. In a recent study [296], using the Hard X-ray

Nanoprobe (HXN) at Argonne National Laboratory’s Advanced Photon Source [476], we

demonstrated the SXDM’s capabilities suitable for reconstructing the strain induced by

WIMPs on diamond in 3D. HXN uses a monochromatic beam of hard X-rays focused to a

spot size of 10−25nm [227, 312]. A pixelated photon counter records the spatial pattern of

diffracted photons as the spot moves across the sample. These diffraction patterns encode

information about local crystallographic deformations [463]. The spot size resolution of

about 10 nm is expected to be sufficient for directional signal, but even higher resolutions

can be achieved, for example, using Bragg projection ptychography [222, 232, 350].

Figure 2.10 shows a high resolution scan of strain features at about 100 nm scale in
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Figure 2.10: In an HPHT sample, strain features at length scale relevant to WIMP signals are
detected using SXDM. The results demonstrate SXDM’s ability to resolve damage caused by WIMP
in diamond crystals. Scanning step size is 22 nm. Reproduced from ref. [296].

an HPHT diamond sample, demonstrating the ability to resolve features with sufficient

spatial and strain resolution to detect WIMPs. Using the strain model associated with

WIMP-induced vacancies (see Sec. 2.1.3), the expected damage strain from a 10 keV nu-

clear recoil is 1.8× 10−4 at a 30 nm spot. Ref. [296] reports a strain sensitivity of about

1.6×10−4. Therefore, the WIMP signal should be detectable. The CVD diamond sample

used for this sensitivity analysis includes multi-layer strain structures, which complicate

the analysis and possibly reduce the sensitivity. Uniform diamond samples with low strain,

ideal for detecting dark matter, can result in up to about an order of magnitude lower strain

detection floor. In addition, scanning the crystal from different Bragg angles allows for 3D

reconstruction of strain features. In Figure 2.11, intrinsic growth strain features are scanned

at two different Bragg angles and 3D reconstructed using a model described in [296]. In

summary, SXDM proves its ability to detect directional damage in diamond by combining

high spatial resolution, high strain resolution, and 3D reconstruction capabilities.

Preexisting localized sub-micron strain features can be identified as false positive dark

matter signals. A nanoscale study of such intrinsic small-scale strain features in CVD

diamond samples is crucial for the realization of diamond-based detectors. Figure 2.12 il-

lustrates an initial background search in a limited scanning region. In this survey, we do not
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Figure 2.11: Reconstruction of the intrinsic strain features in a CVD diamond in three dimensions.
3D models are constructed using SXDM scans in two (113) and (1̄13) diffraction planes. The
illustrated boundary of features correspond to strain 2× 10−4. “Rodlike” features are likely the
high-strain edges of similar dislocation features with small projections onto both of the diffracting
planes. See ref. [296] for details. Reproduced from ref. [296].
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find any false positives. We do not see any localized sub-micron features in Figure 2.12a.

We detect features in Figure 2.12b that are 100 nm wide, but they extend over a few mi-

crons in one dimension. Even though further background characterization is still needed,

the results suggest that defect patterns in CVD diamond are either pointlike or extended,

thus, distinguishable from WIMP or neutrino signals. The observed defect spatial structure

is consistent with those expected of CVD samples treated by high-temperature annealing

[189, 353].

Figure 2.12: In a CVD diamond, small-scale background scans are carried out away from large-
scale strain features using SXDM. Results demonstrate that there are no preexisting strain tracks cor-
responding to the expected WIMP-induced strain features, i.e., localized strain features at ≲ 100nm.
Plots show the number of detector counts attributable to strain in the CVD diamond layer. A scan-
ning step size of (a) 40 nm and (b) 20 nm was used for two different diamond regions. Reproduced
from ref. [296].

At present, only a few synchrotron facilities worldwide offer hard x-ray nanobeams

with suitable resolution and sensitivity [243, 321, 476]. And high-resolution scans are

rather time-consuming. However, with accurate optical localization for candidate WIMP

events, the damage track direction for all WIMP events could be determined with a rea-

sonable amount of x-ray beam time. Furthermore, the detector segments would need to be

adequately shielded against cosmic rays in transit from the underground detector site to the

synchrotron facility.
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2.3.4 Superresolution NV microscopy

In addition to hard x-ray diffraction microscopy, superresolution techniques can also be

used to resolve directional WIMP tracks below the optical diffraction limits [297, 367].

We summarize the current state-of-the-art in the field and outline a path toward three-

dimensional reconstruction of WIMP tracks.

Superresolution techniques are mainly being applied to NV-diamond systems in the

context of nanoscale magnetic resonance imaging [82, 83, 390]. By using relevant mea-

surement protocols, such as strain-CPMG, these techniques can be adapted for strain sens-

ing. The first class of techniques uses secondary doughnut-shaped beam spots, superim-

posed to the Gaussian excitation beam, to suppress signals from everywhere except the

low-intensity central region of the doughnut. For example, STED [44, 374, 471] causes

stimulated emission depletion under the doughnut; CSD [130, 131] produces NV− to NV0

photoionization under the doughnut, which makes them less relevant to sensing; and spin-

RESOLFT [240, 302] eliminates the sensing information stored in spins under the dough-

nut after the sensing protocol has been applied (and before the readout). A second class of

methods uses stochastic superresolution microscopy techniques such as STORM [127, 351]

and PALM. Nevertheless, stochastic methods appear challenging to use in high-NV den-

sity regimes. Finally, gradients of external fields are used to achieve sub-diffraction-limit

resolution [40, 79, 495, 496]. A large magnetic gradient over a small region in diamond

induces a gradient of Zeeman splittings in NVs distributed within that region; this allows

one to spatially resolve NVs using a MW frequency in reference to the induced gradient

of resonance frequencies. Magnetic gradients are also used in Fourier magnetic imaging,

which utilizes the position information of NV relative to magnetic field gradients encoded

in their precession phase and frequency, which is extracted after post-processing the data.

Similar to magnetic gradients, MW inhomogeneities has also been demonstrated viable
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in reaching sub-diffraction-limit resolution [500]. In Table 2.1, we summarize the results

reported on superresolution techniques in NV-diamond systems.

Method Resolution Modality Ref.
STED ∼ 10 nm Real space, Scanning [374]
SIL-STED ∼ 2.5 nm Real space, Scanning [471]
CSD ∼ 4 nm Real space, Scanning [131]
spin-RESOLFT ∼ 20 nm Real space, Scanning [240]
STORM ∼ 25 nm Real space, Widefield [351]
Magnetic gradient ∼ 30 nm Fourier space, Widefield [40]
Magnetic gradient ∼ 30 nm Real space, Widefield [496]
MW gradient ∼ 100 nm Real space, Widefield [500]

Table 2.1: Superresolution techniques demonstrated in NV-diamond sensing. STED: stimulated
emission depletion. SIL: solid immersion lenses fabricated directly in the diamond. CSD: charge
state depletion. RESOLFT: reversible saturable optical linear fluorescence transitions. STORM:
stochastic optical reconstruction microscopy.

All of the methods discussed achieve or approach the benchmark resolution of 20 nm

needed to detect directionally oriented WIMP signals. The demonstrations, however, have

been limited to thin NV layers or samples with sparse NV centers, passively imposing 3D

resolution. In order to adapt these techniques for WIMP track reconstruction, it is important

to integrate depth-resolution into any of the methods. The 3D analogue of doughnut-shape

illumination has been attempted, reaching about 100 z-resolution [215, 487]. However,

the high index of refraction of diamond might impede further progress in this route for

achieving 3D resolution of 20 nm.

For the reconstruction of the WIMP-induced strain in three dimensions, we propose a

combined technique: STED, CSD, and spin-RESOLFT methods can be used for achieving

lateral resolution, while simultaneous magnetic field gradients can be used for achieving

depth resolution [297]. Figure 2.13 illustrates this scheme. Using this combination method,

it is estimated that it will take about 11 hours to scan a 1 µm3 volume with 10 nm resolu-

tion [297]. In addition, to avoid complications of mapping out the damage track deep in the

diamond, fast and low-strain etching methods [189, 221, 318] can be employed to have the
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damage track closer to the surface instead of deep in the bulk. Spectroscopic methods such

as spin-RESOLFT and Fourier imaging require good quantum coherence properties that

are present in CVD diamond but not commonly in HPHT diamond samples. Therefore, the

proposed combined method may not be applicable to HPHT samples with high nitrogen

content in the detection scheme based on NV creation (see Sec. 2.3.2). However, due to

low initial density of NVs, it will be possible to directly resolve created NV centers. In

summary, state of the art in superresolution imaging using NV centers suggests a promis-

ing path for 3D damage reconstruction in either scheme of the detector, i.e., localization

using strain spectroscopy (see Sec. 2.3.1) or localization using creation of NV centers (see

Sec. 2.3.2).

Figure 2.13: Illustration of the combined method proposed for superresolution NV strain spec-
troscopy. A doughnut-shaped illumination provides lateral resolution through STED, CSD, or spin-
RESOLFT. Fabricated gradient coils produce magnetic field gradients that provide depth resolution.
An Ω-shape waveguide for microwave delivery is also illustrated. Reproduced from ref. [297].

2.4 Sensitivity characterization via single ion implantation

Thus far, we have discussed methods that enable the localization of WIMP and neutrino

damage tracks and retrieval of the directional information encoded in the track geometry
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and orientation. Here, we present a method to generate injected signals that can be used to

determine the directional sensitivity of the detector.

State-of-the-art focused ion beams (FIB) offer single ion number resolution, low-energy

ions, high spatial resolution, as well as high mass resolution [343]. In the ion implanter at

Ion Beam Laboratory (IBL) at Sandia National Laboratories (SNL), the ions are extracted

from liquid metal alloy ions sources (LMAIS), which allows working with a third of the

atoms in the periodic table. Electrostatic ExB filters incorporated in the setup provide

mass resolution of M/∆M > 61. A fast beam-blanker is implemented with a minimum

pulse time of about 16 ns. Lastly, the electrostatic objective lens provides submicron ion

beam spots [343]. The combination of these features makes this setup a suitable platform

for generating single-particle-induced damage tracks in diamond, simulating WIMP recoil

tracks.

With fast beam blanking, pulsed ion implantation can achieve low ion numbers. In spite

of this, as the number of ions in a fixed pulsed time is determined by Poisson statistics,

there is large relative uncertainty regarding the number of ions in a pulse at low ion counts.

In situ ion counting is a method developed to overcome the Poissonian uncertainty [8,

75, 238, 343, 398, 439]. In this method, illustrated in Figure 2.14, metallic pads with

a separation of about 10 microns are fabricated on the sample surface. Ion beams are

focused on the gap between the pads. During the implantation, the pads are biased with a

DC voltage and are connected to a collection circuit for monitoring the charge generation

due to ion implantation, i.e. ion-induced electron-hole production. The following method

uses a charge collection system to achieve precise single ion implantation. Based on the

beam-off charge readout, a lower threshold for the collection circuit voltage is defined.

The mean ion number per pulse during the implantation is set to a small number (e.g.,

⟨ionnumber/pulse⟩ ≲ 0.1). Poisson distribution suggests that there are mostly zero ions

per pulse, but occasionally there are one or more (but mostly one ion). As the implantation

41



continues pulse by pulse at the same site, the readout voltage is monitored and compared

to the pre-determined threshold. As soon as the voltage passes the threshold, implantation

is stopped at that site. Besides threshold-based implantation, the full distribution of ion-

induced voltage can also be used in post-processing to reduce the ion-number uncertainty

[439]. A recent example is the use of this method for silicon implantation on diamond with

a 5% ion number error [439].

Figure 2.14: Illustration of the single ion implantation experiment using in situ ion counting
method. The produced electron-hole pairs are collected under a DC bias voltage through the fabri-
cated pads.

We propose using single carbon ion implantation experiments to generate WIMP-like

signals in diamond. The implanted ion will bounce off of native diamond lattice atoms

initiating nuclear recoils, much like the initial recoil of the carbon atom caused by WIMP

or neutrino interactions. The single-ion implantation can be used to test both methods

of localization described in Sections 2.3.1 and 2.3.2. For NV-based strain spectroscopy,

the implantation will take place in a high-quality CVD diamond with an ensemble of NV

centers. The ion-induced strain signal can then be examined and detector efficiency can

be determined as a function of implantation energy (corresponding to recoil energy, thus

the WIMP mass). For NV creation, an HPHT diamond sample with low NV density and
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high nitrogen density will be used. During high-temperature annealing, some ion-induced

vacancies will combine with the nitrogen atoms, forming NV centers that can be detected

with NV fluorescence microscopy. The use of such an experimental method will provide

insight into NV creation efficiency and the effects of annealing on initial damage track

distortion.

2.5 Summary and outlook

Objective. Results from upcoming generations of WIMP detectors are likely to ap-

proach the “neutrino floor”, where coherent scattering of low-energy neutrinos will be de-

tected [1, 2, 38]. Like WIMPs, neutrinos induce nuclear recoils in a target. They scatter

at energies relevant to WIMP searches, meaning standard background discrimination tech-

niques cannot reject them. Without discrimination between WIMP and the neutrino events,

identifying WIMPs below the neutrino floor will require detecting annual modulation atop

the neutrino background, demanding dozens of events to achieve a improved discovery

limit. As the direction of incoming particles could be detected, solar neutrinos would

be rejected in the early stages of a directional WIMP detector [211, 303, 335, 451, 453],

and other astrophysical and terrestrial neutrinos in the later stages as they become rele-

vant in higher exposures. Further, a directional detector would reveal a WIMP signal’s

cosmological origin, and potentially improve our understanding of local dynamical DM

structures [266, 336]. A solid-state directional detector is especially attractive for probing

WIMP cross-sections below the neutrino floor. Their high target density contrasts well

to existing directional detection methods with gaseous and emulsion targets. Further, the

proposed solid-state detector concept yields both timing information as well as complete

three-dimensional information via head/tail asymmetric signals [297, 367] (similar to the

well-developed gas TPC detectors.)
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Detector principle. Wide-bandgap semiconductors such as diamond [270] and sili-

con carbide [210] have been proposed as a target for solid-state WIMP detection. Their

good semiconductor properties and lower-mass nuclei provide an advantageous sensitivity

profile compared to existing detectors. These materials can be lab-grown with high purity

and homogeneous crystal structure [189, 189, 298]; a WIMP event in such a crystal would

leave a characteristic track of damage, with the crystal acting as a “frozen bubble cham-

ber” recording the direction of the incident particle [297, 367]. The crystal damage track

results from the cascade of secondary nuclear recoils initiated when a WIMP (or neutrino)

impacts a target nucleus; simulations for a diamond target indicate measurable orientation

and head/tail asymmetry down to 1–3 keV of recoil energy [367]. The shape and orienta-

tion of this damage track can be read out via spectroscopy of quantum point defects in the

crystal such as nitrogen-vacancy (NV) [58, 166, 282, 390] and silicon-vacancy (SiV) [306]

defects in diamond, and divacancies [447, 479] in silicon carbide.

A directional detector based on solid-state point defects in a semiconductor could take

advantage not only of a large target mass, but also of intensive development of instrumen-

tation for WIMP detectors based on silicon or germanium [18, 290, 371, 444]. Detector

segments could be instrumented with charge or phonon collectors such as transition edge

sensors, or scintillation photons could be collected from the detector bulk. When a crystal

segment triggers one of these detection methods, it would be removed from the detector for

directional analysis, while the remainder of the detector continues to accumulate exposure

(Sec. 2.1.3).

Damage tracks from WIMP events will be tens or hundreds of nanometers long [367],

requiring a two-step process to extract the directional information [297]. Fortunately, both

steps can be built upon techniques established in the fields of solid-state quantum sensing

and quantum information processing. First, diffraction-limited optics can be used to resolve

the position of the damage track to a sub-micron voxel within the millimeter-scale detector
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segment (sections 2.3.1 and 2.3.2). Second, optical superresolution techniques (Sec. 2.3.4)

or high-resolution x-ray nanoscopy (Sec. 2.3.3) can be used to measure the damage track

structure at the nanometer scale.

Directional readout technologies. Initial simulations and experimental demonstra-

tions of these techniques have focused on the NV centers in diamond, as it is the most

widely used and best-characterized quantum emitting defect [58]. Consisting of a lat-

tice site vacancy adjacent to a substitutional nitrogen defect, the NV is a spin-1 system

featuring optical initialization and readout, and a microwave transition frequency sensi-

tive to local crystal strain (as well as magnetic and electric fields, and temperature); see

Sec. 2.2. The damage track from a WIMP-induced recoil cascade would induce significant

strain on nearby NV centers, which can be measured via shifts in their spin transition fre-

quencies. Diffraction-limited strain imaging (Sec. 2.3.1) could be used to localize damage

tracks at the micron scale; sensitive, widefield strain imaging has been the subject of much

recent work [95, 246, 295]. Superresolution microscopy and spectroscopy using NV cen-

ters (Sec. 2.3.4) has been extensively developed as well. Spatially-resolved, subdiffraction

strain sensing is a plausible avenue for nanoscale readout of damage track direction. These

same methods are applicable to other color centers in diamond such as the silicon-vacancy

center, or to divacancies in silicon carbide.

Alternatively, defects can be created from recoil-induced lattice site vacancies gener-

ated during a WIMP interaction with the diamond (Sec. 2.3.2). A nitrogen-rich diamond

could be annealed to induce these vacancies to form new NV centers or other color centers.

In crystals with few pre-existing emitters, this represents a near-background-free method

of damage track localization. The direction can then be extracted either via strain spec-

troscopy of the created color centers, or by superresolution spatial mapping of the defect

positions. Scanning X-ray nanobeam diffraction measurements (Sec. 2.3.3) present a non-

defect-based method for damage track direction measurement – instruments at synchrotron
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facilities can detect strains at the level predicted for a WIMP damage track, and can be

performed with nanometer spatial resolution.

All of the techniques outlined above require that optical measurements be performed

on-site to avoid cosmic ray exposure during transit. The low cost and simplicity of the

setups for these measurements enable multiple of them to be used in parallel. Additionally,

detector segments may require etching to bring the damage track close to the surface for

nanometer-scale measurements, but appropriate techniques enable this without introducing

additional strain or distorting the WIMP signal [189, 221].

Outlook. In the near term, the work towards such a solid-state WIMP detector with

directional sensitivity will be centered around demonstrating the capability to locate and

determine the direction of nuclear recoil damage tracks in diamond. This requires adap-

tation and development of existing techniques, but the current state of the art is not far

from the requisite sensitivity and resolution. In particular, our recent work on widefield

strain imaging in diamond via NV spectroscopy [295] as well as scanning X-ray diffrac-

tion microscopy of nanoscale strain mapping [296] demonstrate the sensitivity required for

directional detection. For concrete experimental characterization of the efficiency of these

methods, injected nuclear recoil signals can be generated using single ion implantation

(Sec. 2.4).

In the medium term, such a detector will require instrumentation of a prototype de-

tector. Such prototype would feature low-threshold charge, phonon, or photon collection

capabilities with spatial resolution at the millimeter scale. Development of crystal growth

techniques to create large volumes of structurally homogeneous crystals is also required.

Modern diamond growth techniques using chemical vapor deposition (CVD) enable re-

peatable, fast, and low-cost growth of uniform crystals; a reasonable progress in this field

expected in the next decade should allow for the production of the volume of diamond ma-

terial required for WIMP detection. With appropriate development and synergy between
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multiple disciplines, the proposed approach offers a viable path towards directional WIMP

detection with sensitivity below the neutrino limit.
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Chapter 3: GALILEO: Galactic Axion Laser Interferometer Leveraging

Electro-Optics

The nature of dark matter (DM) in modern physics remain elusive. A well-motivated

class of DM candidates is light bosonic particles. The QCD axion, for example, is a viable

candidate for DM [4, 151, 228, 293, 355] in addition to solving the Strong CP problem

[346, 466, 470]. Axion-like pseudoscalar particles [228, 293] (a generalized form of the

QCD axion) and vector particles (e.g., a dark or hidden photon) [111, 174] are similarly

well-motivated DM candidates. Such new particles typically have suppressed interactions

with the standard model, which nevertheless can be used to search for them in the laboratory

[14, 111, 366, 400, 412, 428].

Light DM is also referred to as wave-like, in contrast to heavier particle-like DM can-

didates. Due to the high occupancy number of such particles at galactic scales, light DM

behaves as a classical wave. Such a DM background can be modeled as a classical ran-

dom field a0 cos(ωt +k ·x+φ) 1, where a0 =
√

ρDM/mDM is the field amplitude given by

the DM density ρDM and mass mDM; |k|≃ mDMv is the wave number; and φ is a random

phase. The characteristic frequency of the random field’s oscillations is given dominantly

by the DM mass, with corrections from the kinetic energy, as ω ≃ mDM+mDMv2/2, where

v ∼ 10−3 is the virial velocity in the Milky Way. The light DM field is therefore coherent

over spatial separation λc ∼ (mDMv)−1 and over a time scale τc ∼ (mDMv2)−1, expressed

1The oscillatory field will also have a direction if the DM is a vector like dark photon.
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in natural Planck units [186].

