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New physics is required due to observations: no Stan dard Model explanation

• Dark matter
• Matter-antimatter asymmetry 
• Neutrino masses
• Accelerate expansion of the Universe (dark energy/cosmological constant?)

��
��������
���������������������������
���

����� ���	 			����� ���	 			����� ���� ���				����� ���� ���
 


	 			




 


� ���� ���				����



� ���	 			
��������	��	����	����������	��	����	����������	��	����	����������	��	����	��



�
��	��	�
�	������������	��������	���	����	��������
��	��	�
�	������������	��������	���	����	��������
��	��	�
�	������������	��������	���	����	��������
��	��	�
�	������������	��������	���	����	�������

Rotation curves

Gravitational lensing Large-scale structures
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https://astronomynow.com/2016/04/14/speeding-binary-star-discovered-approaching-galactic-escape-velocity/
Image credits: CDMS: https://www.slac.stanford.edu/exp/cdms/

Particle dark matter detection: 
DM particle scatters and deposits energy

We detect this energy

Escape velocity 
550 km/s

Fermi velocity for DM with mass <10 eV is higher than 
our Galaxy escape velocity. 

Ultralight dark matter has to be bosonic.
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coh
3~ 10 (2 / )m cfl p

dB coh
3 1N nf= l �

Dark matter
field amplitude Dark matter 

density

Dark matter 
mass

The key idea: ultralight dark 

matter (UDM) particles behave in 

a “wave-like” manner .

UDM: coherent on the scale of detectors or 
networks of detectors.

Need different detection strategies from 
particle dark matter.
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Picture sources and credits: Wikipedia, Physics 11, 34 C. Boutan/Pacific Northwest National Laboratory; adapted by APS/Alan Stonebraker, modulate the 
values of the fundamental “constants” of nature 

Precession of 
nuclear or 

electron spins

Driving currents in electromagnetic 
systems, produce photons

Induced equivalence 
principle-violating 

accelerations of matter

Modulate the values of the 
fundamental “constants” 

���������������������������������������� Magnetometers, Microwave cavities, Trapped ions & oth er qubits, Atom interferometers,
Laser interferometers (includes GW detectors), Optic al cavities, Atomic, molecular, and nuclear clocks,
Other precision spectroscopy

RMP 90, 025008 (2018)



������	��������
�	����	������������	��������
�	����	������������	��������
�	����	������������	��������
�	����	������

Coupling of scalar UDM to the standard model:

photons electrons gluons
quarks

Scalar UDM will cause oscillations of  the electromagnetic fine-structure constant a, strong 
interaction constant and fermion masses
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Dimensionless constants:
Key point: different (types) of “clocks” have 
different sensitivity to different constants
Observable: “clock” frequency ratios



Discrete Fourier 
transform of time 

series gives a 
frequency peak

Measure ratios 
of clock 
frequencies 
over time (or 
clock to cavity)

Atomic, molecular, 
nuclear energy levels 
will oscillate so clock 
frequencies oscillate

Fundamental 
coupling constants 
and mass ratios now 
oscillate 
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Dt

t int

Series of frequency ratio measurements

wf
Dark matter Compton frequency

Dark matter field 
couples to 
electromagnetic 
interaction and 
“normal matter”



Present 
clock limits

Projected
clock limits

arXiv:2203.14915
Ultralight DM limits: https://cajohare.github.io/Ax ionLimits/



http://www.sjsu.edu/people/monika.kress/courses/sci255/
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NASA mission to asteroid Bennu

Yu-Dai Tsai, Joshua Eby, Jason Arakawa, Davide Farnocchia, and Marianna S. Safronova, JCAP 02, 029 (2024)
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OSIRIS-Rex
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Detection of Relativistic Scalar Bursts with Quantu m Sensors, Jason Arakawa, Joshua Eby, Marianna S. 
Safronova, Volodymyr Takhistov, and Muhammad H. Zaheer, Phys. Rev. D 110, 075007 (2024).

Bosenovae with Quadratically-Coupled Scalars in Quan tum Sensing Experiments, Jason Arakawa, Muhammad 
H. Zaheer, Joshua Eby, Volodymyr Takhistov, Marianna S. Safronova, J. High Energ. Phys. 2023, 42 (2023).
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Bosenova emission spectrum at source:

�� � � �� �� 	
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Bosenova signal lasts months to years



Detection of Relativistic Scalar Bursts with Quantu m Sensors, Jason Arakawa, Joshua Eby, 
Marianna S. Safronova, Volodymyr Takhistov, and Muhammad H. Zaheer, Phys. Rev. D 110, 075007 (2024).
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Image credit: NASA
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Electromagnetic observations 
following GW170817 gravitation 
wave detection

g0ray burst 2 seconds later

~ 11 hours to find optical source, 
following by UV and  IR

X-ray signal 9 days later

Radio wave signal 16 days later
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Transient dark matter signals: Quantum sensor netwo rks as exotic 
field telescopes for multi-messenger astronomy

Conner Dailey, Colin Bradley, Derek F. Jackson Kimball, Ibrahim A. Sulai, Szymon Pustelny, Arne 
Wickenbrock and Andrei Derevianko, Nature Astronomy 5, 150 (2021)

Bursts of exotic low-mass fields (ELFs) could be generated by 
cataclysmic astrophysical events, such as black-hole or neutron-star 
mergers, supernovae or the processes that produce fast radio bursts.

Effect of dispersion on the 
expected ELF signal at a precision
quantum sensor.

• The leading edge of an ultrarelativistic ELF burst would propagate 
across Earth in ~40 ms.

• Magnetometers: 1-10 ms temporal resolution.
• Need longer baseline for clocks.
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Bosenovae with Quadratically-Coupled Scalars in Quantum Sensing Experiments, Jason Arakawa, 
Muhammad H. Zaheer, Joshua Eby, Volodymyr Takhistov, Marianna S. Safronova, J. High Energ. 
Phys. 2023, 42 (2023).
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Space Network of Quantum Sensors

Earth-space optical time transfer
Intercontinental clock link via space
Trapped ion optical clock
Lattice based accelerometer
Atomic magnetometry space array
Hybrid optical lattice clock/atom interferometry facility
Space to space clock comparison
Cubesat quantum sensor network 
Space - Earth- Moon optical time transfer
Improved Lunar laser ranging
Clock-based distance ranging demonstration
One-way navigation demonstration
Space - space  and space - Earth quantum communications
Entanglement demonstration in space
GW atomic clock/interferometer pathfinder
Three-satellite optical link demonstration for GW prototype

Fundamental Physics

Tests of quantum mechanics
Quantum vs. gravity
Tests of  general relativity
Detection of gravitational waves in different 
wavelengths
The direct detection of dark matter and dark energy
Search for variation of fundamental constants
Searches for violation of symmetry laws 

Space quantum technologies
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ERC Synergy: Thorsten Schumm, TU Wein Ekkehard Peik, PTB, Peter Thirolf, LMU, 
Adriana Pálffy (FAU) Q-SEnSE: Jun Ye, Dave Leibrandt, Leo Hollberg, Nate Newbury

Particle physics: Josh Eby (IPMU, Tokyo), Volodymyr Takhistov (QUP, Tokyo), Gilad Perez’ group 
(Weizmann Institute of Science, Israel), Yu-Dai Tsai (UC Irvine), 

Dmitry Budker, Mainz and UC Berkeley, Andrew Jayich, UCSB, Murray Barrett, CQT, Singapore, José 
Crespo López-Urrutia, MPIK, Heidelberg , Piet Schmidt, PTB, University of Hannover, 
Nan Yu (JPL), Charles Clark, JQI, and many others!
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