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OUTLINE

e Ultralight bosonic dark matter
e GNOME concept & architecture
* Searches for:
* Axion domain walls
e Exotic Low-mass Fields (ELFs)
* Stochastic fluctuations of bosonic DM fields
* Boson stars
* Solar axion halos

e ...and more!



ULTRALIGHT BOSONIC DARK MATTER!



Ultralight bosonic dark matter

Dark matter may be ultralight bosons with long de Broglie
wavelengths. Many ultralight bosons occupy a single mode;
their effect on detectors can be modeled as wave-like.




AXIons

Axions are ultralight, spin-zero bosons generated by symmetry
breaking at a high energy scale f..

Appear in many extensions of the Standard Model:
related to strong-CP problem, hierarchy problem, string
theory, and baryogenesis.

Axion mass is proportional to the symmetry-breaking scale:

1
my X —

fa



Probing high energy scales by
searching for ultralight axions
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Coupling of atomic spins to axions
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ordinary interaction of spin
with magnetic field.



GNOME CONCEPT & ARCHITECTURE



TRANSIENT DARK-MATTER ENCOUNTERS

What can we say [eSds magnetic signals
about transient 1. Berkeley, US
encounters with 2. Lewisburg, US
compact dark- 3.0herin, US e
matter objects? Soh .. . 4. Dacieon, U3
5. Beijing, China
A single sensor Y 6. Helon o
would struggle to i 7. W, Comany
distinguish signal A T

from noise.

However, a global array of sensors could
confidently detect transient events!



OPTICAL ATOMIC MAGNETOMETER

Hayward GNOME station
A Magnetic shields
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S. Afach et al., Physics of the Dark Universe 22, 162 (2018).



S. Afach et al., Physics of the Dark Universe 22, 162 (2018).



GPS-DISCIPLINED DATA ACQUISITION

Trigger Pulse
(1 kHz)

I | PPS Pulse
Trimble Resolution T

GPS Receiver Time information

Digital Input / Output

SD Card
USB Port
- (Local Buffer)

*UART - Universal Asynchronous Receiver and Transmitter
**SPI - Serial Peripheral Interface

Witodarczyk et al., Nucl. Instrum. Methods. Phys. Res. A 763, 150 (2014).



DATA TRANSFER TO SERVERS
IN GERMANY AND SOUTH KOREA

Cormect to server

Disconmect

File trarnsfer

[ Stop upioad | |

=F 20].5‘-.()5-" 23\ Hayward_20160523_223423.h5
HF 2016V05123\ Hayward_X160523_223523.h5

Pause upload {currently unpaused)

Data Logger
23.May, 016

23.May
23.May.
23.May. X

11L..
43-UTC: List of faied files wil be written to C:\Users\Gnome \Downloads\Desktop\GHNOME Acquirer DATA from GPS
ailedFiles.log
8-UTC: C o budker uri-mainz.de through port 22111...
ol: Login
: Watcher enabled. .,

UTC: Preparing to send file 2016 \Hayward_20160523_223123.h5
48-UTC: Reading flie: 2016\05\23\Hayward_20160523_223123.h5
43-TC: Reading fie done.
48TC: Uploadng...

 J e U ST
54-UTC: Prepanng to send fle 2016Y05\23\Hayward_20160523_233223.h5
z + 0160523 Hayward _20 180523 _223223 h5
TC: Reading fle done
HUTC: Uplnading.
TC: Fie upload 3
S8-UTC: Preparng to send flle 2016'05\23\Hayward_20160523_223323.h5

AJTC: Reading fie: 2016105\23'Hayward_201680523_223323.h5

4ITC: Reading fie done.

TC: Uploading....




GNOME SCIENCE RUNS 1 -4
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S. Afach et al., arXiv:2102.13379 (2021).



SEARCH FOR AXION DOMAIN WALLS



AXION DARK MATTER DOMAIN WALLS

Regions of space with
different axion vacuum
states can form when axion
mass is generated by
spontaneous symmetry
breaking: separated by
topological defects
(domain walls).

At the domain walls:
gradient of ALP field gives
atomic spins a “kick” that
could be detected.




AXION DOMAIN WALL SIGNAL

Beff

Time
M. Pospelov et al., Phys. Rev. Lett. 110, 021803 (2013).
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DOMAIN WALL SEARCH

Pre-processing Filtering

[ Rolling average ]

Velocities ! Scanning velocities
lattice @

A \ 4

[ Temporal shift ] b
‘ Project into domain ]
wall subspace
p b)
Post-selection 1. Beijing, China

Consistent __.__.——/\

with a plane?
Discard

A

3. Daejeon, South Korea

Consistent wit _ Q‘f
scanned dir.? 4, Fribourg, Switzerland /\_
t 5. Hayward, USA

Signal

No 6. Hefei, China
Above threshold? B Yl
- 7. Krakow, Poland

Detected Discard V_

Masia-Roig et al., Physics of the Dark Universe 2. Malnz, Garmany —

28, 100494 (2020). Time



DOMAIN WALL SEARCH

For a chosen domain
wall velocity,
magnetometer
DO S e signals are shifted in
Kotnal i ar ST time so that they
should overlap.