Several experimental programs are underway or proposed to probe the parameter space

of light DM, with different methods sensitive to specific couplings to standard model

physics and a particular range of DM masses. Interactions with the standard model gluons

and fermions can be probed via measuring its induced oscillatory electric dipole moments

(EDMs) [6, 383, 396], as well as secondary effects of an oscillatory EDM in precision

experiments such as storage rings [24, 124, 245, 250, 356], nuclear magnetic resonance

[47, 99], molecular and atomic spectroscopy [204, 249], among others [45, 72]. Light DM

candidates generically couple to electromagnetism as well, which can be investigated us-

ing high-precision methods including resonant cavity haloscopes [23, 49, 60, 119, 123, 242,

272, 308, 362, 435], lumped elements [97, 137, 205, 386], among others [71, 339, 378].

Our lack of knowledge about the nature of DM makes it imperative to probe a wide

range of DM parameter space. In addition, different scenarios of cosmological production

of the observed DM abundance suggest a wide range of viable masses. For instance, the

QCD axion is produced as the pseudo-Nambu-Goldstone boson of spontaneous breaking

of the global Peccei-Quinn (PQ) symmetry [228, 293]. Importantly, the QCD axion mass

that could serve as DM critically depends on whether the PQ symmetry breaks during

inflation or after. Post-inflationary production of the axion serving as DM in principle

predicts a unique mass. Even so, it is challenging to solve axion cosmology accurately –

topological defects contribute to axion production on top of the misalignment production,

making the dynamics highly nonlinear. Analytical calculations and simulations predict a

post-inflationary QCD axion mass that ranges from tens to hundreds of µeV [54, 70, 80, 84,

102, 150, 251], with more recent simulations suggesting a narrower range of approximately

40−180 µeV [101]. A QCD axion with even lower masses are feasible via production pre-

inflation and could also serve as DM.

Resonant microwave cavity haloscopes have been the leading DM detectors for mDM ∼

49



µeV, achieving sensitivity to the QCD axion. However, due to the rapidly diminishing

scanning rate caused by a decreasing signal-to-noise ratio (SNR) at smaller cavity volumes

[14], it is challenging to probe masses above a few tens of µeV with such detectors. Despite

this technical limitation, ongoing efforts are being made to further optimize microwave cav-

ity haloscopes and explore this higher-mass DM parameter space [107, 288, 305], mainly

motivated by the post-inflationary axion production as discussed above.

In this Letter, we propose a new approach to detect both axion and dark photon DM over

a wide mass range, approximately from 0.1− 103 µeV. The basic principle is as follows.

Nonlinear electro-optical materials respond to the electric field induced by a coherently os-

cillating light DM background: the material’s refractive index thereby acquires oscillatory

corrections. We outline a resonant readout scheme based on laser interferometry to detect

such DM-induced signals (Fig. 3.1); see also Refs. [149, 176, 287, 300, 309, 319, 331,

340, 365] for other interferometry-based DM detection proposals. A Michelson interfer-

ometer using a nonlinear electro-optical material in only one arm will exhibit an oscillatory

differential optical phase between its two arms, imprinted in the measured interferometry

fringes. We refer to this experimental approach as GALILEO: Galactic Axion Laser Inter-

ferometer Leveraging Electro-Optics. In the following, we present projected sensitivities

for this measurement scheme for both the axion and dark photon DM parameter spaces, and

compare to the current state of the art (Fig. 3.2). Note that for the light DM mass range con-

sidered here, the induced oscillations in material refractive index and hence interferometer

output signal are in a frequency range ∼ 100 MHz to 1 THz; and the light-DM background

field is coherent over λc ∼ 1 cm to 100 m and τc ∼ 0.1 µs to ms.
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3.1 Electro-optic effect

Light-DM-induced electric fields can be detected via interactions that modulate an

electro-optical (EO) material’s properties. In particular, the presence of an external elec-

tric field results in a change in the polarization of the material, which then modifies the

dispersion relation of the electromagnetic wave inside the material. Therefore, one can de-

tect ambient electric fields, such as that induced by light DM, by measuring the effect on

propagation of a probe laser through an EO material [485].

This scheme requires a nonlinear response of the material that couples the probe laser

and the light-DM-induced electric field to be sensed, EDM. This property can be found in

electro-optical materials, where the polarization is given by P = ε0χ(1)E + ε0χ(2)E2 +

O(E3) [354]. Here, ε0 is the vacuum permittivity and χ(n) is the n-th order electric

susceptibility of the material 2. We define an effective electric susceptibility as follows:

χeff. = χ(1)+ δ χ , where δ χ = χ(2)EDM. Since the effect of DM is expected to be small,

one can treat the additional term δ χ perturbatively. The electric susceptibility χeff. is used

to calculate a medium’s refractive index via n = (1+ χeff.)
1/2. Therefore, in the presence

of non-zero EDM we have a correction to the material’s refractive index proportional to the

light-DM-induced electric field n = n̄+δn, where n̄ = (1+χ(1))1/2 and δn ≃ δ χ/2n̄. We

calculate this DM-induced refractive index correction for a given set of DM parameters and

material properties.

Electro-optic properties due to χ(2) (i.e., the Pockels effect) can be observed in crystals

lacking inversion symmetry. These materials are typically used for applications that employ

modulations of the refractive index to achieve fast optical switching and frequency conver-

sion. A widely used example of such a crystal is lithium niobate (LiNbO3) [456, 467],

2Note that this equation is written in a schematic form and that it must be computed using proper scalar
products.
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Figure 3.1: Schematic of the proposed laser interferometer-based light dark matter (DM) detector,
GALILEO. The Fabry-Perot (FP) cavities are resonant with the light-DM mass L = 2nπ/mDM. The
electro-optical (EO) material’s thickness is limited to L0 ≤ π/mDM to preserve the oscillatory DM
signal while averaging over laser travel time through the material. Note that the EO material needs
to be exposed to a large, uniform magnetic field for axion-induced effects. See text for details.

while barium titanate (BaTiO3) is an emerging material with a higher Pockels coefficient

[7, 170]. We use these two crystals as benchmarks for the light-DM detector material in

our interferometry measurement scheme. The Pockels coefficient r is defined such that the

modulation in the refractive index due to an applied electric field is δn = n̄3rE/2. Note that

r is a tensor quantity, with its largest component being about 31pm/V [467] (923pm/V

[7]) for LiNbO3 (BaTiO3). Therefore, we have:

δn ∼


1.8×10−10 (m/V) EDM, for LiNbO3

6.4×10−9 (m/V) EDM, for BaTiO3

(3.1)

where we used n̄ = 2.3 for LiNbO3 and n̄ = 2.4 for BaTiO3.
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3.2 Dark matter-induced electric field

We first consider axion DM coupling to photons:

L ⊃−gaγγ

4
aFµν F̃µν = gaγγaE ·B (3.2)

where a and F are the pseudoscalar axion field and electromagnetic field strength, respec-

tively. This interaction modifies Maxwell’s equations. In particular, the axion field gener-

ate oscillatory electric and magnetic fields in the presence of a large bias magnetic field B0.

When the Compton wavelength of the axion 2π/ma is smaller than the physical size of the

magnet, the axion-induced electric field is given by Ea ∼ gaγγaB0 [73, 341]. Therefore, we

have:

Ea ≃ 5.6×10−9 V
m

(
gaγγ

10−10 GeV−1

)(
ρ⊙

0.45GeV/cm3

)1/2

×
(

ma

100 µeV

)−1( B
10T

)
(3.3)

For dark photon DM, we consider the kinetic mixing Lagrangian term:

L ⊃−κ

2
FµνF

′µν (3.4)

where κ is the dimensionless mixing parameter and F ′ is the dark photon field strength. The

light-DM-induced electric field due to this mixing term is Ed.p. ∼ κ
√

ρ⊙/ε0. Therefore,

we have:

Ed.p. ≃ 2.8×10−8 V
m

(
κ

10−11

)(
ρ⊙

0.45GeV/cm3

)1/2

(3.5)
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3.3 Detection scheme

We propose using an asymmetric Michelson interferometer, where the sensing volume

of the EO material is placed in one arm but not in the other; see Fig. 3.1. Due to the mod-

ulated refractive index, the probe laser will experience a modulated phase velocity as it

propagates through the EO material according to δv =−δn/n̄2. The differential phase ve-

locity between the two arms, integrated over the length of the material, leads to an effective

differential arm length δL =
∫

dt δv = −δnL0/n̄. Hence, the interferometer output will

oscillate with the light-DM oscillation frequency.

Interferometer arms can be equipped with a Fabry-Perot (FP) cavity to further increase

the sensitivity via increasing the effective integration length as Leff = L0NF , where L0, N,

and F are the EO material’s thickness, number of EO material pieces in the cavity, and

finesse of the FP cavity. In order to not average over DM oscillations as the laser beam

travels through an EO material of thickness L0within a FP cavity of length L, we require

that L0 ≤ π/mDM and L = 2nπ/mDM, in natural Planck units, where n is an integer number.

We note that in this case, the FP cavities are in resonance with the DM mass and the signal

enhancement is due to the laser light traveling repeatedly through the EO material rather

than enhancing the DM-induced electric field or the laser amplitude.

Ultra-high-finesse FP cavities with F ∼ 1.5× 105 are developed for precision exper-

iments [316, 327, 360]. Also, FP cavities can achieve Q-factors ≫ 106 via extending the

cavity length, despite a lower finesse [142, 146]. Therefore, it is feasible to include mul-

tiple EO materials separated by 2π/mDM in a single cavity. The effective travel length

through the total amount of EO material is ultimately limited by laser absorption. The ab-

sorption coefficient for pure, high-Q nonlinear crystals (including LiNbO3 [279]) is about

10−5cm−1, i.e., O(1) fraction of the laser power gets absorbed after about 1km of travers-

ing inside the EO material. Therefore, we set an upper limit on Leff ≤ 1km. Reflection
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from crystal surfaces is a potential challenge to achieve ultra-high-finesse cavities [169].

However, in our proposed scheme the separations between EO materials and cavity mirrors

are set to be multiples of π/mDM, in which case the reflected and transmitted light have the

same phase, and therefore the effect of reflection on the cavity finesse can be minimized.

Alternatively, high quality anti-reflection coatings can be used to improve the cavity finesse

[494] when there are practical restrictions on the material length such that L0 ̸= π/mDM.

Before moving on to computing signal-to-noise (SNR) values for this measurement

scheme, we provide the transfer function that relates the light-DM-induced modulation of

the refractive index (3.1) to the interferometer output signal power:

δPout

δn
=

δPout

δL
δL
δn

=
2π

λ n̄
PinL0NF (3.6)

where, we used δPout/δL = (2π/λ )PinNF sin(8π∆L/λ ) in the second equality [106].

Here, λ is the laser wavelength and ∆L is a DC offset between the two arm lengths, which

we choose such that δPout/δL is maximum, thereby giving optimal sensitivity to a light

DM background.

3.4 Experimental feasibility

Quantum noise and thermal noise are the fundamental sources of noise in the described

interferometer measurement scheme. Here, we estimate these two noise sources and show

that the proposed experiment can reach the quantum noise limit for experimentally feasible

parameters. Technical noise mitigation (such as laser frequency and phase noise, as well

as EO material birefringence [145]) is also an important aspect of the final detector, which

can benefit from well-established techniques used in state-of-the-art high-precision laser

interferometers like LIGO [3, 104, 105]. We leave a detailed description of the detector
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Figure 3.2: Projected sensitivities of the GALILEO experiment for axion (Left) and dark photon
(Right) dark matter searches. The red shaded area is within the reach of the proposed detector. Or-
ange (red) lines: LiNbO3 (BaTiO3) as target electro-optical material. Dashed lines: 1 s averaging
at each frequency band ∆ f = mDM/(2πF ). Dash-dotted lines: extended search time of 290 s per
bin, equivalent to scanning a decade in mass for about 3 years. Solid lines: 290 s averaging time
per bin and 10 dB squeezing of light input to the interferometer. Vertical gray dashed lines indicate
the number of EO material pieces N = 1,3, and 10 needed to achieve maximum sensitivity at rep-
resentative DM masses if each EO material has a thickness of L0 = π/mDM. See text for details.
Dark (light) gray shaded areas are excluded by terrestrial experiments (astrophysical observations).
Green: QCD axion parameter space. Blue: excluded by dark photon DM cosmology [41]. Existing
limits are adapted from ref. [333].
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design for a follow-up study. We next discuss the sources of quantum and thermal noise.

Photon counting (shot) noise is the fundamental quantum-mechanical limit of a laser

interferometer [117]. The number of detected photons follows Poissonian counting statis-

tics, which leads to an output power uncertainty of δPout = h̄ωL
√

Nout/τ , where ωL is the

carrier photon frequency and Nout is the number of detected photons in the output port over

integration time τ . The shot noise amplitude spectral density (ASD) is δPout/
√

∆ f , with

∆ f being the bandwidth, which can thus be expressed as:

ASDs.n. =
√

2h̄ωLPout =
√

h̄ωLPin . (3.7)

The second fundamental noise source is thermal noise, which has been extensively stud-

ied in the context of gravitational wave laser interferometers [91, 92, 159, 173, 281]. There

are several mechanisms that contribute to the total thermal noise. Homogeneous damping

within a material, which is characterized by the imaginary component of Young’s modu-

lus, induces interferometer phase noise through elastic deformations of the material. In the

presence of inhomogeneous/space-dependent temperature variations, heat flow leads to en-

tropy redistribution and therefore energy dissipation and thermal noise. Such temperature

variations can arise from temporal, stochastic fluctuations at a finite temperature or from

the photo-thermal effect, i.e., photon absorption inside the material. These fluctuations in-

duce interferometer phase noise via the thermo-elastic effect (due to a non-zero thermal

expansion coefficient) and the thermo-refractive effect (due to a non-zero refractive index).

We estimate each of the noise sources using the fluctuation-dissipation theorem (FDT); we

find that photon shot noise dominates over thermal noise for temperatures around 200 K

and below. This operational temperature can be achieved even with a few watts of laser

absorption (and therefore heat generation) via active cooling feedback [407].
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3.5 Thermal noise sources

The fluctuation-dissipation theorem (FDT) allows thermal noise contributions to a GALILEO

measurement to be characterized according to the associated loss mechanism. Before

estimating various noise contributions, let us briefly review the FDT. The temperature-

dependent fluctuations of the effective interferometer arm length difference (i.e., effective

displacement) z as our observable can be written as:

δ z = A
∫

d3r δT (r)q(r) (3.8)

where q(r) is a space-dependent form factor and A is a coefficient that relates temperature

to the observable of interest z. In this work, the form factor is proportional to the laser beam

intensity profile in the transverse plane and is assumed constant along the beam line, i.e.,

q(r) ∝ I(x,y) =
1

πR2
beam

e−(x2+y2)/R2
beam . (3.9)

with Rbeam being the Gaussian width of the optical beam intensity profile.

We are interested in calculating the noise power spectral density (PSD) Sδ z = ⟨δ z(ω)δ z∗(ω)⟩

where ω is an arbitrary frequency within the range of light-DM masses relevant for the

detector. According to FDT, one performs the following steps for each relevant loss mech-

anism:

• Assume a periodic, local entropy injection δ sinj(r) to the measurement system, with

a density of
δ sinj(r)

δV
=

1
T

δQinj(r)
δV

= F0 cos(ωt)q(r) (3.10)

where δQinj is the injected heat/energy, and T is the mean temperature. If z has

dimensions of length, then F0 has dimensions of force, with a magnitude set by the
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specific loss mechanism being considered.

• Calculate the dissipated power Wdiss associated with each loss mechanism consid-

ered.

• Compute the the noise PSD for each loss mechanism via

Sδ z(ω) = A 2 8kBT
ω2

⟨Wdiss⟩
F2

0
(3.11)

where kB is the Boltzmann constant and ⟨· · ·⟩ denotes time-averaging over one cycle

with period 2π/ω .

Parameter Value Description
F ∼ 105 Cavity finesse
P 5W Laser power
λ 1064nm Laser wavelength

Rbeam 1cm Gaussian width of the laser beam
T 200K Cavity temperature
Lz L0 ≤ 6.7mm EO material thickness

Lx,y 5cm EO material lateral dimensions
σ 0.25 Poisson ratio∗

Y0 170GPa Young’s modulus∗

ϕ 10−6 Loss angle∗

ρ 4.64g/cm3 Density∗

κ 4.6W/(m ·K) Thermal conductivity∗

C 628J/(kg ·K) Heat capacity∗

α 14.8×10−6/K Thermal expansion∗

β ∼ 5×10−4/K Thermo-refractive coefficient∗
∗The material properties are reported for LiNbO3.

Table 3.1: GALILEO benchmark experimental parameters.

Table 3.1 provides benchmark experimental parameters. Note that we choose the hier-

archy Lz < Rbeam ≪ Lx,y, which is analogous to the geometry of LIGO mirror coatings; the

calculations that follow will also be analogous.
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We will compare different thermal noise contributions with quantum (photon shot)

noise, assuming lithium niobate (LiNbO3) as the electro-optic (EO) material, with the am-

plitude spectral density (ASD) of the quantum noise (see the main text for details):

ASDs.n. =
√

h̄ωlaserPin = 9.7×10−10 W√
Hz

. (3.12)

Using the transfer function δPout/δL = (2π/λ )PinNF ∼ 2× 1013 W/m we can translate

this ASD to an effective displacement ASD:

ASDs.n. =
√

Sδ z ∼ 4×10−23 m√
Hz

(3.13)

According to the following computations of the thermal noise sources for an operational

instrument temperature < 200K, we conclude that in the DM mass range of interest:

ASDthermal < ASDs.n. (3.14)

3.5.1 Brownian noise

Homogeneous mechanical damping inside a material is typically characterized by an

imaginary contribution to the Young’s modulus:

Y = Y0[1+ iϕ(ω)] (3.15)

where ϕ is the so-called loss angle, which is given by the quality factor of the material’s

internal mechanical modes as ϕ = 1/Qint. The dissipated power due to ϕ can be written as〈
Wdiss|mechanical

〉
= ωϕ(ω)Udef, where Udef is the maximum elastic deformation energy of

the material under an oscillatory drive at frequency ω . Assuming that Lx,y ≫ Rbeam and that
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the mechanical resonance frequencies are far away from ω , one recovers the well-known

result for the Brownian noise PSD as studied in the context of interferometric gravitational

wave detectors [281]:

Sδ z|Brownian ≃ 1.87× 8kBT
ω

1−σ2

π2Y0Rbeam
ϕ (3.16)

where the numerical factor 1.87 applies to a Gaussian optical beam. Therefore, for LiNbO3

EO material in the GALILEO detector we have:

ASDBrownian =
√

Sffiz|Brownian ≃ 6.1×10−24
(

2ß×10GHz
!

)1/2 m√
Hz

(3.17)

for the choice of parameters in Table 3.1.

3.5.2 Inhomogeneous thermal noise

Whenever there is space-dependent temperature variations δT (r), there will be entropy

redistribution, and therefore dissipation, due to heat flow. The rate of change of entropy

density s in terms of heat flow per unit area j is given by ṡ =−(∇ · j)/T , which implies:

Wdiss =−T
∫

d3r
∇ · j
T

=−T
∫

d2A⃗ · j
T︸ ︷︷ ︸

surface

−T
∫

d3r j ·∇(
1
T
)︸ ︷︷ ︸

bulk

(3.18)

where we used Wdiss = T Ṡ. Using κ as the thermal conductivity in the bulk, i.e., j=−κ∇T ,

the second term can be written as:

Wdiss|bulk =
κ

T

∫
d3r (∇δT )2 (3.19)
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To proceed with the surface term, we assume radiative thermal equilibrium with the sur-

rounding environment, which implies a vanishing net radiative heat flow. However, at first

order we have j= 4εemmσSBT 3δT (linearized Stefan-Boltzmann law), where εemm and σSB

are the EO material’s emissivity and Stefan-Boltzmann constant, respectively. As a result,

the radiative surface dissipation is:

Wdiss|surface =
1
T

∫
d2A⃗ · jδT = 4εemmσSBT 2

∫
dxdy δT 2 (3.20)

Next, we employ the process of entropy injection according to Eq. (3.10), so that we can

use the FDT to compute the noise PSD. We solve the diffusion equation with this source:

ρC ˙δT −κ∇
2
δT = ∂t

(
∂Qinj

∂V

)
(3.21)

which can be greatly simplified considering the hierarchy of length scales involved in the

problem. We notice that the sharpest spatial heat injection gradient in the system is given

by the laser beam radius. For the benchmark parameters given in Table 3.1, we can thus

neglect the second term in the diffusion equation. As a result,

δT =
1

ρC
T F0 cos(ωt)q(r) (3.22)

with q(r) = (1/Lz)I(x,y). The bulk and surface dissipated power, following the above

integrals, are [159]:

〈
Wdiss|bulk

〉
=

κT F2
0

2ρ2C2
1
Lz

1
πR4

beam
(3.23)

〈
Wdiss|surface

〉
=

2εemmσSBT 4F2
0

ρ2C2
1
L2

z

1
πR2

beam
(3.24)
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Thermo-elastic effect. Temperature fluctuations can couple to the interferometer phase

noise through thermal expansion [91]. For a non-zero thermal expansion coefficient α ̸= 0,

δ z ≡ δLz = α(1+σ)LzδT (3.25)

where, σ is the Poisson ratio. Therefore, the A coefficient in the FDT for thermo-elastic

noise source is:

ATE = α(1+σ)Lz (3.26)

Thermo-refractive effect. Temperature fluctuations can also couple to the interferom-

eter phase noise through the temperature dependence of the refractive index [92]. In other

words, if β = dn/dT ̸= 0,

δ z ≡ δLz =−βλδT (3.27)

In this case, the corresponding A coefficient is:

ATR =−βλ (3.28)

As pointed out in [173], we should consider thermo-elastic and thermo-refractive ef-

fects coherently. We thus define a total coefficient:

A = AT E +AT R = α(1+σ)Lz −βλ (3.29)

Finally, we are ready to combine all results into the FDT, and compute the bulk and surface

63



contributions to the interferometer noise:

Sffiz|bulk =A 2 4kBκ

ω2
T 2

ρ2C2
1
Lz

1
πR4

beam
(3.30)

Sffiz|surface =A 2 16kBεemmσSB

ω2
T 5

ρ2C2
1
L2

z

1
πR2

beam
(3.31)

which implies,

ASDbulk =
√

Sffiz|bulk =5.6×10−29
(

2π ×10GHz
ω

)
m√
Hz

(3.32)

ASDsurface =
√

Sffiz|surface =1.1×10−29
(

2π ×10GHz
ω

)
m√
Hz

(3.33)

for the choice of parameters given in Table 3.1 and εemm = 1.

