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DM search with GPS (not today)

Search for GPS glitches correlated with
the Earth’s motion through the DM halo

GPS.DM collaboration: data mining ~20 years of atomic clock data aboard GPS satellites

Andrei Derevianko - U. Nevada-Reno

Credit: Conner Dailey
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Editors’ Suggestion

Detecting dark-matter waves with a network of precision-measurement tools

Andrei Derevianko
Department of Physics, University of Nevada, Reno, Nevada 89557, USA
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Astro-local vs Lab-local DM energy density

PpMm = average over a “small” volume (100 pc)3

N.B.: 100 pc = 2 X107 AU = 3x10'¢ m

pom = 0.4GeV/cm’

pom @ sensor => ~(1 nm)? for an atom

In general, ppv # Pom
Ppm depends on a specific DM model

Andrei Derevianko - U. Nevada-Reno



Model-dependence of lab-local ppy,

2 Clumpy DM
Streams/clusters/solitons/Q-balls/topological defects ...

2 Environmental screening/amplification (e.g., Earth)
Gravitational or due to hypothesized coupling to baryons

© Lab-local pp) fluctuates around astro-local pp,,

~ Reason: DM velocity distribution => stochastic field
© Revision of exclusion plots for at least 7 published experiments

~ Substantial - order of magnitude - effect
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DM velocity distro

Aq-A-1

0 150 300 450 600
v [kms™]

Vogelsberger... Navarro MNRAS 395, 797 (2009)

* galactic velocity, v, ~ 300 km/s

| will use the Standard Halo Model (SHM) velocity distro
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Virialized ultra-light fields (VULFs)



Virialized ultra-lite fields (VULFs)

Example: S=0 fields, no self-interaction

2 True scalars: dilatons/moduli
2 Pseudo scalars: axions/ALPs

Single mode (fixed velocity)

(,b(t,r) =0 cos(w¢t—k-r+9)

1
2 2
ha 5, = Mc”+—my
Compton
frequency
2
1 mc )
Pom = 5 7 (Do average over many oscillations
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Many modes = Stochastic field

# of particles ( Pom ) y ( T )3 .

mode mc*

m < 10eV = ultra-lite DM

¢(t,r) = Z many waves with random phases

modes

= Gaussian random fields (radiophysics, CMB, stochastic GWV background,...)

2 Correlation time and length
2 Statistics is fully determined by 2-point correlation function
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Stochastic approach:
2-point correlation function

Dephasing

Andrei Derevianko - U. Nevada-Reno



Analytical result in PRA 97,042506 (2018)

2-point correlation function

(P(t+7,r+d)p(r,r)) =

local correlation (¢ (7)¢(0))

The amplitude
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Line-shape
Wiener—XuHuymH theorem

Power spectral density (PSD) = Fourier transform[ 2-point correlation function ]

PSD —

-2 0 2 = 6 8

frequency detuning, (w — @) 7,,.. —

Strongly asymmetric due to relativistic dispersion for massive particles

Earlier result: Turner, PRD 42,3572 (1990)
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VULF simulation

% 25F A aaaadAAAAl | | i
LS,
= 2.0¢ ]
e
= 1.5¢ ]
(@) i
S 10F 0
g . + DM
° 05
Z 0.0
>
£ 05
§ _1.0 ‘ ’| 1 1 |A VI 1 1 1 1 l| 1 .1 1 IA 7|7| 1 |H~| vl 1 |A; I ‘1 1 1 |7|7-| ‘ _éDM
0 1 2 3 4 5 6

time in units of correlation time —

If the observation time < correlation time
¢(t,r) ~D, cos(w¢t+ 9)

Lab-local ppy; # astro-local ppy

Unlucky experimentalist may encounter near-zero amplitudes
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Time scales

oscillation period correlation time

10-15eV ~ 5 seconds ~10 days

1020V ~ 6 days ~ 2000 years

Uncertainty in the amplitude/lab-local ppyy, is an issue for m < 10714 eV

Andrei Derevianko - U. Nevada-Reno



Statistics for the amplitude and ppy,

For observation time < 7.,

Rayleigh distro

_ 20 P’
p(®, D, )dD, = CT)%; exp[— CT)]Z)L ]dCI)O

or for lab-local ppy

astro-local

*

lab-local DM energy density —

distro

See also Knirk+ 1806.05927



Experimental VULF search template

Axion/ALP searches in the m < 107!'*eV regime = magnetometry (Budker’s talk)
Dilaton -/l - = atomic clocks/spectroscopy

signal(¢) =y @, cos(a)(pt + 9)

coupling strength

DFT( signal ) — search for spike in power spectrum @ w,,

No DM signal found so far = constraints on y

I”

Previous literature: ppy; or @, are fixed at the “astro-local” values

What is the effect of not knowing ®, ?

Andrei Derevianko - U. Nevada-Reno



Bayesian approach

Posterior distro for coupling strength y

p(y |m,p,,.data, ) =C | p(®, | p,,,,.])d®, | p(0|1)d6 L(data|soughtsignal)

Constraints on y at 95% C.L.

y K%% p(y |m,p,,,data, I)dy = 0.95

2 Deterministic:  ppy lab-local = ppy, astro-local

2 Stochastic: ppm lab-local is exponentially distributed

Andrei Derevianko - U. Nevada-Reno



posterior PDF

Posteriors for coupling strength y
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Effect on exclusion plots

'> 0 stoch 10 det
o —1 795% = 795%

ZA

f?&) 3 Stochastic

—4

35 s
5| S —6

S —7

%% —8 Deterministic

—24 =23 =22 =21 =20 —-19 —-18 =17 =16 —15

log1 mg [eV/c?]

Previous bounds from (microwave clocks)

A. Hees, |. Guena, M. Abgrall, S. Bize, and PWolf, PRL 117,061301 (2016)
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Revised axion-nucleon coupling

CASPEr-ZULF
5 —Comagnetometer

log1g gaNN (GeV™!]

New Force

_22 —21 =20 =19 —18 =17 =16 =15 —14 —13
logjo mg [eV/c*]

Previous bounds from:

Abel .. Zsigmond PRX 7,041034 (2017)
Garcon...Budker 1902.04644
Wu...Budker, PRL 122, 191302 (2019)
Terrano ... Heckel 1902.04246
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Revised dilaton coupling

i
% 0
O, |
~ -2 Dy constraint for d,
b
< S
S -4 Atomic Clock
S| &
< -6
- g
%Tj FO2 fountain

-24 =23 =22 =21 =20 —19 —-18 —-17 —-16 —15
log1g my [eV/cz]

Previous bounds from:

Van Tilburg ... Budker, PRL 1'15,011802 (2015)
Hees..Wolf,PRL 117,061301 (2016)
Wecislo...Zawada, Science Advances 4, eaau4869 (2018)
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Summary

2 Astro-local vs lab local

lab ppy # astro ppy

Astro is recovered only when lab values are averaged over (very) long times

2 Uncertainty in lab pp), can have a substantial effect on sensitivity

2 For observation time < 7., (m < 1071°eV),all the published VULF

constraints are weakened by an order of magnitude.

stoch det
7/95% ~ 10 95%

——
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