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The nature of dark matter remains unknown to date, although several candidate

particles are being considered in a dynamically changing research landscape’.

Scalar field dark matter is a prominent option that is being explored with precision
instruments, such as atomic clocks and optical cavities? %, Here we describe a direct
search for scalar field dark matter using a gravitational-wave detector, which operates
beyond the quantum shot-noise limit. We set new upper limits on the coupling
constants of scalar field dark matter as a function of its mass, by excluding the
presence of signals that would be produced through the direct coupling of this dark
matter to the beam splitter of the GEO600 interferometer. These constraints improve
onbounds from previous direct searches by more than six orders of magnitude and
are, in some cases, more stringent than limits obtained in tests of the equivalence
principle by up to four orders of magnitude. Our work demonstrates that scalar

field dark matter can be investigated or constrained with direct searches using
gravitational-wave detectors and highlights the potential of quantum-enhanced
interferometry for dark matter detection.

Laser interferometers have very high sensitivity to minute length
changes and have facilitated many gravitational-wave detections over
the past few years®°. In addition to their merit in astrophysics, the
detection of gravitational waves has also shed light on fundamental
physics questions and several links may exist between gravitational
waves and dark matter™. Owing to their excellent sensitivity at or
beyond quantum limits, gravitational-wave detectors (or precision
interferometers of a similar type) can be used directly for fundamen-
tal physics, without the mediation of gravitational waves. Examples
include a possible search for vacuum birefringence'? and the search
for signatures of quantum gravity ™. Several ideas have been put for-
ward as to how different candidates of dark matter can directly couple
to gravitational-wave detectors, ranging from scalar field dark mat-
ter*' to dark photon dark matter” and to clumpy dark matter coupling
gravitationally or through an additional Yukawa force'. Upper limits
ondark photondark matter have already been setin asmall massband
using data from the first observational run (O1) of the Advanced LIGO
gravitational-wave detectors®.

Inthis work, we conductadirect search for scalar field dark matter using
agravitational-wave detector, the quantum-enhanced GEO600 interfer-
ometer, and set new upper limits on the parameters of such dark matter.

Theory

Models of weakly coupled low-mass (<1 eV) scalar fields predict that
such particles could be produced in the early Universe through a

vacuum misalignment mechanism and would manifest as a coher-
ently oscillating field**,

(¢, r) =P cos(wyt — k- 1), 5

where w, = (m,c?)/h is the angular Compton frequency and k,, =
(myvo,)/his the wave vector, with m, the mass of the field and v, the
velocity relative to the observer. The amplitude of the field can be set
as¢, = (h [2p, ../ (myc) ,under the assumption that this scalar field
constitutes the local dark matter density p;,., (ref. %°).

Moreover, these models predict that such dark matter would be
trapped and virialized ingravitational potentials, leading to a Maxwell-
Boltzmann-like distribution of velocities v, relative to an observer.
As non-zero velocities produce a Doppler shift of the observed
dark matter field frequency, this virialization results in the dark
matter field having a finite coherence time or, equivalently, a
spread in observed frequency (linewidth)'”?. The linewidth is
determined by the virial velocity, which is given by the depth of
the gravitational potential. For dark matter trapped in the galac-
tic gravity potential, as in the standard galactic dark matter halo
model, the expected linewidth is Aw,,/@.ps ~ 107¢. Certain kinds
of scalar particles, such as relaxion dark matter %, may also form
gravitationally bound objects and be captured in the gravitational
potential of the Earth or the Sun, producing a local dark mat-
ter overdensity where the field has a much narrower linewidth®.
The observed dark matter frequency is further modulated by the
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motion of the Earth with respect to the centre of mass of the local
dark matter.