3.5.3 Photo-thermal noise

Another source of temperature fluctuation inside the EO material is photon absorption.

Optical photons absorbed in the material can generate a collection of phonons that ther-

malize quickly and lead to local temperature increase [91]. The noise PSD due to such a

process in a thin material is calculated by Braginsky et al.:

Sffiz|photo−thermal = α
2(1+σ)2 h̄ωlaserWabs

(ρCπR2
beam)

2
1

ω2 (3.34)

where ωlaser and Wabs are the carrier frequency and average absorbed power. We assume

that 10% of the total power gets absorbed in the medium. In this case, we have:

ASDphoto−thermal =
√

Sffiz|photo−thermal ≃ 1.3×10−28
(

2ß×10GHz
!

)
m√
Hz

(3.35)

for the choice of parameters given in Table 3.1.
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3.6 Projected sensitivities

In order to project the sensitivity of the GALILEO experiment in the light-DM param-

eter space, we calculate the shot noise-limited and time-averaged SNR. The DM coherence

time τc plays an important role here. As long as the integration time t < τc, the total num-

ber of interferometer signal photons scales linearly with t, the shot noise scales as
√

t,

and hence the measurement SNR ∝
√

t. The SNR degrades for t > τc as the phase of the

light-DM background field varies during the measurement. However, the overall measure-

ment sensitivity to the presence of a non-zero average light-DM background field can still

be improved with repeated independent measurements, each lasting for time τc, with the

resulting SNR scaling as
√

T/τc, where T is the total overall time of the repeated mea-

surements. In this repeated measurement regime, the effective noise power spectral density

scales as (T/τc)
−1/2. The SNR scaling behavior in the two regimes can be combined as

[99]:

SNR =
δPout

ASDs.n.
(τcT )1/4 (3.36)

Using Eqs. (3.1), (3.6), and (3.7), we thus estimate GALILEO SNR values for axion and

dark photon DM as follows 3:

SNR ≃
(

L0NF

6.7mm×1.5×105

)(
λ

1064nm

)−1/2( Pin

5W

)1/2(T
s

)1/4

×


20
(

gaγγ

10−10 GeV−1

)(
B

10T

)(
mDM

100 µeV

)−5/4

120
(

κ

10−11

)( mDM

100 µeV

)−1/4 (3.37)

where we use BaTiO3 as the EO material. We set projections in the axion and dark photon

DM parameter space using the criterion SNR ∼ 1, as shown in Fig. 3.2.

3We use (3.3) and (3.5) as estimates for the DM-induced electric field, neglecting the spatial profile of
electric field inside the EO material.
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To achieve maximum sensitivity in the higher-mass regime, we propose using multiple

EO materials inside a FP cavity, each separated by 2π/mDM. As discussed above, laser ab-

sorption in the EO material limits Leff ≤ 1km. This means that for F = 1.5×105 we have

L0N ≲ 6.7mm. Therefore, for mDM ≲ 90 µeV (corresponding to L0 ≳ 6.7mm) we use a

single EO material with a thickness of 6.7mm; whereas for mDM ≳ 90 µeV (corresponding

to L0 = π/mDM < 6.7mm) we use multiple EO materials. Vertical gray dashed lines in

Fig. 3.2 indicate the required number of EO materials for the higher-mass DM parameter

space to achieve maximum sensitivity.

In the proposed detection scheme, the background DM-induced electric field oscilla-

tions manifest as an oscillatory signal at the interferometer output. It is therefore crucial to

have a high photodetector bandwidth in order to resolve higher-mass DM-induced oscilla-

tions. While commercially available low-noise photodetectors have a bandwidth of up to

50 GHz (corresponding to mDM ≃ 210 µeV), there are currently demonstrations of detec-

tors with bandwidths up to 500 GHz [283, 489]. The EO material’s response time will also

limit detection of DM masses higher than a few meV. We thus set a higher mass limit of

about 2 meV in Fig. 3.2, corresponding to a photodetector bandwidth of about 500 GHz.

In the low-mass axion regime the Fabry-Perot cavity length becomes a limiting factor, be-

cause at least one arm of the interferometer must be within the magnet producing the large

bias magnetic field necessary for axion-induced signals. Therefore, we consider only ax-

ion masses greater than 0.4 µeV in the sensitivity estimations. This requirement is more

relaxed for dark photon searches, where no background magnetic field is needed.

It is possible to reduce the observed noise below the nominal shot-noise limit through

squeezing, where the electromagnetic vacuum noise in the measurement readout quadrature

is reduced, with a corresponding increase of the noise in the other quadrature, consistent

with the Heisenberg quantum limit. To date, laser interferometric gravitational wave detec-

tors have successfully achieved 10 dB vacuum squeezing [445, 450, 493], which is equiva-
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lent to improved sensitivity by a factor of about 3. As part of our sensitivity projections in

Fig. 3.2, we also consider squeezing to further improve the detector reach.

3.7 Summary

We proposed a new approach to detect axion and dark photon dark matter (DM) over al-

most four decades in mass from about 0.1−103 µeV. We dub this experiment GALILEO,

which is based on laser interferometry and uses electro-optical properties to detect DM-

induced electric fields. The proposed experiment explores parameter spaces that are chal-

lenging to probe with resonant cavity haloscopes in the high mass and low mass regimes.

Future technical improvements, such as the development of materials with enhanced electro-

optical properties, may extend the reach of this approach to the QCD axion dark matter

parameter space across a range of several orders of magnitude for the axion mass.
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Chapter 4: Ultra-Heavy Dark Matter Search with Electron Microscopy of

Geological Quartz

Note: This chapter draws on the work published in [161]. For a detailed

discussion and complete technical content, refer to Appendix A, which

includes the full text of the original article.

Despite extensive direct detection efforts, simple weakly interacting DM candidates

have evade detection, prompting interest in more complex dark sectors. In particular, DM

with strong self-interactions could lead to the formation of composite states–ultra-heavy

dark matter (UHDM)–through dark-sector nucleosynthesis in the early universe. These

massive composite objects, with masses far exceeding 1024 GeV, would interact more read-

ily with standard model matter and produce rare but distinct signals, requiring alternative

detection strategies that rely on large exposure rather than detector sensitivity.

One promising approach is to search for damage tracks left by UHDMs in ancient ge-

ological samples, which act as natural particle detectors with billion-year exposure times.

We focus on geologically old quartz as a target material and propose a readout method

based on scanning electron microscopy with cathodoluminescence (SEM-CL), offering

high spatial resolution and no need for etching. This method improves on previous ef-

forts with mica crystals, such as those by Price and Salamon [358], by allowing larger
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sample areas and better background discrimination. In this work, we assess the feasibility

and sensitivity of this approach and explore its capability to probe a class of composite

UHDM models.

4.1 Detection feasibility and experimental protocol

Solid-state detectors have long been used to record particle tracks [182, 183, 212],

including proposals to detect WIMPs via nanoscale damage in synthetic crystals [297, 367]

or ancient rocks [63, 155, 168]. Building on this, we propose using ancient quartz to detect

UHDM, which can deposit enough energy to locally melt the quartz along its path. These

melted regions would re-solidify into amorphous silica—stable over geological times—and

can be identified using SEM-CL [424]. While SEM-CL may also detect non-melting lattice

distortions, we only focus on the more robust signature of UHDM-induced melting.

We illustrate the detection protocol in Figure 4.1. The proposed experimental protocol

for detecting UHDM involves selecting ancient, low-impurity quartz samples that have

remained unannealed for over a billion years and exhibit low CL background. Each selected

sample, approximately 1 cm3 in volume, is sectioned into 100 µm slices, polished using

standard petrographic techniques, and scanned on both faces using SEM-CL. The search

focuses on identifying correlated damage features, indicative of a continuous track across

multiple slices, rejecting false positives by non-detection of aligned damage spots over

additional layers. SEM-CL is well suited for this purpose as it is a non-destructive method

with sufficient spatial resolution.

We propose three stages of sample scanning, of increasing scale and sensitivity. The

first phase, Quartz-1 m2, involves scanning enough samples to reach a total exposure of

1 m2·Gyr using four SEM-CL systems over two years, probing UHDM masses up to

1027 GeV. The second phase, Quartz-10 m2, would use 20 SEM systems over four years
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to reach 1028 GeV sensitivity. Finally, the Quartz-100 m2 phase would involve 100 SEM

systems over eight years, achieving exposures capable of probing UHDMs with masses

up to 1029 GeV. While alternative imaging methods such as CT or confocal microscopy

may offer 3D reconstruction capabilities, their slower scan rates and technical limitations

make SEM-CL the most practical choice for this search, with other methods reserved for

potential follow-up analysis of candidate tracks with higher resolution.

Figure 4.1: Schematic of the proposed readout method. (a) A quartz sample of size ∼ cm3. The
black straight line illustrates a damage track as a result of an ultra-heavy composite dark matter
(UHDM) particle passing through the sample. The sample is sectioned into multiple sections of
thickness ∼ 100 µm. We show several sections where the top and bottom surfaces are highlighted,
which would be scanned using SEM-CL. (b) Correlated damage spots of micron-scale diameter
over a macroscopic (mm-scale or longer) distance, between sections is the unique signature of the
ultra-heavy DM particle interaction with quartz. Note that the probability of background features
coincidently aligning reduces exponentially with the number of correlated layers. For a realistic
feature density of 1000/cm2, simulations show that correlations of 4 layers efficiently rejects false
positive signals.

4.1.1 Quartz samples and backgrounds

The UHDM signal (long, continuous, micron-scale in diameter damage tracks) is highly

distinctive, as no known natural or cosmic ray-induced process produces such features. Lo-

calized defects from radioactive decay or crystal growth can be ruled out due to their limited

spatial extent, while even weakly interacting particles like neutrinos fail to leave extended
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tracks of sufficient energy density. Geological stress fractures may traverse the entire length

of the crystals but differ in geometry and they lack the amorphous quartz signature indica-

tive of UHDM-induced local melting. Thus, the extended structure of UHDM-induced

damage tracks provides a powerful tools for background rejection.

To enhance this discrimination, the experimental design involves SEM-CL scans across

serially sectioned quartz slabs to search for correlated damage spots spanning multiple

layers. Backgrounds from radioactive isotopes, such as uranium-induced fission tracks,

are detectable but typically form isolated halos rather than linear tracks. These features,

while potentially mimicking UHDM signals in a single scan, are readily disqualified due

to lack of multi-layer correlation. Interestingly, preserved fission tracks also serve as a

useful indicator of the sample’s thermal history, as their survival suggests absence of recent

annealing, thereby supporting the stability of any older UHDM-induced features.

In our work, hydrothermal vein quartz (HVQ), particularly from the Jack Hills in West-

ern Australia, is identified as an optimal target material due to its high purity, low impurity

levels, and geologically stable history. HVQ from this region forms large, well-preserved

veins with exceptionally low Ti and Al inclusion concentrations (which is critical for mini-

mizing CL background) and has remained at relatively low temperatures (¡420°C) for over

1.7 billion years. These properties allow large-scale exposure with minimal background

contamination and enable efficient use of the SEM-CL scanning protocol. Jack Hills HVQ

thus offers a unique and ideal natural archive for conducting a high-sensitivity search for

UHDM interactions over geological timescales. Figure 4.2 presents an initial SEM-CL

scan of a HVQ sample from Jack Hills, illustrating several key proof-of-principle points

discussed above.
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Figure 4.2: Example quartz sample characterization. SEM-CL images of two samples, (a) magmatic
quartz from Bishop Tuff with Ti concentration 51±6 ppm, and (b) vein quartz from Jack Hills with
Ti concentration 5.2± 6.5 ppm, measured on a mass spectrometer. The scan rate is 20 s/mm2

with 1.5 µm resolution for magmatic quartz and 5 s/mm2 with 3 µm resolution for vein quartz
(we forecast the full-scale UHDM experiment time and resources using these values). In (b) we
identify a few high-count pixels in the vein quartz image, which demonstrates the possibility of high-
resolution detection of concentrated CL emission. The inset shows a zoomed-in image of the region
of interest with high-count pixels. These pixels could be a melting track intersection, which needs to
be investigated by correlating multiple sections as described in the text. (c) Normalized histogram
of the pixel counts in arbitrary units for each of the two sample SEM-CL images. Vein quartz shows
a lower CL noise level as well as smaller variation, making it a suitable target for our detection
proposal. (d) SEM-CL signal from a uranium halo (measured in a different quartz sample from those
shown in (a) and (b)). Microscopic uranium inclusions have decayed over time; the fission products
from these inclusions create crystal lattice damage, which emits cathodoluminescence (CL) upon
excitation by the SEM. The CL signal from an ultra-heavy composite dark matter (UHDM) particle
track would also result from crystal lattice defects at and around the track of melted quartz. Any
such uranium halos in a UHDM search would be disqualified as potential damage tracks by lack of
correlated damage in other slices of the sample.
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4.1.2 Model-independent sensitivity

The proposed experiment is designed to detect UHDM candidates that (1) pass through

quartz samples with high enough probability and (2) deposit sufficient, localized energy to

melt a micron-scale region. The expected number of DM transits through a quartz sample

of area L×L over a duration T is estimated as:

N ∼ 1
(

1029 GeV
mDM

)(
L

10m

)2( T
109 yr

)
, (4.1)

assuming the local dark matter density ρDM ≈ 0.3GeV/cm3. Given quartz samples that

are ∼ 109 years old and areas up to 100 m2 (in stage three of the experiment), this implies

sensitivity to UHDM with mass mDM ≲ 1029 GeV.

An UHDM particle traversing Earth deposits energy primarily through collisions with

Standard Model nuclei. The energy per nucleus, E1, can reach up to the kinematic limit

of ∼ 10 keV. For simplicity, we assume the UHDM traverses several kilometers into the

Earth’s surface without significant deceleration, maintaining its Milky Way virial velocity

vDM ∼ 10−3c. Under this assumption, the energy deposition rate is bounded from above

by:
dE
dx

≲ 1013 MeV
Å

( mDM

1029 GeV

)
. (4.2)

To produce a robustly detectable amorphous damage trail in quartz, the deposited energy

per unit length must exceed the latent heat required to melt a micron-radius cylinder:

dE
dx

≳
MeV

Å
. (4.3)

Additionally, the energy transferred per collision must exceed the quartz melting tempera-

ture (104 K ∼ 1 eV) in order for the energy deposition to be sufficiently localized, but not

73



surpass the kinematic limit:

1eV ≲ E1 ≲ 10keV. (4.4)

Figure 4.3 illustrates the parameter space accessible to the quartz detector, showing

that this technique probes a wide range of UHDM masses and energy deposition rates in a

model-independent way. For a concrete model of UHDM and a discussion of the experi-

mental reach of the proposed method within that model’s parameter space, see Appendix A.

Figure 4.3: Sensitivity projections for the proposed ultra heavy dark matter (UHDM) search. Model-
independent reach of the geological-quartz detector proposal expressed as stopping power dE/dx
vs mass mDM of a passing UHDM particle, together with the existing constraints from MACRO
for energy deposition per nucleus E1 ∼ 1 eV [31, 393] as well as from damage track searches in
ancient mica [358]. The vertical and slanted boundaries of the quartz-detectable parameter space
(for different effective detector areas) stem from the requirements of an O(1) probability of transit,
Eq. (A.1), and a negligible slowing of the UHDM up to a 1 km depth, Eq. (A.2), respectively. The
black horizontal line indicates the melting threshold for a micron-sized lateral region, Eq. (A.3),
above which robust detection is possible.
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4.2 Conclusion and outlook

We propose a novel method for detecting UHDM particles based on the identification

of long, cylindrical damage tracks in ancient quartz using SEM-CL. This approach offers

two major advantages: the natural billion-year exposure time of geological quartz enables

sensitivity to DM masses as high as 1029 GeV, and the distinctive damage morphology

allows robust discrimination from backgrounds. Focusing on tracks resulting from melting-

induced amorphous silica, this work demonstrates that geological materials, in combination

with modern imaging techniques, can be used as powerful detectors for probing previously

inaccessible regions of DM parameter space.

Future work may aim to extend experimental sensitivity to lower energy depositions,

potentially below the melting threshold. This includes signal calibration using laser-induced

tracks and noise characterization across quartz samples with varied CL activator concen-

trations. While quartz is a prime candidate due to its availability and imaging compatibil-

ity, other minerals with similar properties may also be suitable, enabling complementary

searches. We also analyzed a concrete UHDM model featuring composite bound states

from a QCD-like dark sector coupled via a light mediator, identifying viable, detectable pa-

rameter space consistent with existing constraints (see Appendix A). Broadening the scope

to other DM models capable of producing similar geological signatures remains an exciting

direction for future explorations.
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Chapter 5: LISA Double White Dwarf Binaries As Galactic Accelerome-

ters

Note: This chapter draws on the work published in [164]. For a detailed

discussion and complete technical content, refer to Appendix B, which

includes the full text of the original article.

The Laser Interferometer Space Antenna (LISA) is a future space-based gravitational

wave observatory that will detect gravitational waves in the millihertz regime. Among the

most abundant sources expected in the LISA frequency band are Galactic double white

dwarf (DWD) binaries–systems composed of two white dwarf stars in close orbits. These

binaries produce continuous, nearly monochromatic gravitational waves over the typical

LISA mission duration of several years.

In this chapter, we explore a novel use of LISA’s observations of DWD binaries: using

them as “Galactic accelerometers.” The central idea, developed in [164], is that the fre-

quency of gravitational waves from DWD systems can exhibit small but measurable shifts

over time due not only to intrinsic binary evolution (like inspiral) but also due to the ac-

celeration of the binary relative to the Solar System barycenter. This apparent frequency

change encodes information about the gravitational potential of the Milky Way and thus

provides a new way to map its mass distribution.
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The dynamics of stars and compact binaries in the Milky Way are governed by the

Galaxy’s gravitational potential, which arises from the combination of its luminous compo-

nents (bulge, disk) and dark matter halo. Traditionally, our knowledge of this potential has

come from electromagnetic observations of stellar motions and gas kinematics. However,

such methods are often limited by equilibrium assumptions and does not include dynamical

information, i.e., acceleration of the Galactic sources.

LISA, through its precise measurement of DWD gravitational wave signals, offers an

independent and complementary approach. By measuring how the observed frequency of

a DWD’s gravitational wave signal changes over time, it is in principle possible to infer the

line-of-sight acceleration experienced by the system due to the Galaxy’s gravitational field.

Since this effect is cumulative and depends on the system’s location in the Galaxy, a large

ensemble of such measurements provides a new way to reconstruct the Galactic potential.

5.1 Galactic acceleration and synthetic population

To model the apparent acceleration of Galactic double white dwarf (DWD) binaries,

we adopt a simplified, axisymmetric representation of the Milky Way’s gravitational po-

tential. The model consists of three components: a Miyamoto–Nagai stellar disk, a Hern-

quist bulge, and a Navarro–Frenk–White (NFW) dark matter halo. From this potential, the

Galactocentric acceleration is computed as the negative gradient of the total potential.