+

Then data is binned
and averaged to
increase signal-to-
.. noise.
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Masia-Roig et al., Physics of the Dark Universe 28, 100494 (2020).



DOMAIN WALL SEARCH

Scan over all different possible velocities.
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Magnitude (pT)

Signal injected, timing Signal injected in all stations,
consistent with domain wall: random timing: no particular

unique v synchronizes pulses. enhancement for any v.

Masia-Roig et al., Physics of the Dark Universe 28, 100494 (2020).



Significance (0)
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S. Afach et al., arXiv:2102.13379 (2021).




CONSTRAINTS ON AXION-LIKE DOMAIN WALLS
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S. Afach et al., arXiv:2102.13379 (2021).



GNOME SEARCHING FOR ELFS



High-energy astrophysical
events (e.g., black hole
mergers) might produce
exotic low-mass fields
(ELFs) detectable by
GNOME or atomic clock
networks (like GPS).

C. Dailey, C. Bradley, D. F. Jackson Kimball,
l. Sulai, S. Pustelny, A. Wickenbrock, and
A. Derevianko, Nature Astronomy 5,

150 (2021); arXiv:2002.04352.



ELF burst duration t

Notable feature:
frequency
dispersion due to
the bosons’ mass.

frequency ———»

GW trigger

delay ot




Atomic clocks have sufficient sensitivity to probe
vast regions of unexplored parameter space.
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Stellar emissivity & gravity tests
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GNOME search for ELFs: analysis strategy

Excess Power
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(df di)
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Excess Power Map
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Excess Power Histogram
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Excess Power Events above Threshold
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Coincidences 10 hours after GW170608
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8 1.2 x 10~* 442 395 397
10 6.1 x 107° 29 25 20
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SEARCH FOR STOCHASTIC FLUCTUATIONS OF
BOSONIC DARK MATTER FIELDS



In the standard halo model for axions, they are a virialized
cloud trapped in the Milky Way’s gravitational potential
(do not cluster into boson stars or form domain walls).

Drark Matter Halo

Extent of Survey
around the Sun

Milloy Way

Image credit: L. Calgcada (ESO).



Local dark matter results from interference of many axion “waves” —
phase, amplitude, velocity, frequency all vary over coherence volume.

Characteristic size of “coherence patches” given by de Broglie
wavelength. Phenomenology analogous to thermal (chaotic) light.
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The locally measured axion amplitude undergoes stochastic
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Centers et al., arXiv:1905.13650 (2019).



The quadratic axion interaction with spins:

H = go2(hc)?S - V]al?

enables our GNOME magnetometers to measure the
“intensity” of the ALP “wind” — fluctuating at characteristic

frequency =1/t
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Use cross-correlation:
common-mode
fluctuations would
appear in all GNOME
magnetometers for

Agg > R .



Analogous to Hanbury Brown & Twiss interferometry:

Figure 2.7: View of the Narrabri Stellar Intensity Interferometer showing the two 6.5-meter flux collectors
on the circular track. The building in the middle is the control building and the one at the lower part of
the picture is the garage for the reflectors. Figure from [15].



ALP mass (eV)
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AND MORE...



PHYSICAL REVIEW D 97, 043002 (2018)

Searching for axion stars and Q-balls with a terrestrial
magnetometer network

D. E. Jackson Kimball,l’:k D. Budke:r,z’3 e Eby,6’7 M. Pospelov,&9 S. Pustelny,10 T. Scholtes,11
Y. V. Stadnik,z’3 A. We:is,11 and A. Wickenbrock®
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Searching for Earth/Solar axion halos

Abhishek Banerjee,* Dmitry Budker,”¢ Joshua Eby,” Victor V. Flambaum,¢
Hyungjin Kim,” Oleksii Matsedonskyi® and Gilad Perez“




PHYSICAL REVIEW D 98, 115020 (2018)

Detecting dark blobs

Dorota M. Grabowska,'*" Tom Melia,” and Surjeet Rajendran'*
1Depm‘ﬂnent of Physics, University of California, Berkeley, California 94720, USA
*Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
SKavli Institute for Physics and Mathematics of the Universe (WPI), University of Tokyo,
Kashiwa, 277-8583, Japan

® (Received 7 August 2018; published 13 December 2018)




There are more things in heaven and Earth than

are dreamt of in your philosophy.

- Hamlet
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