Scalar field dark matter could couple to the fields of the standard
model (SM) in numerous ways. Such a coupling, sometimes called a
‘portal’, is modelled by the addition of a parameterized interaction
term to the SM Lagrangian®?, In this paper, we consider linear inter-
action terms with the electron rest mass m, and the electromagnetic
field tensor F,:

¢ Fuf™ ¢
Ling2 -mgy, @)
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whereg,, and (/Zare theSMelectronfield and its Dirac conjugate, respec-
tively,and A, and A, parameterize the coupling. Specific types of scalar
dark matter, such as the hypothetical moduli and dilaton fields moti-
vated by string theory, have couplings to the quantum chromodynam-
ics part of the SM as well” %,

The addition of the termsin equation (2) to the SM Lagrangian entails
changes in the fine structure constant « and the electron rest mass
m, (refs.>?). The apparent variation in these fundamental constants,
inturn, changes the lattice spacing and electronic modes of a solid,
driving changes inits size [and refractive index n:

o [5—"‘+—6’”e} )
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where 6x denotes achangein the parameter x: x > x + 6x. Equations (3)
and (4) hold in the adiabatic limit, which applies for a solid with a
mechanical resonance frequency much higher than w,, (the driving
frequency)'¢?%3°,

Laserinterferometers for gravitational-wave detection are modified
Michelson interferometers with very high sensitivity to differential
changes in the optical path length of their arms. The thin cylindrical
beam splitter in such an instrument interacts asymmetrically with
light from the two arms, as the front surface has a 50% reflectivity and
the back surface has an anti-reflective coating. Therefore, achangein
the size (61) and index of refraction (6n) of the beam splitter affects
the two arms differently and produces an effective difference in the
optical pathlengthsof thearmsL,,

6(LX—Ly)zJ§Hn J61+16n}, (5)

1
2
This expression includes a correction to equation (17) in ref. .

Inaddition, ageometrical correction (=6.4%) from Snell’s lawis applied

to equations (5) and (6) for calculating the results below.

Themirrorsinthearms of gravitational-wave interferometers would
also undergo changes in their size and index of refraction, but as the
wavelength of the dark matter field is much greater than the distance
between the arm mirrors (1,/L 210°) for all frequencies of interest
here, and because the mirrors have roughly the same thickness, the
effect is almost equal in both arms and therefore does not produce a
dominant signal.

The interferometer most sensitive to potential dark matter sig-
nals is the GEO600 detector, as it has the highest sensitivity to
optical phase differences between the two arms. The squeezed
vacuum states of light currently used in this instrument allow for
aworld-record quantum noise reduction of 6 dB (ref. ). Although
other gravitational-wave detectors (LIGO/Virgo) are more sensi-
tive to gravitational waves through the use of longer arms, includ-
ing Fabry-Pérot cavities, these do not boost their sensitivity to signals
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Fig.1|Atypicalamplitude spectrum produced with frequency bins thatare
tuned to the expected dark matter linewidth using the modified LPSD
technique. Theblacklineindicates the amplitude spectrum. The noise
spectrumwas estimated at each frequency bin from neighbouring bins toyield
thelocalnoise median (blue) and 95% confidence level (CL, green). Peaks (red)
abovethis confidence level were considered candidates for dark matter signals
and analysed further.

induced at the beam splitter, so their relative sensitivity to scalar
dark matter is lower®.

Fromequations (1)-(5), it follows that an oscillating scalar dark matter
fieldis expected to produce a Doppler-shifted and Doppler-broadened
signalin the GEO600 interferometer of the form

h [2
6(Ly—Ly)= (AL + L] [w]cos(wobst), (6)

v Ae myc

where we have neglected the contribution of the refractive index
changes to the signal, as it is three orders of magnitude smaller than
that of the size changes. Given this prediction, we can examine the data
from the interferometer for the presence of such signals and, if none
are found, place upper limits on the mass and coupling constants of
scalar field dark matter.

Results

The GEO600 interferometer® hasbeen in joint observing runs with the
Advanced LIGO detectorssince 2015, primarily tolook for gravitational
waves. We performed spectral analysis on seven T ~ 10° s segments of
strain data from the GEO600 interferometer (acquired in 2016 and
2019) using a modified version of the logarithmic power spectral
density (LPSD) technique®, which was designed to produce spectra
with logarithmically spaced frequencies. Using this algorithm to per-
form discrete Fourier transforms (DFTs) with a frequency-dependent
length, we created spectrain which each frequency bin was made to
have a width equal to the Doppler-broadened linewidth of poten-
tial signals from scalar field dark matter in a galactic halo. A typi-
cal spectrum created using this approach is shown in Fig. 1. This
method yields, in theory, the maximum attainable signal-to-noise
ratio (SNR), given a certain amount of data (see Methods)*>*.