In the observer frame (assumed to follow the Sun’s motion), the apparent line-of-sight

acceleration of a source has two main contributions: (i) the differential gravitational ac-

celeration between the source and the observer projected along the line-of-sight, and (ii)

a perspective (or Shklovskii) acceleration resulting from the proper motion of the source

across the sky. The latter is estimated under the assumption that DWDs follow near-circular

orbits in the Galactic disk and bulge.
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Acceleration maps (see Figure 5.1) show that the gravitational component can be either

positive or negative depending on the source location, while the perspective acceleration is

always positive. The typical magnitude of the total apparent acceleration is on the order

of 10−10 m/s2, with the strongest contributions arising near the Galactic Center and the far

side of the disk.

Figure 5.1: Model maps of Galactic acceleration. Left: Galactic line-of-sight acceleration contribu-
tion ∆a · n̂. Center: Shklovskii (perspective) contribution using only vcirc.. Right: Sum of the two
contributions. The contours of these quantities are shown as functions of x and y, the Galactocentric
coordinates on the Galactic plane, aligned such that the location of the Sun (labeled by ⊙) is along
the x axis. Insets in each panel show acceleration maps centered on the Sun, with enhanced contrast.

We use a synthetic population of Galactic DWD binaries using from a catalog developed

by Thiele et al. [438], which combines simulations of Milky Way-like galaxies with stellar

and binary evolution codes to generate the catalog. For a 10-year LISA mission, resolvable

sources are selected by requiring a signal-to-noise ratio (SNR) greater than 7, averaged over

position, orientation, and polarization angle. This yields a sample of approximately 16,000

resolvable DWD systems shown in Figure 5.2. A subset of these, known as verification

binaries, are systems already identified through electromagnetic (EM) observations and are

guaranteed to be detectable by LISA. Currently, this subset includes about 10 detached

DWDs, which are also expected to exceed the detection threshold.
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Figure 5.2: Synthetic population of Galactic DWDs observable in the 10 yr LISA mission. Left:
Aitoff projection of the population in the Galactic longitude and latitude map. Right: The population
shown in the amplitude spectral density (ASD) vs. frequency plane, together with the LISA noise
curve (in gray), which includes the DWD confusion noise. DWD sources are simulated following
Ref. [438] (the total number of sources is 16264); verification binaries (labeled with red stars) are
from Ref. [268]. For both panels, DWD symbol color indicates LISA SNR for the associated GW.

5.2 Fisher analysis

The prospects of DWD binaries as Galactic accelerometers for mapping the Galac-

tic gravitational potential is explored through a combination of analytical arguments and

quantitative Fisher matrix analysis in our work.

An apparent acceleration a of a DWD system induces observable deviations in the GW

frequency evolution f (t), relative to the intrinsic chirp signal fs(τ) expected in the source’s

rest frame. These effects are subtle due to the slow frequency evolution of DWDs over

LISA’s nominal 10-year observation period, as well as small Galactic accelerations.

We argue that distinguishing the effects of acceleration from intrinsic binary evolution

requires measuring high-order derivatives of the GW frequency. The first frequency deriva-

tive ḟ0(τ) is generally measurable for many DWDs, but is degenerate with acceleration

and the intrinsic chirp. Breaking this degeneracy is possible through measuring the second

derivative f̈0, which is only feasible for a small subset of high-SNR, high-frequency DWDs.

A dephasing criterion, defined by a significant shift in the GW phase due to higher-order

frequency derivatives, indicates that only a small number of DWD systems will exhibit a
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measurable second derivative f̈0 over a 10-year observational baseline; see Figure 5.3.

Figure 5.3: Yellow dots show the synthetic DWD binary population considered in this work in the
frequency vs. chirp mass plane. Other types of compact binaries listed in the legend are verification
binaries (VB), binary neutron stars (BNS), black hole–neutron star binaries (BH–NS), and binary
black holes (BBH). The red lines are contours of constant dephasing δψk = 2π . The plot suggests
that there should be a sizeable portion of the DWD population with measurable ḟ0 ≡ f (k=1)

0 (i.e., to
the right of the k = 1 line), while f̈0 ≡ f (k=2)

0 is only measurable for a few binaries (roughly, those
to the right of the k = 2 line).

To quantify uncertainties, Fisher matrices were computed using both time-domain and

frequency-domain GW signal models. A representative DWD system with M = 0.44M⊙,

and SNR = 1000 shows that ḟ0 can be determined to within ∼ 1%. However, f̈0 remains

poorly constrained, resulting in large uncertainty in the inferred acceleration, even for high-

SNR sources. This confirms that, using GW data alone, the degeneracy between ḟs0 and a

cannot be lifted in practice. The situation improves significantly when EM data is available.

If the chirp mass M or the distance D to the source is independently known (e.g., from

spectroscopy or Gaia parallax), the degeneracy between ḟs and a is broken, allowing precise

estimation of the acceleration. Thus, combining LISA data with EM measurements enables

DWDs to serve as effective accelerometers for probing the Galactic potential.
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5.3 Galactic accelerometry

We quantify the uncertainties in measuring DWD accelerations and assess the prospects

for constraining the Galactic mass distribution. In particular, we use a mdel with a single

free parameter: the normalization parameter N that linearly scales the fiducial Galactic

gravitational potential Φ = N Φmodel.

Using Fisher matrix analysis, the uncertainties in GW-derived parameters for the syn-

thetic DWD population are computed under various assumptions. Including higher-order

GW frequency derivatives, such as f̈0, does not significantly improve constraints on key

parameters due to their poor measurability. The observed frequency derivative ḟ0 can be

measured to within 10% for many sources, but remains degenerate with intrinsic binary

evolution and apparent acceleration. After transforming to physical parameters—source-

frame frequency fs0, intrinsic chirp rate ḟs0, and normalized acceleration N —the degener-

acy becomes explicit, rendering both ḟs0 and N essentially unmeasurable; see Figure 5.4.

This implies that, from GW data alone, the Galactic acceleration cannot be measured, even

when aggregating across the full LISA-observable DWD population.

The inclusion of EM data significantly improves parameter inference. When the chirp

mass M is known (e.g., from spectroscopy), degeneracies between M , D, and ḟs0 are

broken, allowing more accurate estimation of N . Comparative Fisher matrix calculations

demonstrate that fixing M externally reduces uncertainties in all other parameters; see

Figure 5.5.

We forecast the improvement in the relative error of the Galactic potential normaliza-

tion, εN = σN /N , as EM surveys of LISA DWD counterparts become more complete.

Using the synthetic DWD population, we model EM survey completeness as a spherical

volume around the Sun within which all LISA sources have identified EM counterparts.

Figure 5.6 illustrates how εN decreases with increasing survey coverage distance, com-
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Figure 5.4: Measurement uncertainties for a synthetic population of Galactic DWDs (model FZ
from Ref. [438]) using GWs alone. Left: The second time derivative of the GW frequency f̈0 is
either included (red) or excluded (blue) from the set of parameters in the Fisher matrix calculation.
Here, numbers quoted at the top of plots refer to the “red” case. Right: The parameters include
either the observed first and second time derivatives of the GW frequency (red, same points as in the
left panel), or the source GW frequency ḟs0 and the global parameter N (purple), which is related
to the Galactic gravitational potential as in Eq. (B.39). Here, numbers quoted at the top of the plots
refer to the “purple” case.
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Figure 5.5: Comparison of the measurement uncertainties on the parameters (N ,M ,D, fs0,ψ0)
when the chirp mass M is included (purple) or excluded (green) from the parameter set. The
numbers quoted at the top of the plots refer to the “green” case. Uncertainties on M are not shown
even when this parameter is included, because in general it cannot be determined. The synthetic
population of DWDs is the same as in Figure 5.4 above (i.e., model FZ from Ref. [438]).

83



paring two cases: (1) EM measurements determine only the chirp mass M , and (2) EM

data provide full characterization except for N , i.e., {M ,D, fs0,ψ0}. In both cases, larger

coverage increases the number of EM counterparts, reducing εN . Sharp improvements

correspond to inclusion of high-SNR sources. In case (1), εN asymptotes to ∼ 2 beyond

∼ 10kpc, indicating limited measurability. In case (2), uncertainties are an order of mag-

nitude smaller, and N becomes measurable with ∼ 103 counterparts within a few kpc,

consistent with extrapolations from current verification binary catalogs [269]. This analy-

sis suggests the feasibility of Galactic accelerometry with LISA as part of a multimessenger

approach.

Figure 5.6: Left panel: only the chirp mass M is determined through EM observations. Right panel:
all parameters (other than normalized acceleration N ) are determined through EM observations:
i.e., {M ,D, fs0,ψ0}. In each plot, the vertical position of a given circle or dot (as measured by the
left vertical axis) indicates the relative measurement uncertainty on N , εN ≡ σN /N , assuming
that all DWDs within a certain distance from the Sun (as given by the position of the circle or dot on
the horizontal axis) were used to infer the acceleration; the orange line and the right axis show the
cumulative distribution function (CDF) of the DWDs within that distance. Recall that N = a/a0,
where a0 is the acceleration in the fiducial model of the Milky Way: see also Eq. (B.39). Individual
sources are marked in blue (for all sources in the catalog, i.e., those detectable by LISA) or red (for
verification binaries). The sizes of the circles or dots are proportional to the source SNR. Although
the distance is not the only factor determining the GW SNR of a source, we observe a general trend
of SNR falling with distance.
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5.4 Conclusion

We have shown that LISA’s resolved double white dwarf binaries can serve as ac-

celerometers to probe the Milky Way gravitational potential. While gravitational wave data

alone suffers from strong parameter degeneracies limiting the measurement of apparent

accelerations, combining these observations with electromagnetic measurements of binary

parameters significantly improves constraints. In particular, identifying and characteriz-

ing about 103 electromagnetic counterparts enables determination of the Galactic potential

normalization parameter. This multimessenger approach complements existing dynamical

tracers from electromagnetic observations, offering a promising new avenue to map the

Galactic gravitational potential with LISA.
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Chapter 6: Final Remarks

This thesis has explored innovative precision measurement approaches to advance the

search for dark matter across a broad spectrum of candidate masses and interaction regimes,

demonstrating the promise of combining quantum sensing, materials science, and astro-

physical techniques.

In Chapter 2, in the quest for directional detection of WIMPs, we developed and ana-

lyzed a solid-state detector concept based on quantum defects in diamond. This approach

leverages the exceptional spatial resolution and strain sensitivity of nitrogen-vacancy cen-

ters to identify and reconstruct nanoscale damage tracks induced by nuclear recoils. The

detector concept offers a viable pathway to overcome the neutrino floor by enabling di-

rectional discrimination of particle signals from neutrino backgrounds–a critical milestone

for future direct detection experiments. Our analysis highlights both the near-term experi-

mental challenges and the medium-term roadmap toward prototyping a functional detector,

emphasizing the interdisciplinary synergy required to realize these capabilities.

Beyond WIMPs, in Chapter 3, we proposed the GALILEO experiment, a novel method

leveraging electro-optical material and optical interferometry approach to search for ultra-

light bosonic dark matter candidates such as axions and dark photons over a wide mass

range. GALILEO’s innovative design addresses key sensitivity gaps in existing haloscope

experiments and provides complementary benchmarks that motivate its experimental im-

plementation for broader coverage of the dark matter parameter space. This approach could

significantly broaden the accessible parameter space and paves the way for future technical
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improvements to probe the QCD axion regime as well as dark matter models.

In Chapter 4, we proposed a novel method to search for ultra-heavy composite dark

matter (UHDM) by analyzing damage tracks in ancient quartz samples using scanning elec-

tron microscopy cathodoluminescence (SEM-CL). The exceptional billion-year exposure

time of these geological samples offers a unique window to detect extremely massive dark

matter candidates, far beyond the reach of current direct-detection experiments. Our ap-

proach is largely model-independent regarding dark sector microphysics, relying primarily

on the distinctive long damage trails UHDMs would leave in quartz. Future efforts will fo-

cus on refining experimental sensitivity and extending this method to other mineral targets,

as well as broadening the class of dark matter models that can be tested.

Chapter 5 investigated the use of gravitational wave observations from LISA-resolved

double white dwarf binaries as accelerometers to probe the Milky Way’s gravitational po-

tential. By modeling the Galactic potential and using a simulated population of detectable

binaries, we assessed LISA’s sensitivity to apparent line-of-sight accelerations encoded in

Doppler modulations of gravitational wave signals. Our results emphasize the necessity of

combining gravitational wave data with electromagnetic observations of binary parameters

to break degeneracies and achieve precise measurements of the Galactic potential normal-

ization. This multi-messenger approach, alongside refined modeling and accounting for

systematic uncertainties, holds promise to improve our understanding of the Milky Way’s

mass distribution. Collectively, this technique complements existing electromagnetic dy-

namic tracers such as stellar accelerations and pulsar timing, enriching the landscape of

Galactic gravitational studies.

Taken together, these complementary efforts illustrate the power of precision measure-

ment techniques in probing fundamental physics beyond current limits. The interdisci-

plinary advances presented here contribute critical tools and concepts toward the overarch-

ing goal of identifying the elusive nature of dark matter, motivating continued experimental
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and theoretical developments in the years to come.
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Appendix A: Published Article: Ultra-Heavy Dark Matter Search with

Electron Microscopy of Geological Quartz

Note: We reproduce ref. [161] in this appendix. Content of this appendix also appears

in the PhD thesis at Johns Hopkins University of one of the co-authors, Erwin Tanin, titled

‘Beyond the Standard Model Explorations’.

A.1 Introduction

A major outstanding puzzle in modern physics is the nature of dark matter (DM) [434].

Despite the ever-improving sensitivities of direct detection experiments, the simplest DM

candidates have not been observed, motivating searches for a wider range of possible dark

sectors. Moreover, challenges that simple cold DM candidates face on sub-galactic scales

[100, 267] might be relieved with more complex dark sectors. For instance, self-interacting

DM has been investigated to address small-scale challenges such as the core-cusp problem

[289, 422].

Nearly all current DM detection strategies, ranging from direct-detection efforts in the

laboratory to indirect signals from DM annihilation (or decay), are based on the assumption

that the DM is distributed around the universe as a gas of free particles with a large number

density. This picture naturally emerges if self-interactions within the dark sector are weak,

but is not strictly prescribed by existing observational constraints. The most stringent lim-

its arise from observations of the Bullet Cluster, which restrict the self-interaction cross
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section per unit mass to be σχχ/mDM ≲ 1 cm2/g [422]. It is apparent that the limit on σχχ

itself is significantly weakened if DM is clustered into composite states with large masses

mDM.

If the dark sector has strong self-interactions, it would undergo a nucleosynthesis pro-

cess in the early universe much like the nuclei of the standard model (SM), whereby in-

dividual particles coalesce to form large composite states [217, 477]. SM nucleosynthe-

sis suffers from a number of theoretical accidents (such as the deuterium bottleneck) that

render certain light elements unstable and thereby inhibit the production pathway of ultra-

heavy elements. Still, the SM manages to produce large composite systems [195]. It is thus

not surprising that a completely unconstrained dark sector could also produce large com-

posite objects. We will refer to these composite states, which can easily be much heavier

than 1024 GeV, as ultra-heavy dark matter [203, 208].

Direct searches for canonical DM in the form of a gas of small particles leverage the

large influx of these particles in a detector to compensate for their small cross section with

SM particles. For example, about 1016 weakly interacting massive particles (WIMPs) of

mass 100 GeV would pass through a m3 detector in a year, allowing for the direct detec-

tion of WIMP-nucleon scattering cross sections as low as 10−45 cm2 [381]. UHDMs, on

the other hand, would arrive with significantly lower flux and require a different detec-

tion strategy. Thus, an experimental strategy for UHDM detection should leverage generic

signatures of large composite objects instead of focusing on the specifics of any one com-

posite DM model, as the rich dynamics of an interacting dark sector can produce a plethora

of models. Accordingly, we focus here on the fact that the many constituent particles of a

UHDM will enhance its cross section with SM matter such that each rare UHDM incidence

could result in a spectacular (and possibly lethal [414]) event with a distinct signature imi-

tated by no SM effect. The detector sensitivity is therefore less important in such scenarios

and can be traded for greater exposure that maximizes the probability of a rare UHDM
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transit. In this paper, our primary focus is to establish the detectability of such a signal.

While we provide an example of a DM model that yields such a signal, it is straightforward

to construct other examples of ultra-heavy particles that can cause similar damage (e.g.,

Q-balls [271], charged primordial black hole relics [278]).

Damage tracks left by particles passing through the Earth over geological times could

be recorded by ancient rock samples buried underground. For this reason, such geological

samples have been proposed and used as ”natural particle detectors” in the past, including

for magnetic monopoles [165, 179, 180, 184, 241, 263, 357, 358], macroscopically large

DM [411], WIMPs [63, 134, 155, 168, 171, 415, 416], and neutrinos [64, 244]. The ge-

ological exposure times of ancient rock detectors range from the present back to the time

they were last heated naturally to the point of annealing, which can be up to ∼ 109 years

and is thus much longer than typical DM direct detection laboratory experiments (by fac-

tors of up to 109). This advantage makes geological DM detectors ideal probes of sparser,

higher-mass composite DM. As we discuss in Sec. A.2, searches with 10 m2 of billion-

year old rock would probe DM masses up to mDM ∼ 1028 GeV. A major challenge for such

a detection strategy is the ability to efficiently identify DM signatures in a large volume

of rock and distinguish them from geological, radioactive, and cosmic ray backgrounds.

Such discrimination is significantly simpler in searches for UHDMs, since the extremely

long and continuous cylindrical damage patterns they generically leave are qualitatively

different from the sporadic defects due to expected backgrounds.

Here, we assess the use of geologically old quartz samples as solid-state particle de-

tectors to search for damage tracks left by UHDMs. Quartz, a crystalline polymorph of

silica SiO2, is one of the most abundant and well-studied minerals in the lithosphere [202].

Defects and damage tracks can be resolved down to the micron scale with SEM-CL: a

scanning electron microscope (SEM) combined with a cathodoluminescence (CL) detec-

tor. Imaging provided by the SEM is supplemented with spectral information from CL,
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which reveals the nature of trace elements and point defects in the quartz [423]. This

modality has already proved successful at providing answers to key geological questions

[10, 11, 214, 277, 292, 419, 455]. The technical advantages of SEM-CL mapping, as well

as the considerable literature on its application in quartz, make it an appropriate choice for

our readout method.

Note that a similar search for long damage tracks was performed by Price and Salamon

[358] in ancient mica crystals with null results. While they used this result to constrain

the abundance of magnetic monopoles, the experiment is also sensitive to UHDMs with

masses mDM ≲ 1026 GeV [74, 237]. Mica is a crystalline mineral with almost perfect basal

cleavage, offering efficient sample preparation. However, the readout method used in their

experiment requires acid etching prior to microscopy in order to enlarge damage tracks

and render them visible in an optical microscope. Such an etching process also enlarges

background signals in the form of naturally-occurring lattice defects. Hence, the success

of the experiment hinges on the low level of background in the samples and its scalability

is limited by the availability of sufficiently pristine mica crystals. By contrast, the lack

of etching in our proposed SEM-CL readout and the more readily available quartz mineral

that meets our requirements allow us to scan over larger sample areas and extend the search

pioneered by Price and Salamon to higher DM masses.

The rest of the discussion is organized as follows. In Sec. A.2 we present an experimen-

tal realization of the UHDM detection method sketched above, identify optimal samples,

and assess its model-independent sensitivity. We then demonstrate its ability to probe a sim-

ple composite UHDM model, taking into account various existing constraints, in Sec. A.3.

Finally, we conclude in Sec. B.6.
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A.2 Detection Feasibility

In this section, we investigate experimental issues for UHDM detection with quartz.

Based on the considerations below, we establish the criteria for UHDM signatures to be

robustly detectable with microscopy of about µm-resolution. We discuss the discovery

reach of this approach in Sec. A.2.4 (see equations (A.2)-(A.4)).

A.2.1 Damage Tracks

Solid-state systems [182, 183, 212] have been used as particle track detectors with ap-

plications ranging from nuclear science to geophysics, as such tracks yield information

about the history of the sample and properties of the impinging particles [181]. For exam-

ple, DM detection using crystal damage tracks has been proposed as a directional signal

in semiconductors such as diamond, where a WIMP scattering event would give rise to

damage tracks of ∼ 30− 100 nm in length; the directional information in these tracks

could enable such a detector to probe below the ”neutrino floor” [297, 367]. Paleodetec-

tion, which looks for damage tracks of a similar size in ancient rock samples, has also been

investigated for WIMP detection [63, 155, 168].

We propose using ancient quartz as a detector for ultra-heavy composite dark matter

(UHDMs). As we discuss in Sec. A.2.4, each UHDM could deposit enough energy to

locally melt nearby quartz along its trajectory. Since quartz nucleation under ambient con-

ditions is a very slow process [98], the melted region would solidify into amorphous silica

without recrystallizing. Detecting such amorphous micro-regions within quartz samples

is feasible with SEM-CL, where defects in the tetrahedrally coordinated SiO2 microstruc-

ture contribute to CL emission [424]. Even in the absence of melting, the same SEM-CL

method would in principle be sensitive to linear tracks of lattice distortions left by UHDMs.

However, quantitatively characterizing the sensitivity of this method to such tracks requires
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further study of the backgrounds in natural quartz, which we leave for future work. Thus,

in what follows we focus on detecting UHDMs that can cause melting.

A.2.2 Quartz Samples and Backgrounds

The signature of the proposed UHDM detection method is a long damage track, of

micron-scale cross section, extending through the entire length of the quartz sample (see

Figure 4.1a). This signature has the distinct advantage that no known mechanism produces

such a track, allowing for strong geometric rejection of background signals. A variety

of effects may induce localized disruption of the crystal lattice on the micron scale, such

as extended growth defects or radioactive decays, but these localized features cannot pass

through the entire macroscopic crystal. And although particles with low interaction prob-

ability (e.g., neutrinos or relativistic cosmic rays) can pass through an entire sample, their

low nuclear cross sections yield dispersed individual damage events rather than a contin-

uous, micron-scale-diameter track. The density of atmospheric neutrino-induced damage

tracks falls off exponentially with the track length, with essentially zero density of tracks

longer than a few mm [244]. Note that the imparted energy per unit length along such

tracks is much lower than the robust detection threshold; however, if detected, they can be

rejected as a UHDM signal due to the lack of correlation throughout the full ∼ cm extent

of the sample.

Fractures induced by historical geological stresses could similarly pass continuously

through an entire sample, but would in general be two- or three- rather than one-dimensional,

and would not leave behind amorphous quartz within the damage track. Geologically-

induced single line defects might also be present in quartz samples, however, at smaller

scales, only observable by transmission electron microscopy (TEM) [280] or atomic force

microscopy (AFM). So these features are not relevant backgrounds for the proposed read-
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out.

To take advantage of the distinctive extended geometry of a UHDM signal, we propose

a multi-phase scanning readout, where we search for correlated feature positions at multiple

depths in the sample (see Figure 4.1). This allows us to reject backgrounds, which have an

exponentially suppressed likelihood of lying along a single line (as shown by simulations

discussed in Figure 4.1). An expected background signal, given the imaging resolution of

our method, is from the presence of radioactive isotopes such as uranium, which lead to

fission tracks and alpha recoil damage within the crystal lattice. These processes leave be-

hind halos of size ∼ 10 µm [89], which are readily detectable using our proposed SEM-CL

protocol (see Figure 4.2d). In a single two-dimensional SEM-CL scan, these could mimic

a UHDM damage track, but would be disqualified as UHDM signals by lack of correlated

damage in subsequent slices. The presence of some radioactivity-induced features is poten-

tially beneficial to our analysis, as their preservation would indicate that recent annealing

events would not have removed older, UHDM-induced features. As such, if the fission

track age can be determined from the host quartz, the absence of UHDM-induced features

implies the lack of UHDM interaction events since the time of occurrence of the fission

track.

Quartz samples with low impurity levels are essential for reducing background lev-

els. High-resolution cathodoluminescence (CL) studies reveal both the microstructure of

the samples and trace element inclusions. Titanium (Ti) and aluminum (Al) are the two

of the most abundant impurities in quartz. Ti is the dominant CL activator while Al is

not generally considered an activator [277, 429]. Trace element studies show that quartz

samples of different geological origins have a wide range of Ti and Al concentrations. Low-

temperature hydrothermal vein quartz (HVQ) has the lowest trace element concentrations:

quartz typically has a Ti concentration of a few 100 ppm; but this number could be as low

as 6 ppm for an HVQ sample, which simultaneously has a low Al concentration [11, 385].
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Here, we characterize preliminary measurements to demonstrate that low-Ti vein quartz

samples are a suitable choice for our proposed experiment (see Figure 4.2).

We note that any mineral deposits with comparable geological history and suitability

for low-background CL scanning could in theory serve as a target in a UHDM search.

However, HVQ is well suited for a high sensitivity search: it is available in large quantities

with high purity and crystal homogeneity from deposits with well characterized geological

history. Hydrothermal fluid flow is commonly localized along fracture systems, fault sys-

tems, and shear zones that can produce vast arrays of quartz veins. When a fracture or fault

remains open and under hydrothermal pressure for a sufficient period of time, hydrothermal

vein quartz grows as large, euhedral, and high-purity crystals. These properties will enable

us to analyze a large net exposure with the proposed protocol, using serial sectioning and

SEM-CL scanning of large samples, with background rejection via correlation of damage

spots across layers (see Figure 4.1b).

HVQ from the Jack Hills of Western Australia is an ideal source of quartz for the

DM search. The siliciclastic units at Jack Hills contain numerous, large quartz veins that

appear as prominent surface features (i.e., clusters of milky white outcrops that can form

very localized topographic highs) observed throughout the range. The veins are generally

either undeformed or very weakly deformed, and often show an abundance of high-purity,

gem-quality quartz crystals. These HVQ systems can reach impressive sizes at several

locations within the Jack Hills from cm-scale to 50 meters wide [418]. Several of the vein

systems can be followed for several kilometers and appear to be associated with major

episodes of brittle faulting. The combined work of Rasmussen et al. [370] and Spaggiari

[417] provide strong evidence that units (including the hydrothermal quartz veins) at Jack

Hills, particularly in the vicinity of the ”classic” W74 location, have likely remained at

temperature conditions less than 330-420 ◦C for ∼ 1.7 Gyr. The fact that the tectonic

environment can be evaluated in detail [65, 118, 417, 443] (including thermometry and age
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dating) and consistently demonstrates equilibria at such low temperature (i.e., at or below

greenschist facies), is to the best of our knowledge unique to Jack Hills, making it an ideal

source of HVQ for our proposed measurements.

A.2.3 Experimental Protocol

The proposed experimental protocol is as follows:

1. Identify quartz samples that are (i) old, having last annealed no less than 1 Gyr ago;

and (ii) clean, with low CL noise level and less than a few thousand micron-scale

resolved CL features per cm2.

2. Prepare about 104 samples of size ∼ cm3 that satisfy the above conditions and prepare

each of the samples into sections of thickness ∼ 100 µm (see Figure 4.1a). Polish

the top and bottom surfaces of each section, then scan them with SEM-CL.

3. Search for correlated damage spots, across the first few sections, that are aligned,

section-to-section, along a straight line (see Figure 4.1b).

4. If such a damage track of interest is identified, perform a dedicated search in subse-

quent sections to reject false positives.

5. Repeat steps 3 and 4 for all the cm3 samples.

To prepare HVQ samples for SEM-CL analysis we perform a standard petrographic

polishing preparation. Conventional polishing, using successive SiC powders ranging from

240-1200 ANSI1 grit sizes (∼10 minutes per grit) are used to gradually reduce surface to-

pography. SiC polishing is followed by a series of automated polishing stages on a MiniMet

polishing/grinding unit, proceeding from 3 to 1 to 0.1 micron Al2O3 grits (∼30-60 mins

1American National Standards Institute

97



per grit, with ∼1 minute of ultrasonic bathing between grits). As these polishing stages are

generally done on automated or semi-automated systems, large volumes of material can be

processed. The effects of polishing on the quartz surface is negligible for most aspects of

a UHDM search; there may be some localized damage to the near surface environment,

restricted to the first few nm [464], whereas SEM-CL typically probes about 1 µm.

Additionally, polishing and SEM scanning should not significantly heat the sample.

Paleomagnetic studies on ancient rock samples show that the magnetization, which would

change under heating by only a few tens of degrees, remains unchanged after polishing

[468]. While SEM interrogation may induce some heating for macroscopic, microns-thick

samples such as we propose here, such heating should be limited to ∼ 10◦C [226, 462]–

especially with appropriately chosen SEM beam parameters. SEM-CL can therefore be

considered a non-destructive readout method.

Alternative methods –including high resolution computed tomography x-ray (CT) or

superresolution optical microscopy– offer sufficiently high resolution to measure UHDM-

induced damage tracks, as well as the prospect of three-dimensional imaging. However,

these methods generally require much longer scan times than SEM-CL, as well as method-

specific constraints such as sample size restrictions or synchrotron beam availability. If

correlated damage spots in serially-sectioned quartz slabs are identified by the proposed

SEM-CL readout, follow-up experiments on the same sample could be pursued (due to the

non-destructive nature of the SEM technique); e.g., 3D imaging using techniques such as

CT or laser scanning confocal microscopy at different wavelengths.

The scanning rate with SEM-CL depends on sample properties such as the concentra-

tion of CL activators. Given a typical data acquisition time of ∼ 100 min per cm2 with µm

resolution (for example see Figure 4.2), we plan the experiment in three stages:

• Quartz-1m2: About two years of experiment time with four SEM-CL apparatuses
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will be required to scan samples with a total area of about 1 m2. The total quartz

exposure of ∼ 1m2 Gyr for such a search would probe UHDMs of mass mDM ≲

1027 GeV. This first stage search would probe a currently unconstrained mass range

with a new technique; see Figure 4.3.

• Quartz-10m2: 20 SEM apparatuses running for about four years would provide a to-

tal quartz exposure to UHDMs of ∼ 10m2 Gyr, yielding sensitivity mDM ≲ 1028 GeV.

• Quartz-100m2: 100 SEM apparatuses running for about eight years would provide

a total quartz exposure to UHDMs of ∼ 100m2 Gyr, yielding sensitivity mDM ≲

1029 GeV.

A.2.4 Model-Independent Sensitivity

The proposed experiment would be sensitive to a wide range of ultra-heavy dark matter

(UHDM) candidates, independent of the underlying dark sector microphysics, that (1) pass

through the quartz sample with sufficiently high probability while (2) depositing enough

energy in a sufficiently concentrated way to melt a micron-size lateral region.

Given a DM candidate of mass mDM, we can estimate the expected number of DM

transits in a sample of area L×L over a duration T to be

N ∼ 1
(

1029 GeV
mDM

)(
L

10m

)2( T
109 year

)
(A.1)

based on the local DM density, ρDM ≈ 0.3GeV/cm3. As described in the previous sections,

the quartz samples under consideration are roughly T ∼ 109 year old, and a 100 m2 sample

area can be scanned in stage three. The requirement that N ≳ 1 imposes an upper bound

on the UHDM mass, mDM ≲ 1029 GeV ∼ 100 kg. The advantage afforded by the large

exposure of such a long-lived sample is manifest.
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An UHDM moving through the Earth will collide with and deposit energy to SM par-

ticles along its path. The energy E1 imparted to each SM nucleus can go as high as the

kinematical limit of 10 keV (corresponding to nuclei acquiring twice the velocity of the

UHDM in a collision) depending on how elastic these collisions are, while the stopping

power dE/dx depends on E1 as well as the UHDM radius. For simplicity, we assume in

our estimates that the UHDM travels at least a few kilometers deep into the Earth’s surface

while maintaining its Milky Way virial velocity of vDM ∼ 10−3c. This amounts to an upper

bound on the energy deposition rate

dE
dx

≲ 1013 MeV
Å

( mDM

1029 GeV

)
. (A.2)

Most of the deposited energy will likely go to SM nuclei. Only a tiny portion will go

directly to electrons, whose low mass limits their kinetic energy gain (for kinematics rea-

sons) and whose coupling to DM is severely limited by astrophysical and cosmological

constraints [207]. The nuclei and electrons will then thermalize, leading to a loosening of

molecular bonds as the electrons acquire more energy, and eventually cause melting. Due

to thermal diffusion, the melted region will enlarge and cool. What ultimately remains,

in the case of quartz, is a long cylindrical trail of amorphous silica, precisely the kind of

damage that is detectable with the method outlined above.

In order to leave a robustly detectable damage trail, the UHDM must deposit sufficient

energy per unit length dE/dx exceeding the required latent heat to melt each unit-length

segment of a micron-radius cylinder. This amounts to a dE/dx threshold for robust detec-

tion of
dE
dx

≳
MeV

Å
. (A.3)

See Figure A.1a for model-independent sensitivity projections. Further, since quartz has a
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melting point of 104 K ∼ 1 eV and energy tends to spread outward, the energy deposition

must be sufficiently localized that the energy E1 gained by each nucleus is greater than the

melting temperature, i.e. it must lie in the range

1eV ≲ E1 ≲ 10keV (A.4)

where the upper bound is the kinematical limit for energy transfer per nucleus (with mass

number A ∼ 10).

Figure A.1: Sensitivity projections for the proposed ultra heavy dark matter (UHDM) search. (a)
Model-independent reach of the geological-quartz detector proposal expressed as stopping power
dE/dx vs mass mDM of a passing UHDM particle, together with the existing constraints from
MACRO for energy deposition per nucleus E1 ∼ 1 eV [31, 393] as well as from damage track
searches in ancient mica [358]. The vertical and slanted boundaries of the quartz-detectable param-
eter space (for different effective detector areas) stem from the requirements of an O(1) probability
of transit, Eq. (A.1), and a negligible slowing of the UHDM up to a 1 km depth, Eq. (A.2), respec-
tively. The black horizontal line indicates the melting threshold for a micron-sized lateral region,
Eq. (A.3), above which robust detection is possible. (b) Parameter space of the UHDM model con-
sidered in Sec. A.3. Left: reach on coupling gn vs DM mass mDM. Right: reach on coupling gn vs
mediator mass mφ . Also shown are existing constraints from ancient mica [358], fifth force exper-
iments [207], and stellar cooling of SN1987A [207] and horizontal branch (HB) stars [207] (note
that the stellar cooling bounds are model-dependent [148]). In these gn plots, we set gχ to its upper
bound mφ/Λχ from Eq. (A.14).
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A.3 Example UHDM Model

In this section, we consider an example of a simple, ultra-heavy composite dark matter

(UHDM) state [203] that can give rise to the desired damage tracks while being consistent

with existing experimental and observational constraints. These composite objects consist

of Nχ dark fermions χ whose mass, inverse size, and binding energy to form the UHDM

are determined by a single scale Λχ . It follows that they have mass mDM ∼ NχΛχ and size

R ∼ N1/3
χ Λ−1

χ . We assume that the fermions χ interact with standard model nucleons ψn

through a repulsive2. Yukawa interaction mediated by a scalar φ of mass mφ :

−L ⊃ 1
2

m2
φ φ

2 +gnφψ̄nψn −gχφ χ̄χ . (A.5)

We show that UHDMs with the following properties satisfy the robust detectability criteria

detailed in Sec. A.2.4 without running afoul of any existing constraints:3

1026 GeV ≲mDM ≲ 1029 GeV (A.6)

10 nm ≲R ≲ 1 cm (A.7)

0.1eV ≲mφ ≲ MeV ↔ 102 fm ≲ m−1
φ

≲ 1 µm (A.8)

100keV ≲Λχ ≲ 10GeV . (A.9)

This allows us to probe wide ranges of the couplings gn and gχ . Two slices of this param-

eter space are shown in Figure A.1b. Eq. (A.6) follows from Eq. (A.1) and ancient mica

constraints; Eq. (A.7) follows from (A.3), (A.4), (A.13), and the quartz sample size of 1 cm;

2Attractive DM-nucleon interactions are just as compelling as the repulsive interaction considered here.
We note that the attractive interactions might have more complicated dynamics as nuclei may get trapped and
accumulate inside the UHDM. See e.g. [9]

3Due to various constraints, this parameter space has a complicated geometry. Here we simply identified
the lower and upper limits for each parameter.
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Eq. (A.8) follows from fifth force constraints and the requirement that the UHDM-nucleus

interaction be treated classically; Eq. (A.9) follows from Eqs. (A.6) and (A.7).

A.3.1 Detectability with Quartz

The optimal UHDM detection signature is expected for mediators with a range m−1
φ

sat-

isfying Λ−1
χ ≪ m−1

φ
≲ µm, since this is the intermediate regime where the UHDM-nucleon

coupling is enhanced by the number of constituents χ of the UHDM within the range of

the mediator (m−1
φ
/Λ−1

χ )3 while simultaneously evading existing fifth force constraints.

For simplicity of analysis we only consider part of the parameter space where m−1
φ

≪ R. In

doing so, we limit the UHDM’s cross section to be at most geometrical.

An SM nucleus located inside the UHDM only sees the composite DM particle’s con-

stituents χ within the range of the mediator m−1
φ

≪ R. Hence, to the SM nucleus each

point in the bulk of the UHDM is just like any other, yielding a potential energy V (r) as a

function of the distance r from the center of the UHDM with the following profile:

V (r) =


+V0, r < R

0, r > R
(A.10)

where at the boundary r ≈ R the potential drops to zero exponentially over a length scale

of order m−1
φ

, and

V0 ∼
(

Λχ

mφ

)3 gχ(10gn)

m−1
φ

(A.11)

for SM nuclei with mass number A ∼ 10. As a result, from the perspective of a nucleus the

UHDM is just a constant potential hill moving at a velocity vDM ∼ 10−3c.

Since the de Broglie wavelengths (10MeV)−1 of the SM nuclei are smaller than the

103



mediator ranges m−1
φ

of interest, we can treat the UHDM-nucleus interactions classically.

When V0 ≳ 10keV, the potential V0 prevents any nucleus from entering the UHDM. The

UHDM-nucleus collisions are thus elastic, and the energy E1 transferred to a nucleus sat-

urates the kinematical limit E1 ∼ 10keV. If V0 ≲ 10keV, on the other hand, the nuclei

can easily climb the potential hill, and the collisions between a nucleus and the UHDM’s

surface will be inelastic. When a nucleus encounters the surface of the UHDM, it receives

a force F ∼ V0/m−1
φ

due to the gradient of the Yukawa potential. This force is exerted

throughout the duration τ ∼ m−1
φ
/vDM of the collision, resulting in a nearly-instantaneous

momentum kick p1 ∼ Fτ which translates to the kinetic energy E1 ∼ 10keV(V0/10keV)2

per nucleus. To sum up, the energy imparted to a nucleus after the passage of a UHDM is

E1 ∼ 10keV×min

[
1,
(

V0

10keV

)2
]
. (A.12)

Using a lattice spacing of about 5Å for quartz, the energy deposition rate then follows:

dE
dx

∼ E1

5Å

(
R

5Å

)2

. (A.13)

Having linked the model parameters with the quantities characterizing quartz damage tracks,

the detectable parameter space can be evaluated based on the considerations in Sec. A.2.4

(see Figure A.1b).

A.3.2 Existing Constraints

A.3.2.1 The mediator

Past experiments and observations have placed limits on the coupling gn of the mediator

φ to standard model nucleons with varying severity for different masses mφ of the mediator.
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These include: collider constraints on the meson decay rate, laboratory fifth-force searches,

and stellar cooling bounds from observations of the SN1987A event and horizontal branch

(HB) stars. Note, however, that the stellar cooling bounds are model-dependent [148]. The

following parameter space is thus ruled out [207]:

• Meson decay: gn ≳ 10−6, mφ ≲ 100MeV.

• Fifth force: gn ≳ 10−12(mφ/eV)3, mφ ≲ 100eV.

• SN1987A: 3×10−10 ≲ gn ≲ 3×10−7, mφ ≲ 30MeV.

• HB stars: gn ≳ 10−13, mφ ≲ 100keV.

Furthermore, the couplings of UHDM constituents χ to the mediator φ add extra self-

interactions among χ that may destabilize the UHDM. In order for the UHDM to be stable

the mediated self-interaction potential g2
χΛ3

χm−2
φ

of a single χ must not exceed the binding

energy Λχ . This puts an upper bound on the coupling gχ of χ to the mediator φ :

gχ ≲
mφ

Λχ

. (A.14)

A.3.2.2 Direct detection

Of the currently and previously running direct-detection DM experiments, MACRO

puts a strong constraint on our scenario due to its large volume. MACRO is a scintillator

experiment with exposure of about 103 m2 × 10 years corresponding to mDM ≲ 1022 GeV

for 1 event over its decade-long lifespan. It is sensitive to energy depositions ≳ 10MeV/cm

to electrons [31]. When a nucleus receives energy E1 from interaction with a UHDM, only

some fraction Q(E1), called the quenching factor, of that energy effectively goes to the elec-

trons tied to the nucleus. It is this relatively small fraction of energy that is responsible for
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the processes of scintillation and ionization that may occur subsequently. We can translate

MACRO’s 10MeV/cm detection threshold to a sensitivity to nuclear energy depositions

via effecting an increase by the quenching factor Q(E1) [393].

An even more stringent bound on our model arises from direct searches for long dam-

age tracks in muscovite mica crystals [358]. The non-observation of tracks extending be-

yond naturally occurring defects and radioactivity damage was originally used to constrain

the abundance of magnetic monopoles, but also limits the UHDM parameter space. This

past mica search involved total sample area ∼ 1200 cm2 with sample ages ≃ 5× 108 yr,

corresponding to a DM reach of mDM ≲ 1026 GeV. The energy deposition threshold for

detection in this experiment via etching and optical microscopy was identified as dE/dx ≳

6 GeV/cm.

A.3.2.3 Astrophysical and Cosmological limits

Indirect limits can also be placed on the couplings gn and gχ from the limits on DM-

baryon and DM-DM cross sections. DM-baryon interactions in the early universe can

affect baryon acoustic oscillations and is therefore constrained by CMB and LSS obser-

vations. This puts an upper bound on the DM-baryon momentum-transfer cross section

that would be observed today: σχb/mDM ≲ 10−3 cm2/g [158]. Astronomical observations

of the Bullet Cluster also place a limit on the DM-DM momentum-transfer cross section:

σχχ/mDM ≲ 1 cm2/g [422]. Since we are mainly interested in UHDMs with geometrical

cross sections of order µm2 and masses up to 1029 GeV(100 kg), these astrophysical and

cosmological observations only impose significant constraints on the low mass side of our

parameter space. Moreover, these constraints are alleviated if UHDMs constitute less than

10% of the total DM mass, in which case the maximum detectable mass would also be

lowered by an order of magnitude.
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A.4 Conclusion and Outlook

Given the diverse range of theoretically well-motivated dark sectors, it is critical to per-

form searches with techniques that are sensitive to a broad class of dark-sector phenomena.

In this paper, we propose a detection method for ultra-heavy composite dark matter parti-

cles (UHDMs). Our proposed experiment is based on mapping damage tracks in ancient

quartz samples with SEM-CL scanning. This method has two significant advantages: (1)

the billion-year exposure time of such samples enables us to probe DM candidates with

masses as high as 1029 GeV(100 kg), surpassing the reach of existing direct-detection ex-

periments, and (2) the distinctly-long cylindrical damage trails left by such UHDMs are

easily distinguished from other features at the relevant scales.

In this work, we focus on detecting long tracks of amorphous silica in quartz samples

expected from passing UHDMs that impart enough energy to cause melting. In future

work, we will consider the feasibility of extending the experimental sensitivity to energy

deposition rates below the melting threshold. For that purpose, we intend to carry out a

number of studies including: (i) signal calibration by artificially creating damage tracks in

synthetic quartz samples with a high-power pulsed laser of variable intensity and compar-

ing it with the resulting CL signal levels; and (ii) noise calibration by preparing a set of

quartz samples, natural and synthetic, with different concentrations of CL activators and

analysing their CL emission rates. These studies will provide us a better understanding of

the signal-to-noise ratio as seen in SEM-CL imaging, which will allow us to better estimate

the detection threshold.

We focus here on quartz as a promising target mineral for UHDM detection because of

the availability of abundant high-quality, old samples and the suitability of SEM-CL as a

high-resolution, fast readout method. However, any mineral satisfying these two criteria is

a potential target material; identifying such targets is valuable in verifying putative UHDM
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signals in a complementary search, possessing different systematics.

Our proposed experiment is largely agnostic to the detailed microphysics of the dark

sector, as long as it results in long damage tracks in geological quartz. To demonstrate

the projected reach of the proposed approach, we considered a QCD-like dark sector that

interacts with the standard model repulsively via a light mediator. The particle spec-

trum of this theory includes heavy bound states, composed of a large number of ele-

mentary dark fermions, which could create interesting targets for detection. We identified

experimentally-detectable regions of the parameter space that satisfy various limits derived

from phenomenological considerations as well as past observations. In future work, it

would be interesting to delineate a broader range of DM models than can lead to similar

damage patterns in ancient rock.
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Appendix B: Published Article: LISA Double White Dwarf Binaries As

Galactic Accelerometers

Note: We reproduce ref. [164] in this appendix. Content of this appendix also appears

in the PhD thesis at Johns Hopkins University of one of the co-authors, Vladimir Strokov,

titled ‘Open Mic with LISA: Intermediate-Mass Black Holes and Double White Dwarfs’.

B.1 Introduction

The Laser Interferometer Space Antenna (LISA) [28, 30] is expected to detect the

gravitational-wave (GW) signals of ∼ 104 detached double white dwarfs (DWD) that re-

side primarily in the Milky Way galaxy [257, 259, 274] and its satellites [247, 255, 256,

373, 377]. Several tens of these DWDs have been identified through electromagnetic (EM)

observations and are targets of particular significance for LISA, usually referred to as “ver-

ification binaries” [259, 268, 284].

One distinct advantage of GW observations is that they are unaffected by dust and

stellar crowding, enabling probes of parts of the Galaxy that are challenging to access elec-

tromagnetically, such as those near or behind the Galactic Center [379, 389, 459, 481]. For

this reason, several studies consider GWs from both the resolvable [194, 258] and unre-

solvable [67, 94] populations of DWDs as probes of Milky Way structures, complementary

to EM observations. These studies propose using spectral and spatial features of the en-

semble of Galactic GW signals from DWDs to infer the present spatial distributions of
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Galactic DWDs, which are assumed to trace the underlying Milky Way structures (subject

to inevitable biases from star formation rates, binary evolution, and observational selec-

tion). After the biases are modeled and removed, one can extract information about Milky

Way structures, such as stellar mass, relative normalization, and morphology.

In addition to locating DWDs [430], GW measurements can also be used to deter-

mine the relative motion of resolved DWDs. While the motion of a DWD with con-

stant velocity along the line of sight is completely degenerate with its intrinsic GW fre-

quency, an apparent acceleration along the line of sight can lead to a time-dependent

Doppler shift (i.e., a frequency “chirp”) in the emitted GWs that is, at least in principle,

detectable [81, 233, 307, 369, 376, 427, 433, 457, 481, 492]. We stress that, here and

throughout the paper, what we refer to as the “apparent acceleration” along the line of sight

n̂ of a DWD at a distance D from the Sun is the sum of the its line-of-sight acceleration a · n̂

and the perspective acceleration µ2D due to its proper motion µ on the sky (also known as

the “Shklovskii effect” [410]).

Provided that one can measure both the location and the apparent acceleration of a

DWD, there is the tantalizing prospect of effectively using a population of DWDs as “test

mass” accelerometers to probe Galactic structures. The motions of DWDs inferred from

GW measurements encode different and, in principle, more direct information about the

underlying Galactic gravitational potential compared to what can be inferred from their

spatial distribution alone. There is, however, an important challenge to the practical appli-

cation of this technique: GW phase changes due to the apparent acceleration of a DWD

can be confused with its intrinsic frequency chirp due to GW emission. That said, addi-

tional information from EM observations of the same sources (before, during, and after

GW measurements) may be used to break this degeneracy.

Motivated by the prospect of Galactic accelerometry via LISA measurements of GWs

from DWDs–and by the anticipation of finding the EM counterparts to LISA sources–in

110



this paper we address the following questions:

(1) Under what circumstances, and to what degree, can we recover the apparent acceler-

ation of individual DWDs from their gravitational waveforms, as observed by LISA?

(2) How well can we characterize large-scale Milky Way mass profiles (distributions) by

including in the analysis the apparent acceleration of the large number of DWDs that

LISA will resolve?

In the process, we also shed light on how the inclusion of apparent acceleration in the

GW template affects the inferred DWD binary parameters.

The rest of the paper is organized as follows. In Sec. B.2 we provide a model map of

the Galactic acceleration and describe the synthetic DWD population used for subsequent

estimates. In Sec. B.3 we discuss the measurability of the center-of-mass acceleration of

a DWD by carrying out a Fisher matrix analysis with GW observations alone. Then we

consider the case in which some parameters of the source are assumed to be known from

EM observations. In Sec. B.4 we consider the prospect of using LISA for detection of

Galactic acceleration, and of leveraging the large number of observable DWDs to improve

measurement uncertainties. In Sec. B.6 we present our conclusions. To improve readability,

some technical material is relegated to the Appendices. In Appendix B.7 we briefly review

the notion of perspective acceleration due to the proper motion of a source on the sky (the

“Shklovskii effect”). In Appendix B.8 we perform a comparison of frequency domain (FD)

and time domain (TD) results, showing that they are in good agreement.

Table B.1 provides a list of frequently used symbols used in this paper and of their def-

initions. In what follows we use geometrical units G = c = 1, where G is the gravitational

constant and c is the speed of light.
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Table B.1: List of frequently used symbols. Variations thereof and symbols used in passing are
defined in the text.

Quantity Symbol Definition

Galactocentric radius r
√

x2 + y2 + z2

Galactocentric radius projected
onto the Galactic plane

R
√

x2 + y2

Source distance from Sun D
Galactic gravitational potential Φ

Galactic potential normalization N Φ = N Φmodel
Line-of-sight unit vector n̂
Total source velocity v
Source velocity in the sky plane v⊥
Local acceleration a⊙
Galactic line-of-sight acceleration a∥ (−∇Φ−a⊙) · n̂
Perspective acceleration – v2

⊥/D
Apparent acceleration a a∥+ v2

⊥/D
Observer frame time t
Source frame time τ

Coalescence time τc
Observer frequency f
Source frequency fs
GW phase ψ

Coalescence phase ψc
DWD chirp mass M
Time domain waveform h(t)
Frequency domain waveform hF

Fourier frequency F
LISA observation time Tobs
Error of θi in parameter inference σθi

Fractional error εθi σθi/θi
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B.2 Galactic acceleration and the DWD population

In this section we present a simplified model of the Milky Way gravitational potential,

from which we produce a model map of the Galactic acceleration contributing to the fre-

quency chirp of GW sources. We also describe a synthetic population of Galactic DWDs

that is used for Fisher calculations presented in subsequent sections.

B.2.1 Galactic acceleration

We assume a model for the coarse-grained gravitational potential of the Milky Way,

Φmodel, which comprises a stellar disk, a bulge, and a dark matter (DM) halo:

Φmodel = Φdisk +Φbulge +ΦDM , (B.1)

where the three components Φdisk, Φbulge, and ΦDM are respectively modeled as a Miyamoto–

Nagai stellar disk [311], a Hernquist sphere bulge [220], and a Navarro–Frenk–White DM

halo [320]:

Φdisk =− Mdisk√
r2 +(c1 +

√
z2 + c2

2)
2

, (B.2a)

Φbulge =−Mbulge

r+ c3
, (B.2b)

ΦDM =−4πρ0r3
s

r
ln
(

1+
r
rs

)
. (B.2c)

Here (x,y,z) are the Galactocentric coordinates, and r =
√

x2 + y2 + z2. The free parame-

ters are assumed to be Mdisk = 7×1010M⊙ , c1 = 3kpc, c2 = 0.28kpc , Mbulge = 5×109M⊙ ,

c3 = 0.6kpc , ρ0 = 9×10−3 M⊙ pc−3 , and rs = 16kpc [87, 88].

Given this model of the Milky Way gravitational potential, the Galactocentric acceler-
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ation of a source is simply −∇Φmodel. In the observer frame, a time-dependent Doppler

modulation of the GW phase results from the line-of-sight component of the apparent ac-

celeration of the source. We assume for simplicity that the motion of the observer follows

that of the Sun, with position, velocity, and acceleration relative to the Galactic center given

by R⊙ = 8.12kpc x̂ [206], v⊙ = 223km/s ŷ, and a⊙ = ∇Φ|R⊙ = −1.9× 10−10 m/s2 x̂, re-

spectively. (Small corrections to account for the motion of LISA relative to the Sun can be

made in future work.) Here we assume that the Sun follows a circular orbit, with velocity

given by the Galactic rotation curve:

v2 = v2
circ = R

∂Φ

∂R
, (B.3)

with R =
√

x2 + y2 being the Galactocentric radius projected onto the Galactic plane.

The apparent acceleration of a Galactic source has two contributions: the line-of-sight

projection of the Galactic acceleration w.r.t. the observer, (−∇Φmodel−a⊙) · n̂ ≡ (v̇− v̇⊙) ·

n̂, and the perspective acceleration aSh = µ2D due to the source’s proper motion µ = v⊥/D

on the sky (otherwise known as the Shklovskii effect [410]); here, n̂ is the unit vector along

the line-of-sight, D is the distance to the source, and v⊥ is the component of the source’s

velocity w.r.t. to the observer perpendicular to n̂. In order to estimate v⊥, and thus the

contribution of the perspective acceleration, we distribute DWDs in the stellar disk and

bulge following Refs. [257, 259]; and assume that the DWDs follow near-circular orbits in

accordance with Eq. (B.3). Hence, the apparent acceleration reads

a = (−∇Φmodel −a⊙) · n̂+
v2
⊥

D
, (B.4)

where v⊥ is the component of vcirc−v⊙ perpendicular to n̂, and the vector vcirc is tangential

to the orbit of the source.
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Figure 5.1 shows maps of the line-of-sight acceleration a∥ = (−∇Φmodel −a⊙) · n̂, per-

spective acceleration v2
⊥/D, and their sum a (the apparent acceleration) following from the

model of the Milky Way potential given by Eqs. (B.1) and (B.2). The x ↔−x asymmetry

of the maps is due to the off-center position of the Solar System, where the observer (e.g.,

LISA) resides. The line-of-sight acceleration is negative on the far side of the Galactic

center (x < 0) and can be either positive or negative on the observer’s side (x > 0). The

magnitude of the acceleration generally grows towards the Galactic Center and decreases

near the Sun. The perspective acceleration is always positive: it is strongest near the Galac-

tic Center on the far side, where the y-component of the circular velocity is opposite to that

of the Sun; and weakest in the Sun’s vicinity, where the relative velocity with respect to the

Sun almost vanishes. Depending on location, the two contributions to the total acceleration

may amplify or cancel each other. Most importantly, the typical apparent acceleration is of

the order of ∼ 10−10 m/s2.

In general, stellar populations also undergo random peculiar motions vp relative to the

local vcirc, with the typical components of vp given by their respective velocity dispersions.

For instance, the Sun has an oblique peculiar velocity of magnitude vp = 10.5± 1.5 km/s

relative to the circular rotation velocity at the Sun vcirc,⊙ = 238± 15 km/s (the local stan-

dard of rest) [78]. Stars in the disk are subject to a multitude of scattering mechanisms

that increase their velocity dispersions over time [35], and consequently the random stellar

motions of the current stellar populations depend strongly on their age, metallicity, and lo-

cations of the population in question [408]. Among the assortment of stars, the kinematics

of white dwarfs is relatively less understood, since their characteristically strong surface

gravity and pressure lead to line broadening that makes the extraction of their radial veloc-

ities challenging [364]. The reported values of the RMS sum of the velocity dispersions in

different directions of both isolated white dwarfs and DWDs in the disk typically do not

exceed 60 km/s [34, 196, 364, 465], which amounts to ≲ 5% corrections to the perspec-
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tive acceleration when added in quadrature to the ∼ 250 km/s circular rotation velocity at

R ≳ 5 kpc [78]. Since the peculiar motion of DWDs appears to have little effect on their

perspective accelerations, we neglect it in our analysis. The peculiar motion of stars may

also slightly modify the mean azimuthal velocity of the population at a given location – an

effect known as asymmetric drift [78], which we also neglect.

Also, while we adopt a simplified equilibrium and axisymmetric Galactic model in our

analysis, it is known that the Milky Way exhibits non-equilibrium and non-axisymmetric

properties, such as stellar streams, and bar and spiral structures of the stellar disk [77].

For example, in the N-body model GALAKOS of a Milky Way-like galaxy [154], the

contribution of a bar and spiral arms to the number density is at most comparable with the

axisymmetric part (see Figure 6 of Ref.[472]), and therefore it does not affect the order

of magnitude obtained assuming axial symmetry. Once the main effect is detected (i.e.,

acceleration contribution to the frequency chirp of DWD GW signals), these details can be

taken into account in future work through more realistic models of the Milky Way.

B.2.2 Synthetic DWD population

Simulations of the Galactic binary population in the LISA band have improved in recent

years [259, 275, 324, 438, 458, 490]. These simulations typically predict O(104) resolvable

DWDs, making them the most abundant LISA sources. Additionally, dozens of black hole

and neutron star binary systems are expected to be detected by LISA [458]. In this work

we consider a synthetic population of DWD GW sources following Thiele et al. [438],

where the authors use simulations of Milky Way-like galaxies and stellar evolution codes to

generate a present-day Galactic binary population. We adopt their model FZ [438], which

relies on a metallicity-dependent initial binary fraction, as suggested by electromagnetic

observations in the solar neighborhood. Due to tidal effects and mass transfer at play in
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the progenitor binaries, all DWDs in the population are circular. This gives a typical GW

emission timescale of ≳ 104 yr.

Figure 5.2 illustrates the characteristics of the synthetic DWD population. We choose

the resolvable sources for a 10 yr LISA mission by requiring a position-, orientation- and

polarization-angle averaged SNR > 7, which results in about 16,000 resolvable sources.

The subset of the DWD population usually referred to as “verification binaries” consists

of sources known from prior EM observations, and guaranteed to generate detectable GW

signals in LISA. The current collection of verification binaries includes ∼ 10 detached

double white dwarfs [178, 268, 269] expected to have SNR > 7, and marked by red stars

in Figure 5.2.

B.3 Fisher analysis

The ubiquity of DWDs suggest they are well suited to serving as Galactic accelerome-

ters, enabling mapping of the Galactic gravitational potential. However, as we first motivate

with a “back-of-the-envelope” argument (Section B.3.1), it is challenging to determine the

center-of-mass acceleration of a DWD via GW measurements. In Section B.3.2 we confirm

the back-of-the-envelope estimates with a Fisher matrix analysis for a few representative

cases.

B.3.1 DWDs as accelerometers

If a DWD is moving with an apparent acceleration a ≡ v̇||, the time dependence of

the GW frequency f (t) registered by LISA (i.e., at the “observer”) will be different from

the intrinsic chirping fs(τ) of the GW signal emitted by the DWD (i.e., at the “source”).

We will assume that the observer’s clock and the clock at the source are synchronized at

the beginning of the observation – i.e., a GW signal that the observer starts receiving at

117



the initial time t = 0 was emitted at τ = 0 by the source’s clock. In this work we only

consider effects linear in the (assumed small) DWD acceleration a. For simplicity we also

assume the DWD orbits to be circular, and their inspiral to be driven purely by gravitational

radiation.

The GW frequency drift exprienced by DWDs is slow, as evidenced by their long coa-

lescence times:

τc =
5M

256
(πM fs0)

−8/3

≈ 1.3×106 yr
(

M

0.44M⊙

)−5/3( fs0

2 mHz

)−8/3

, (B.5)

where fs0 = fs|τ=0 is the initial frequency of the source, and M =(m1m2)
3/5(m1+m2)

−1/5

is the chirp mass, a function of the individual masses m1 and m2 of the binary components

(e.g., M = 0.44M⊙ for m1 = m2 = 0.5M⊙). From the (long) coalescence time and the

nominal LISA observation time Tobs = 10 yr [28–30] we can define a small parameter

τ/τc ≤ Tobs/τc ∼ 10−5, which gives rise to the expansion of the GW frequency at the

source:

fs(τ) = fs0 + ḟs0τ + f̈s0τ
2/2+ . . . . (B.6)

Indeed, if we estimate the derivatives ḟs0 ∼ fs0/τc, f̈s0 ∼ fs0/τ2
c , . . . , the respective terms

are ḟs0τ ≲ Tobs/τc, f̈s0τ2 ≲ (Tobs/τc)
2, etc. More precisely, at the lowest post-Newtonian

order [348, 349],

fs(τ) = fs0

(
1− τ

τc

)−3/8

= fs0 +
3
8
( fs0/τc)τ +

33
128

( fs0/τ
2
c )τ

2 + . . . (B.7)

⇒ ḟs0 =
3
8

fs0

τc
, f̈s0 =

33
64

fs0

τ2
c
, . . . . (B.8)
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Apparent DWD acceleration causes the observed derivatives ḟ0, f̈0, . . . , to differ from

their counterparts at the source. In analogy with the well-known degeneracy between fs0

and a constant relative velocity v|| (and the chirp mass), the first derivative ḟs0 is fully

degenerate with the apparent acceleration, as long as the motion is nonrelativistic. This

can be illustrated by a source that is receding just fast enough to compensate for the GW

frequency drift: the linear growth of the frequency due to the chirp ḟs0 is balanced by the

Doppler shift, which is also linear in case of a constant acceleration. Therefore, in order to

break this degeneracy and determine the apparent acceleration from the GW signal alone,

it is necessary to measure at least the second derivative f̈0.

We now consider the observed frequency f (t) = f0 + ḟ0t + f̈0t2/2+ . . . and estimate

how realistic it is to measure, more generally, the kth derivative f (k)0 . We do so by calcu-

lating the respective dephasing, i.e., the contribution of a given derivative term to the GW

phase

ψ(t) = 2π

t∫
0

f (t ′)dt ′ = 2π

(
f0t +

1
2!

ḟ0t2 +
1
3!

f̈0t3 + . . .

)
. (B.9)

Of course, the GW signal must be loud enough to be detected, but this is always the case for

the population of resolved DWDs with SNR > 7 (see Section B.2.2). The contribution to

the dephasing accumulated by the term proportional to f (k)0 during the observation time Tobs

can be estimated from:

δψk ≡
2π

(k+1)!
f (k)0 T k+1

obs =
2π δ fk Tobs

k+1
≳ 2π , (B.10)

where we introduce the respective frequency drift δ fk = f (k)T k
obs/k! , which is likely to

be detected if it exceeds the typical size of a frequency bin, δ fk ≳ 1/Tobs. Once again,

estimating the derivatives as f (k) ∼ f0/τk
c , we recast the above formula in terms of the
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zeroth-order contribution:

δψk ∼
2π f0Tobs

(k+1)!

(
Tobs

τc

)k

∼ 106−5k
(

f0Tobs

106

)(
Tobs/τc

10−5

)k

, (B.11)

where the normalization values are typical of a 0.5M⊙+0.5M⊙ DWD that emits at 2mHz

(see Eq. (B.5)). For such a binary, the chirp ḟ0 is likely measurable (δψ1 ≳ 1), whereas the

second derivative f̈0 is not (δψ2 ≪ 1).

Figure 5.3 shows the GW frequency–chirp mass plane with three contours of constant

δψk = 2π for k = 1 (solid red line), k = 2 (dashed), and k = 3 (dotted). The contours corre-

spond to the criterion of sufficient dephasing for reliable measurement of the kth derivative,

Eq. (B.10), with sources with a smaller dephasing lying to the left of the respective line.

We also overlay the synthetic population described in Section B.2.2. In addition to the

DWDs and verification binaries (VB), here we also include binary neutron stars (BNS),

black hole–neutron star binaries (BH–NS), and binary black holes (BBH). There is clearly

a sizeable portion of the DWD population (as well as a few compact binaries) with mea-

surable ḟ0(k = 1). By contrast, one can hope to measure f̈0(k = 2) only for a few DWDs,

while measuring the higher derivative f (3)0 (k = 3) seems unlikely with LISA over a 10 yr

observation period. For other types of compact binaries, f̈0 may be detectable for ∼ 1

source, whereas detecting higher derivative is unlikely. Note, however, that the dephasing

criterion is approximate, so measurements may still be possible for sources with high SNR.

To summarize: out of all resolved DWDs observable by LISA, there is likely only a

few for which the derivative parameter f̈0 can be measured independently of ḟ0 from GWs

alone, thereby lifting the degeneracy between the GW chirp ḟs0 and the acceleration a, and

enabling DWD accelerometry. We now proceed to provide quantitative estimates of the

measurement uncertainties.
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B.3.2 Fisher uncertainties

We can make the previous arguments more quantitative by calculating the apparent ac-

celeration uncertainty for a few representative DWD sources using the Fisher information

matrix. We begin with the conservative case in which we try to determine the acceleration

using only GW observations. As discussed in the previous section, this amounts to mea-

suring the second derivative f̈0 and lifting the ḟs0–a degeneracy. We then consider another

way to break that degeneracy, which is to ascertain one of the characteristic parameters of

a DWD from EM observations. We consider both the case in which only the DWD chirp

mass M is assumed to be known, as well as a “best-case scenario” in which all parameters

are known except for the acceleration.

For the Fisher matrix analysis, we assume a TD waveform

h(t) = Acosψ(t) , (B.12)

ψ(t) = ψ0 +2π

(
f0t +

1
2

ḟ0t2 +
1
6

f̈0t3
)
, (B.13)

where the amplitude A is approximately constant, and ψ0 is the initial phase. The GW sig-

nal is also assumed to have been averaged over the angles that characterize the sky position

of the source and its orbital orientation. In what follows we carry out the calculation in the

FD, where the waveform reads

hF =



1
2

A√
ḟ [t(F)]

ei π

4 +i(ψ0+ψF ) , f0 ≤ F ≤ f (Tobs) ,

0 , otherwise .

(B.14)

Here we use the uppercase F for the Fourier frequency, and we denote the FD waveform

by the subscript F . Explicit expressions for the functions t(F) and ψF are provided in
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Appendix B.8, where we also describe our numerical setup and compare three different

versions of the Fisher matrix calculation (the FD, the TD, and a discretized version that

emulates data processing in LISA).

The Fisher matrix Fi j for a source with characteristic parameters θi is defined in terms

of the inner product between two FD waveforms as follows:

(
h(1)F

∣∣∣h(2)F

)
= C 2Re

+∞∫
0

h(1)F

(
h(2)F

)∗
Sn(F)

dF , (B.15)

Fi j ≡
(

∂hF

∂θi

∣∣∣∣ ∂hF

∂θ j

)
, (B.16)

where Sn is the noise power spectral density measured by LISA [48, 375], and the fac-

tor C absorbs all non-essential numerical constants. The inverse of the Fisher matrix (or

“correlation matrix”) is

⟨σiσ j⟩=
(
F−1)

i j , (B.17)

where the angular brackets stand for the expectation value over realizations of the noise,

and its diagonal components yield the uncertainties σi on each of the parameters θi. In what

follows we also use εi to denote the relative uncertainty of a parameter, or equivalently, the

uncertainty on the logarithm of the parameter:

εi ≡
σi

θi
= σlnθi . (B.18)

For the quasimonochromatic sources under consideration, it is convenient to normalize
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the uncertainties by the SNR [401, 431]:

SNR2 ≡ (hF |hF) = C 2
f0+δ f∫
f0

|hF |2
Sn(F)

dF

≈
(

1
2
C A
)2

δ f
ḟ0Sn( f0)

≈
(

1
2
C A
)2 Tobs

Sn( f0)
, (B.19)

or

SNR =
1
2
C A

√
Tobs

Sn( f0)
, (B.20)

where δ f is the total change in frequency during the observation time, and we have ne-

glected terms of the order of δ f/ f0 ∼ Tobs/τc ≪ 1. Note that the amplitude A is constant

in the same approximation (see e.g. Ref. [426]).

We compute Fisher matrices and the respective uncertainties for the following sets of

parameters:

(1) θ
(1)
i = {lnA, ln f0, ln ḟ0, ln f̈0,ψ0} .

(2) θ
(2)
i = {lnA, ln fs0, ln ḟs0,a,ψ0} .

In order to obtain the change of variables between θ
(2)
i and θ

(1)
i , we relate the ob-

served frequency and its derivatives to their counterparts at the source. Since a con-

stant velocity can be absorbed into redefinitions of the GW frequency and accel-

eration, we set the initial velocity v||,0 = 0. Then, as shown in Appendix B.7, the

line-of-sight distance to the source is

D(τ) = D0 +
1
2

aτ
2 , (B.21)

where D0 is the distance at which the GW signal is first detected. Due to the light

travel time effect [234, 235] (see also [33]), the times at the observer and at the source
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are related as follows (see Fig. B.1):

t = τ +D(τ)−D0 ,

t = τ +
1
2

aτ
2 . (B.22)

Since the number of full-period waves emitted by the source is the same as the num-

ber received by the observer, the GW phase is invariant:

ψ(t) = ψs(τ) ,

2π

∫ t

0
f (t ′)dt ′ = 2π

∫
τ

0
fs(τ

′)dτ
′ , (B.23)

where t and τ are related by Eq. (B.22). Differentiating both sides w.r.t. the ob-

server’s time t, we obtain [81, 307, 376, 433]:

f (t) =
fs(τ)

dt/dτ
=

fs [τ(t)]
1+aτ(t)

, (B.24)

where τ(t) is the inverse of t(τ). Therefore,

f0 = fs0 , (B.25)

ḟ0 = ḟs0 −a fs0 , (B.26)

f̈0 = f̈s0 −3a ḟs0 +O(a2 fs0)

≈ 11
3

ḟ 2
s0

fs0
−3a ḟs0 , (B.27)

where we used Eq. (B.8) to relate the derivatives at the source. We can estimate the

relative correction due to acceleration as a fs0/ ḟs0 ∼ aτc ≪ 1. Note that an overdot

means that the frequencies are differentiated with respect to their own times: t for the
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observer and τ for the source.

The final change of variable reads:

ln f0 = ln fs0 , (B.28)

ln ḟ0 = ln ḟs0 −aeln fs0−ln ḟs0 , (B.29)

ln f̈0 = 2ln ḟs0 − ln fs0 −
9

11
aeln fs0−ln ḟs0 , (B.30)

where we have omitted a constant that does not contribute to the Jacobian between θ
(2)
i

and θ
(1)
i .

(3) θ
(3)
i = {lnM , lnD, lnτc,a,ψc/β} , with

ψc ≡ ψ0 +
1

16
(πM fs0)

−5/3 , (B.31)

β ≡ 2π fs0τc =
5

128
(πM fs0)

−5/3 , (B.32)

where ψc is the coalescence phase, and the factor β is introduced for numerical

convenience. Using Eq. (B.5) and A ≈ M 5/3 f 2/3
s0 /D, the change of variables be-

tween θ
(3)
i and θ

(2)
i (to within an additive constant) reads

lnA =
5
4

lnM − 1
4

lnτc − lnD , (B.33)

ln fs0 = −5
8

lnM − 3
8

lnτc , (B.34)

ln ḟs0 = −5
8

lnM − 11
8

lnτc , (B.35)

ψ0 = β

(
ψc

β
− 8

5

)
. (B.36)

GWs alone. Table B.2 shows the results of a FD calculation of Fisher uncertainties for the

sets of parameters θ
(1)
i (top) and θ

(2)
i (bottom), assuming no additional information beyond
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Figure B.1: (a) Beginning of DWD GW observation by LISA. (b) Time ts passes according to a
clock at the source. We assume that the displacement of the source is much less than the source
distance D at any point during the LISA observation.

Table B.2: Fisher uncertainties (diagonal) and correlation coefficients (off-diagonal) for two sets
of characteristic DWD GW parameters, respectively: θ

(1)
i =

{
lnA, ln f0, ln ḟ0, ln f̈0,ψ0

}
(top) and

θ
(2)
i =

{
lnA, ln fs0, ln ḟs0,a,ψ0

}
(bottom). We assume SNR = 1000, with M = 0.44M⊙, f0 =

2 mHz, Tobs = 10 yr.

θ
(1)
i εA ε f0 ε ḟ0 ε f̈0 σψ0

εA 0.001∗ 0∗ 0∗ 0∗ 0∗

ε f0 8.741×10−9 −0.97 0.92 −0.87
ε ḟ0 0.01375 −0.99 0.75
ε f̈0 2504 −0.66
σψ0 0.004

θ
(2)
i εA ε fs0 ε ḟs0

σa [m/s2] σψ0

εA 0.001∗ 0∗ 0∗ 0∗ 0∗

ε fs0 8.741×10−9 0.92 0.92 −0.87
ε ḟs0

2119 1 −0.66
σa [m/s2] 0.006 −0.66

σψ0 0.004
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the measured GW waveform. Recall that the first set includes the observed derivatives ḟ0

and f̈0, while in the second set they are converted to the source value ḟs0 and the acceler-

ation a. Uncertainties on these parameter sets are related by the Jacobian for the change

of variables given in Eqs. (B.28)–(B.30), and the calculation is performed for a loud quasi-

monochromatic source with M = 0.44M⊙, f0 = 2 mHz, Tobs = 10 yr, and SNR = 1000.

Comparing the values highlighted in bold makes emphasizes quantitatively that the double

derivative f̈0 is difficult to measure, resulting in a high uncertainty for the apparent accel-

eration. To reiterate: if we do not include f̈0 in the set of Fisher matrix parameters, there

is complete degeneracy between ḟs0 and a, because we can only measure their combina-

tion ḟ0, Eq. (B.26). The inclusion of f̈0 introduces a linearly independent combination,

Eq. (B.27), breaking the degeneracy in principle, but this additional parameter is poorly

determined for realistic DWD parameters: while ḟ0 is measured well (≈ 1%), there are

large uncertainties for ḟs0 and a from the inversion of Eqs. (B.26) and (B.27).

GWs + EM observations. The situation improves significantly if an independent measure-

ment of either the DWD chirp mass M or distance D is available from EM observations. If

the chirp mass is known, it relates the time derivative ḟs0 to the frequency fs0 = f0, which is

always measured very well. A reasonably good measurement of ḟ0 then leads to a dramatic

improvement in σa. If, instead, the distance is known, the chirp mass can be inferred from

the amplitude A, whose uncertainty is relatively low (see Table B.2). Knowing the chirp

mass again makes it possible to infer the acceleration with low uncertainty (i.e., small σa).

Tables B.3 and B.4 show the apparent acceleration uncertainty σa at SNR = 1000 when

the chirp mass M is either included or excluded from the vector of parameters θ
(3)
i . For the

fiducial values of the parameters, we choose the combinations M = 0.44M⊙, f0 = 2 mHz

and M = M⊙, f0 = 5 mHz, while for the observation time we use either Tobs = 4 yr or

Tobs = 10 yr. Note that the uncertainty improves ∝ T−2
obs (at fixed SNR, i.e., not accounting

for the scaling SNR−1
∝ T−1/2

obs ) as one may expect from dimensional considerations. We
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Table B.3: Apparent acceleration uncertainty σa [m/s2] for a set of characteristic DWD GW param-
eters with the chirp mass included: θ

(3)
i = {lnM , lnD, lnτc,ψc/ψ0,a}. Fiducial values of the chirp

mass, GW frequency, and observation time are shown; we assume SNR = 1000 and ψ0 = 0.

Time domain,
M ∈ θ

(3)
i

M = 0.44M⊙
f0 = 2 mHz

M = 1M⊙
f0 = 5 mHz

Tobs = 4 yr 6.73×10−2 5.47×10−4

Tobs = 10 yr 4.30×10−3 2.04×10−5

Table B.4: Apparent acceleration uncertainty σa [m/s2] for a set of characteristic DWD GW param-
eters with the chirp mass excluded: θ

(3)
i = {lnD, lnτc,ψc/ψ0,a}. Fiducial values of the chirp mass,

GW frequency, and observation time are shown; we assume SNR = 1000 and ψ0 = 0.

Time domain,
θ
(3)
i \{M }

M = 0.44M⊙
f0 = 2 mHz

M = 1M⊙
f0 = 5 mHz

Tobs = 4 yr 2.84×10−8 1.14×10−8

Tobs = 10 yr 4.54×10−9 1.82×10−9

also find that the uncertainty barely depends on the exact value of a as long as Galactic

accelerations are concerned, which is why we assume a = 0 in this calculation.

A best-case scenario. In an ideal situation, all parameters of the source would be known

exactly, except for the acceleration. The TD Fisher “matrix” (see Appendix B.8) then
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consists of a single element:

Faa = C 2
Tobs∫
0

(∂ah)2

Sn[ f (t)]
dt ≈ (C A)2

2Sn( f0)
(π f0)

2
Tobs∫
0

dt t4 sin2
ψ

≈ SNR2 × (π f0)
2

Tobs

Tobs∫
0

dt t4(1− cos2ψ)

≈ SNR2 T 4
obs ×

(π f0)
2

5
, (B.37)

where we neglect t/τc ≲ Tobs/τc ≪ 1 and O[( f0Tobs)
−1]≪ 1 terms. Then, the acceleration

uncertainty is given by:

σa =
1√
Faa

=
1

SNR
1

T 2
obs

√
5

π f0

≈ 10−9 m/s2
(

SNR
1000

)−1( Tobs

10 yr

)−2( f0

2 mHz

)−1

.

(B.38)

This estimate gives a lower limit on the uncertainty. Indeed, as we include more parameters

in the Fisher matrix we introduce more correlations, which leads to higher uncertainties on

the individual parameters.

As the results of this section suggest, measuring the Galactic acceleration with GWs

alone appears to be unlikely with LISA. The typical values of the uncertainty in this case

(see Table B.3) are orders of magnitudes higher than the typical acceleration: see Fig. 5.1.

When the chirp mass is known, the uncertainty improves dramatically, although it is still

an order of magnitude worse than the typical magnitude of Galactic acceleration.

There is still some hope: since we are interested in large-scale Galactic accelerations,

the accelerations of the individual DWDs in the population must be correlated, which

should allow improvement of the overall uncertainty. We discuss this possibility in the
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next section.

B.4 Galactic accelerometry with gravitational waves

In this section we present the distribution of measurement uncertainties for the syn-

thetic DWD population described in Section B.2.2 above. We then discuss the prospects of

measuring their acceleration by leveraging the large number of Galactic DWDs and using

additional information from EM observations. To model the correlation between the ac-

celerations of individual DWDs, we introduce an overall normalization factor, N , of the

Galactic gravitational potential. Effectively, the parameter N encodes a linear scaling with

the total mass of the Milky Way:

Φ = N Φmodel , (B.39)

where Φmodel is defined in Eqs. (B.1) and (B.2). Since a = −∇Φ and v2 = R∂Φ/∂R

(see Section B.2.1), normalizing the gravitational potential also normalizes the apparent

acceleration as a = N amodel.

The GW signals from multiple resolvable DWDs located at different distances from the

Galactic center can be used to collectively pin down the parameter N as follows. Consider

a number n of DWDs that are used to determine N . Then, if each DWD source is described

by k parameters (chirp mass, distance, etc.), we can calculate a large Fisher matrix of size

(nk+ 1)× (nk+ 1) for the global parameter vector (N ,θ 1,θ 2 , . . . ,θ n), where θ i is the

parameter vector of the ith source. If we assume that the narrow GW frequency bands

swept by any two DWDs do not overlap, the Fisher matrix reduces to n blocks of individual

k × k Fisher matrices, with the first row and column (of “size” 1× (nk + 1) and (nk +

1)× 1, respectively) encoding correlations between the parameter N and the individual
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sets of parameters θ i (i = 1 , . . . ,n). It then follows that the reciprocals of the individual

uncertainties add in quadrature to provide an improvement that scales with 1/
√

n. The

parameter N is considered measurable if the fractional error εN = σN /N < 1, where

N = 1 corresponds to a fiducial model of the Milky Way such that Φ=Φmodel. Conversely,

if εN > 1, the measurement only places an upper bound on the parameter N .

We now proceed to present the results of our calculation; the details of our fast imple-

mentation can be found in Appendix B.8.

B.4.1 Distribution of measurement uncertainties

GWs alone. In Fig. 5.4 we show the distribution of measurement uncertainties for the syn-

thetic DWD population. The left panel illustrates how the uncertanties change if the set of

4 parameters (A, f0, ḟ0,ψ0), shown in blue, is extended to include f̈0 (red). The right panel

is obtained by the change of variables defined by Eqs. (B.26)–(B.27) from the set of param-

eters ( f0, ḟ0, f̈0), shown in red as before, to ( fs0, ḟs0,N ), now shown in purple; it illustrates

the effect of including N = a/a0 as an extra parameter in the set (A, fs0, ḟs0,ψ0). Here a0

stands for the acceleration in a fiducial Milky Way model. The relative uncertainties quoted

above the top-right subplots correspond to the extended parameter sets (distributions in pur-

ple).

As is evident from the left panel, while the parameter f̈0 is far from being measurable,

its inclusion in the Fisher matrix has little effect on the inference of other parameters. The

parameters A and f0 are well measured for most of the sources (at the level of εA ≲ 10% and

ε f0 ≲ 10−6, respectively). The parameter ḟ0 is only measurable at the level of ε ḟ0 ≲ 10%

for some of the sources. However, as we change variables from ( f0, ḟ0, f̈0) to ( fs0, ḟs0,N ),

the source frequency ḟs0 and normalization factor N become essentially unmeasurable.

By contrast, the observed time derivative ḟ0 can be measured at the 10% level or better for
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a significant fraction of the sources. This is once again a manifestation of the degeneracy

between fs0 and a: the linear combination ḟ0 = ḟs0 −N a0 fs0 is measured more precisely

than the individual parameters of interest.

GWs + EM observations. In Fig. 5.5 we show a comparison of the distribution of measure-

ment uncertainties for the same synthetic DWD population, for the case of five parameters

(N ,M ,D, fs0,ψ0) (purple) and the case of four parameters in which the chirp mass M

is known (from EM observations) but has been excluded (green) from the Fisher matrix

calculation. Note that the uncertainty in chirp mass is not shown, and the five-parameter

case is the same as in right panel of Fig. 5.4 (red), but with the parameters (A, ḟs0) traded

for (M ,D).

Clearly, as the number of parameters is reduced, the uncertainties improve dramatically.

When the chirp mass is included in the parameter set to be estimated, neither N nor M can

be determined with significance, which is another manifestation of the degeneracy between

ḟs0 and a. Since ḟs0 is not easy to measure, there is hardly a way to determine M from

GWs alone. This translates into a large uncertainty in the source distance D, even though

the amplitude A ∝ M 5/3 f 2/3
s0 /D is known to within ≈ 10% (the GW frequency fs0 itself can

always be measured). However, if we know M (for example, from optical observations),

those degeneracies are lifted.

The fact that the parameter N gives rise to correlations among the accelerations of

individual DWDs does not remedy the problem. The uncertainty on the normalization

parameter is εN ∼ 109 (see Fig. 5.4, right panel), and we can only expect an improvement

by a factor of order
√

n ∼ 102 times if we take the whole LISA DWD population into

account. Given that determining the Galactic acceleration from GWs alone does not appear

to be feasible, the role of combined GW–EM observations becomes crucial.
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B.4.2 Prospects for multimessenger Galactic accelerometry

Additional information inferred from EM measurements can help to break degeneracies

in DWD parameters inferred through GWs only. For example, depending on the inclination

angle ι of the source, EM data can improve the estimate on the GW amplitude. It is also

possible to have precise EM measurements of DWD GW chirp rate ḟ0, e.g., via photometric

time variability or spectroscopic radial-velocity shift measurements [404, 406]. In addition,

astrometric measurements of source distance D (e.g., from Gaia), in combination with GW

amplitudes A and frequencies f0 observed by LISA, may enable inference of DWD chirp

mass M [269].

EM counterparts of GW sources may be identified before, during, or after the LISA

observation period. Prior to the start of LISA observation, detached DWDs can be dis-

covered in high-cadence photometric surveys as periodically variable sources, if they are

sufficiently edge-on. Mass-transferring and tidal-deforming DWDs will in general show

photometric time variability; however we only consider detached DWDs in this work. With

new data from current and upcoming astrometric [359], photometric [138, 141, 253, 291,

359, 497], and spectroscopic [160, 359, 440] surveys, the number of verification binaries

is expected to grow to a significantly larger number by the time of LISA launch. The in-

creased number of verification binaries will also increase the likelihood of finding several

high-SNR (SNR ∼ 100−1000) GW sources in the collection. Furthermore, the DWD lo-

calization provided by GW measurements, if accurate enough, may allow identification of

the EM counterparts through EM follow-up observations after LISA’s launch. The anal-

ysis of Ref. [285] shows that up to several hundreds of EM counterparts can be found in

this way. We suggest that an efficient approach involves GW localization followed by tar-

geted EM follow-up, focusing on high-SNR, well-localized sources (since the highest SNR

sources dominate the accelerometry analysis, as discussed below). According to Ref. [430],
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the GW localization volume for high-SNR (≳ 100) DWD sources is typically ≲ 10 pc3.

The expected number of enclosed DWDs within this localization volume is less than one,

based on their number density [225]. Therefore, such a localization range offers a feasible

target for coordinated EM observations. Further characterization of this proposed method

is part of ongoing work to support future multimessenger observations.

We now forecast how the relative error in the normalization of the Galactic potential

εN = σN /N improves as surveys of the EM counterparts of LISA sources become more

complete. For this estimate, we use the synthetic DWD population discussed in Sec. B.2.2.

LISA sources located closer to the Sun will presumably have EM counterparts discovered

earlier in magnitude-limited surveys. We assume for simplicity that at any given time the

EM surveys have a certain coverage distance; and, as such, there is a spherical volume

centered at the Sun (with radius given by this coverage distance) within which all LISA

sources have their EM counterparts identified.

Figure 5.6 shows how εN improves as a function of the coverage distance, assum-

ing that EM measurements determine either (1) M only (left panel), or (2) all parameters

except N (right panel), i.e., {M ,D, fs0,ψ0}. In both cases we see that, as the cover-

age distance grows, the relative error εN decreases, owing to the growing number of EM

counterparts (recall that the reciprocals of individual uncertainties add in quadrature: see

Section B.4). The gradual decrease in the cumulative error is occasionally interrupted by

sharp drops whenever a DWD with very high SNR (up to ∼ 1000) is included in the cov-

erage. In case (1), we find that the relative error asymptotes to εN ≈ 2 at coverage distance

≳ 10 kpc. This suggests that even after all of the EM counterparts have been found, the

parameter N is not quite measureable (but almost so). On the other hand, in case (2), the

estimated value of εN is about one order magnitude lower than in case (1), and the param-

eter N is measurable once there is identification of ∼ 103 EM counterparts within a few

kpc. This is an encouraging result, as the current catalog of verification binaries already
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includes DWDs with distances of a few kpc [269].

Given this analysis, using LISA observations for Galactic accelerometry appears fea-

sible as part of a multimessenger effort. Another avenue for improvement is to take into

account the correlation between the acceleration and location of a GW source in the Galaxy,

encoded in its distance and sky position; we leave this more sophisticated analysis to fu-

ture work. Also, our forecast is based on current expectations for LISA sensitivity and

observation period. If the level of noise in LISA is lower than assumed here, which is

possible given the encouraging results from LISA Pathfinder [43], this will further reduce

measurement uncertainties. We also note that using synthetic DWD populations models

different from the one discussed in Sec. B.2.2 would yield slightly different results. For

example, the exact distances of the highest-SNR sources can vary among different DWD

populations. Nevertheless, we expect the general trends described above to remain the

same.

B.5 Systematics

Here we discuss various effects not included in our analysis that may affect the binary

evolution and the resulting gravitational waveform. Many sources of systematics relevant

to our analysis are also found in the context of pulsar timing [167].

Tertiary perturber. While all DWDs in our Galaxy are under the influence of the overall

Galactic gravitational potential, the local gravitational environment for a given DWD may

be dominated by the presence of nearby tertiary objects. These could be any relatively

small-scale inhomogeneities in the Galaxy, such as satellite galaxies, globular clusters,

stars, or planets.

The possible effects of a single tertiary object on the GW signal emitted by a binary

have been quantified in the past by several authors (see, e.g., [307, 376, 402, 403, 427, 432,
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433, 484]). In summary, the gravitational influence of a tertiary object causes the center of

mass of the GW-emitting binary to follow a Keplerian orbit whose period can be shorter

or longer than the 4-10 yr LISA observation time. Roughly speaking, in the former case

the tertiary perturber will induce a distinct, periodic signal, which can in principle be mod-

eled; while in the latter case the induced acceleration is nearly constant, and can mimic

the Galactic acceleration if the magnitude of the induced acceleration is ∼ 10−10 m/s2. A

star of typical mass m3 ∼ M⊙ located at a typical distance r3 ∼ 1 pc from a DWD imparts

only a tiny acceleration of order m3/r2 ∼ 10−13 m/s2. However, in a fraction of cases,

stars or other objects lie close enough to yield significant accelerations to DWDs of interest

during the LISA observation period. In particular, recent population-synthesis simulations

suggest that O(1) fraction of nearby DWDs within 20 pc from the Sun are part of a hi-

erarchical triple with a distant tertiary companion [376, 441]. That said, the statistics of

three-body systems involving DWDs are yet to be confirmed–nor has the resulting effect

on GW estimates of Galactic acceleration–since only a small number of such systems have

been observed so far.

Relativistic and propagation effects. A key step in deriving the apparent GW phase, as dis-

cussed above, is mapping the proper time of the GW-emitting binary to the corresponding

arrival time at the solar system. The pulsar timing community routinely takes into account

several effects that can result in a dephasing of the associated EM signal, in particular: (1)

Einstein delay, i.e., the special relativistic and gravitational time dilation of the source’s

inner orbital period; (2) Romer delay, i.e., the variation in the path length of light due to

the source’s motion relative to the solar system; and (3) Shapiro delay, i.e., the delay in

the arrival time of GWs when they are affected by the gravitational field of a massive body

along their propagation path. The first time derivatives of these delays and the intrinsic

frequency of the binary together determine the reference frequency f0 of the GW signal,

which, in the analysis above, we take to be the observed GW frequency at the beginning of
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the LISA observation. In other words, the first time derivative effects of these delays are

absorbed into the definition of f0.

Non-gravitational interactions. We assume in our analysis that DWD binary evolution

is driven purely by gravitational radiation. While most of the DWDs in the LISA band

are expected to be compact and detached, some may undergo significant non-gravitational

binary interactions [286]. Lower mass (i.e., less compact) WDs that reside in binaries

with smaller orbital separations are prone to tidal deformations [405, 473] and mass trans-

fers. Note, however, that although binary mass transfer contributes to systematic errors if

not properly modeled, it can potentially be utilized to infer the individual masses of the

WDs in a binary [480, 488], enabling inference of the chirp mass. The orbital evolution

of DWDs may also be altered by EM radiation if at least one of the WDs is magnetic

(about 20% of the total white dwarf population is expected to have strong magnetic fields,

in the range 106 − 109 G [86, 116, 294, 460]). In addition, DWD interactions with am-

bient matter (and possibly dark matter) can contribute to the dissipation of their orbital

energies [112, 129, 200, 344]. The aforementioned effects would complicate the orbital

evolution beyond what is expected from a purely GW-driven binary orbit shrinkage. There

are, in fact, examples of known DWDs in the current catalog of LISA verification bina-

ries whose evolution is inadequately described by gravitational radiation alone [294, 317].

A more complete modeling of the gravitational waveform should take into account such

non-gravitational effects.

B.6 Conclusions

In this paper we explore the prospect of using the O(104) resolved double white dwarf

(DWD) binaries that LISA is expected to observe as test mass accelerometers for prob-

ing the Milky Way gravitational potential. We assume a simple model for the Milky Way
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gravitational field profile composed of a Miyamoto-Nagai disk, a Hernquist bulge, and a

Navarro-Frenk-White dark matter halo. In order to realistically assess whether this tech-

nique can work in practice, we construct an artifical catalog of LISA-detectable DWDs

using the FZ binary population synthesis model of Ref. [438]. We let the DWD binary mo-

tion follow the Galactic rotation curve as defined by the balance between their centrifugal

force and the Galactic potential gradient, neglecting their velocity dispersions. The appar-

ent line-of-sight acceleration of each source, namely the sum of its actual line-of-sight ac-

celeration (assumed to follow the Milky Way gravitational field model) and the perspective

acceleration due to its proper motion (assumed to follow the Galactic rotation curve), cause

time-dependent changes to the arrival time of the associated GW signals, which manifest

as Doppler modulations in the measured GW phase.

We quantify LISA’s sensitivity to the motions of these sources with a Fisher matrix anal-

ysis, both in the time-domain and in the frequency domain. We first derive the time-domain

gravitational waveform by relating it to the source-frame phase via a mapping between the

observation time and the source-frame time. We then obtain the frequency-domain wave-

form using the stationary phase approximation. We perform the Fisher matrix analysis in

both domains and find that the results agree. Our results show that strong correlations be-

tween the apparent acceleration of a source and its binary parameters undermine the ability

to recover the apparent acceleration via GW-only measurements. This suggests the need of

combining the GW analysis with other (independent) information about the binary param-

eters, e.g. by using detailed models of binary interactions [480, 488] or EM observations of

the same sources [93, 258, 259, 405]. If we assume that (1) EM observations can provide

independent and accurate measurements of DWD chirp masses and (2) the EM counter-

parts to all these LISA sources are identified and observed, our analysis indicates that it is

nearly possible to determine the normalization N of the Milky Way gravitational potential

model. If all DWD parameters other than N are measured electromagnetically, then N
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can be determined after finding about 103 EM counterparts. A more sophisticated analysis

that accounts for correlations between the acceleration and position of a GW source in the

Milky Way can further reduce measurement uncertainties. We also comment on possible

sources of systematics that should be accounted for in more realistic future studies.

Previous works based on EM observations have utilized a variety of dynamic tracers

to study different aspects of the Milky Way. These include radial stellar acceleration mea-

surements through precision spectrographs [121, 177, 372, 413], angular stellar accelera-

tion measurements through Gaia astrometry [103], peculiar acceleration measurements of

globular clusters [361], pulsar timing [120, 219, 301, 315, 352], and the timing of eclipses

in binaries [121]. Different tracers have different kinematic distributions and biases, with

some correlation to their age, metallicity, and location. These tracers offer different trade-

offs, and so provide complementary information when considered collectively.

B.7 Appendix: Perspective acceleration

For a small source displacement ∆D = |D(τ)−D0|≪ D0, we can approximately write

D =

√(
D0 +∆D∥

)2
+∆D2

⊥

≈ D0

(
1+

∆D∥
D0

+
1
2

∆D2
⊥

D2
0

)
, (B.40)

where ∆D∥ and ∆D⊥ are the source displacements parallel and perpendicular to the line

of sight given by the initial position D0, and we have also neglected higher-order terms

∼ (∆D/D0)
3. If the source is moving with a constant acceleration a in its local frame,

∆D(τ) = v0τ +
1
2

aτ
2 , (B.41)
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where v0 is the initial velocity in its local frame, then the change in the distance reads

D(τ)−D0 = v∥,0τ +
1
2

(
a∥,0 +

v2
⊥,0

D0

)
τ

2 +O(τ3) , (B.42)

where the higher-order terms in time can be neglected, because a typical increment in the

velocity during the observation time is much smaller than the Galactic velocity dispersion:

∆v ∼ aTobs ∼ 10−10 m/s2 ×10 yr

∼ 1 cm/s ≪ v0 ∼ 100 km/s . (B.43)

B.8 Appendix: Details of the Fisher matrix calculation

Frequency-domain waveforms

Here we collect the FD counterparts of the sky-averaged TD waveforms used in this

work. Recall that we use a capital F for the GW Fourier frequency, while f = f (t) is

reserved for the varying GW frequency in the TD. Also, the subscript F indicates a FD

waveform which, in the stationary phase approximation, is obtained as follows:

hF =

Tobs∫
0

dt A [ f (t)]cos
(

ψ0 +2π

∫ t

0
dt ′ f (t ′)

)
e−2πiFt

=
1
2

Tobs∫
0

dt A [ f (t)]exp
{

iψ0 +2πi
∫ t

0
dt ′ f (t ′)−2πiFt

}

+
1
2

Tobs∫
0

dt A [ f (t)]exp
{
−iψ0 −2πi

∫ t

0
dt ′ f (t ′)−2πiFt

}

≈ 1
2

A [ f (t0)]exp
{

iψ0 +2πi
∫ t0

0
dt ′ f (t ′)−2πiFt0

} Tobs∫
0

dt eiπ ḟ (t0)(t−t0)2
, (B.44)
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where t0 is the stationary point,

f (t0) = F ⇔ t0 = t(F) . (B.45)

The stationary phase approximation also implies that, as long as 0 ≤ t0 ≤ Tobs, we can

extend the limits of integration in the last integral to infinity, whereas outside of that range,

the integral, and therefore, the FD waveform, vanishes. Computing the resulting Gaussian

integral and integrating by parts in the phase, we obtain:

hF =



1
2

A(F)√
ḟ [t(F)]

ei π

4 +i(ψ0+ψF ) , f0 ≤ F ≤ f (Tobs) ,

0 , otherwise ,

(B.46)

ψF =−2π

∫ F

f0
d f ′ t( f ′) , f0 ≡ f (t = 0) , (B.47)

where t( f ) is the inverse of f (t). For effects of windowing in the case of slowly chirping

GW sources such as DWDs, see, for example, Appendix D of Ref. [426].

In a phenomenological framework, the GW frequency is represented as a Taylor expan-

sion in time. For the purposes of this paper, we are only interested in the following two

cases:

• ḟ = const:

f = f0 + ḟ0t ⇒ t( f ) =
f − f0

ḟ0
, (B.48)

ψF = −π (F − f0)
2

ḟ0
. (B.49)
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• f̈ = const:

f = f0 + ḟ0t +
1
2

f̈0t2 , (B.50)

t( f ) =
− ḟ0 +

√
ḟ 2
0 +2 f̈0( f − f0)

f̈0

≈ f − f0

ḟ0
− 1

2
f̈0( f − f0)

2

ḟ 3
0

. (B.51)

ψF ≈ −π (F − f0)
2

ḟ0
+

π

3
f̈0 (F − f0)

3

ḟ 3
0

. (B.52)

Implementation

In this section we provide details of our implementation of the Fisher matrix analysis.

We also run a consistency check by comparing results from three versions of the calcula-

tion: the TD version, the FD version, and a version emulating the discrete nature of the

LISA data stream.

To implement the calculation, we leverage the auto-differentiation and vectorization

capabilities of the PYTHON package JAX [90]. Auto-differentiation makes use of the well-

known derivative rules to evaluate arbitrarily complicated derivatives on the fly to within

machine precision. JAX is also optimized for both CPUs and GPUs which, among other

things, allows the user to vectorize a calculation, i.e., run it on all entries of an input array

practically in parallel.

These properties make JAX a convenient tool for the Fisher matrix analysis on a pop-

ulation of DWDs. Indeed, the Fisher matrix for a GW signal, Eq. (B.16), can be recast as

the Hessian of the scalar inner product, Eq. (B.15), and the operation of computing and
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inverting the matrix can be vectorized and mapped across all DWDs in the population:

Fi j =
1
2

∂ 2

∂θi∂θ j
(∆h,∆h)

∣∣∣∣
θ=θ

, (B.53)

∆h ≡ h(θ)−h(θ) , (B.54)

where h(θ) is the waveform as a function of the parameters θ = {θi}, and the derivatives

are evaluated at the fiducial values θ of the parameters. As a side note, this Hessian form of

the Fisher matrix is related to the linear-signal or high-SNR approximations (see e.g. [454]).

In a more realistic version, the integral is substituted for a sum over the data points,

which takes into account the fact that the LISA data have to be discretely sampled with

a timestep ∆t. We assume ∆t = 1 s. This results in a dataset of Tobs/∆t data points for a

single datastream (≈ 3×108 data points for the cadence ∆t = 1 s and Tobs = 10 yr).

We now provide the explicit expressions used in the TD version, the FD version, and

the discretized version.

Time domain. The TD waveform h(t), Eqs. (B.12) and (B.13), completes ∼ 105 oscilla-

tions during the observation time, and the integration of such an oscillatory function can

be challenging. For this reason we simplify the TD version of the Fisher matrix before we

vectorize and evaluate it with JAX. The TD Fisher matrix reads:

Fi j = C 2
Tobs∫
0

∂ih(t)∂ jh(t)
Sn[ f (t)]

dt

≈ SNR2

A2Tobs

Tobs∫
0

2(∂ih)(∂ jh)dt , (B.55)

where partial derivatives are taken w.r.t. the components of the parameter vector θ =

{lnA, ln f0, ln ḟ0, ln f̈0,ψ0}. If we neglect terms O (1/ f0Tobs), the matrix is effectively re-
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duced to a 4×4 block. Indeed, for the cross-terms with lnA (θi ̸= θ j = lnA),

Fi j ≈ SNR2 ×O

(
∂θiψ

f0Tobs

)
≈ 0 , (B.56)

and the full matrix

Fi j ≈ SNR2 ×


1 0

0 FIJ

 , (B.57)

where θI,J ̸= lnA, and the 3×3 block

FIJ ≡
∫ Tobs

0
(∂Iψ)(∂Jψ)

dt
Tobs

=
1

2Tobs

 ∂ 2

∂θi∂θ j

Tobs∫
0

(∆ψ)2dt


θ=θ

, (B.58)

with ∆ψ ≡ ψ(θ)−ψ(θ) .

Frequency domain. The inner product that goes into Eq. (B.53) reads

(∆hF ,∆hF) =
1
2

SNR2

×
1∫

−1

∣∣∣elnA−(ln ḟ0−ln ḟ 0)/2eiψF (θ)− eiψF (θ)
∣∣∣2 dx ,

(B.59)

F = f0 +
1
2
(x+1)∆ f , ∆ f ≡ f (Tobs)− f0 , (B.60)

where the phase is given by Eq. (B.52), and we have recast the integral in a form convenient

for Gauss–Legendre quadrature. Note that we also neglect a variation in ḟ in the amplitude,
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which would result in a correction of the order of Tobs/τc ∼ 10−5.

Discretized time domain. A discrete version of the TD inner product reads:

(∆h,∆h) ≈ SNR2
N

∑
p=0

(
elnA cosψp(θ)− cosψp(θ)

)2
,

(B.61)

where ψp is a TD phase evaluated at moments of time tp = p∆t, and the number of data-

points N is given by the integer part of Tobs/∆t. Again, we assume that the noise Sn[ f (tp)]≈

const for the quasimonochromatic sources considered in this paper. In the discrete TD ver-

sion, we no longer neglect the off-diagonal terms as we did in the continuous case above,

see Eqs. (B.56) and (B.57).

We compare Fisher matrix uncertainties obtained in the three approaches described

above, and evaluated on the synthetic population of DWDs adopted in this paper. We

find the following relative discrepancies (that can be thought of as “uncertainty on the

uncertainties”):

• ḟ = const, TD vs. FD: ≈ 10−11.5 across the parameter set {lnA, ln f0, ln ḟ0,ψ0}.

• ḟ = const, TD vs. discretized TD: ≈ 10−7 for the same parameters.

• f̈ = const, TD vs. FD: ≈ 10−5 for the variables {ln f0, ln ḟ0, ln f̈0,ψ0}, and ≈ 10−11

for lnA.

In each of these cases, the scatter is ≈ 0.5 dex (i.e., less than an order of magnitude).

We also rely on JAX to switch between the sets of parameters θ
(1), θ

(2), θ
(3) listed

in Section B.3.2. As is known, the results of a Fisher matrix calculation in one set of

parameters θi can be converted to another set θ̃ j by applying the Jacobian matrix J̃i j ≡

∂ θ̃i/∂θ j. Being a matrix of derivatives, the Jacobian naturally fits into the JAX auto-

differentiation logic, as do the matrix transforms for a nonsingular Fisher matrix F and the
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corresponding covariance matrix Σ = F−1:

Σ̃ = J̃ΣJ̃T , F̃ =
(

J̃−1
)T

FJ̃−1 . (B.62)

All those operations are also easily vectorized in JAX.
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