Nature | Vol 600 | 16 December 2021 | 425



Article

Frequency (Hz)
107 10 104 108

10710

10715

1 (GeV)

i

10°20

A;

This study
Constraint on A7’

1025 |

Constraint on Aj

Constraint on A" and A,/‘1

10780
1020

10-15 10-10

m, (@)

Fig.2| Constraints on the coupling parameters A, and A, as afunction of the
mass of the field m,, for scalar field dark matter as in the basic scalar sce-
nario.Dashedlinesrepresent constraintsontheelectroncouplingA.and dotted
lines represent constraints on the photon coupling A,, at the 95% confidence
level. The green region denotes the parameter space excluded in the current
study throughthe spectral analysis of datafromthe GEO600 gravitational-wave
detector. Other coloured regions indicate parameter spaces excluded through
previous direct experimental searches: Hees et al.® (blue), Van Tilburg et al.®
(yellow), Kennedy et al.** (brown), Aharony et al.*® (magenta), Branca et al.** (pur-
ple), Savalle et al.® (cyan) and Antypas et al.* (red). The black curves and grey
regions correspond to previous constraints from ‘fifth-force’ searches/tests of
theequivalence principle; toourknowledge, the most stringent such constraints
for this dark matter scenario are from the MICROSCOPE experiment”* (lower
curves at low mass) and the Cu/Pb torsion pendulum experiment performed by
the E6t-Wash group?*¥* (at higher masses).

Amatchedfiltering approachis not feasible, as the phase of the signal
varies stochastically.

We analysed the amplitude spectra of all seven strain data segments
forthe presence of dark matter signals by looking for significant peaks
inthe underlying noise. Peaks were considered candidates when there
was aless than 5% probability of the local maximum being due to noise,
where we compensated for the look-elsewhere effect using alarge trial
factor (~10°).

Thisanalysis found approximately10* peaks above the 95% confidence
level (>5.60), where the total error includes a frequency-dependent
amplitude calibration error of up to 30% inherent to GEO600 data®.
The frequency and amplitude stability of the peaks in time was then
evaluated by cross-checking all candidates between spectra. Candidate
peakswererejectedif their centre frequencies differed between spectra
by morethanthe Doppler shift expected from the motion of the Earth
around the Sun through a galactic dark matter halo®. Peaks were also
rejectediftheir amplitude changed significantly (=50) between spectra.

Usingthis procedure, we eliminated all but 14 candidate peaks, where
the vast majority (>99%) of peaks were rejected because they did not
appear in all datasets within the centre frequency tolerance.

These 14 candidate peaks were subjected to further analysis toinves-
tigate whether their properties matched that of a dark matter signal.
Thirteen of the peaks were found to have insufficient width to be caused

426 | Nature | Vol 600 | 16 December 2021

by dark matter (Af,e./Afom S 10, see Methods). The remaining candi-
date peak had sufficient frequency spread to be due to dark matter,
but additional analysis showed that this signal has a coherence time
muchgreater thanthat expected for agalactic halo dark matter signal
of that frequency (.>*/1.°" > 10, see Methods). This leaves open the
possibility of the signal being due to scalar dark matter gravitationally
bound to Earth, such as in a relaxion halo. However, additional inves-
tigations revealed that this signal was not present in data acquired
withindependent electronics, whereas the noise and the other signals
from the interferometer were. The peak was, therefore, rejected and
is suspected to be an artefact from a timing signal in the main data
acquisition electronics (see Methods for details).

Having determined that all major peaks in the amplitude spectrum
arenot caused by scalar field dark matter, we can set constraints on the
parameters of such dark matter ata 95% confidence level (corresponding
toS5.60above thenoise floor), using equation (6). We apply our results to
three different scalar dark matter scenarios consideredinthe literature:

Basicscalar (Fig. 2): the scalar field dark matter is assumed to inter-
act with the SM as given by the terms in equation (2) and is further
assumed to be homogeneously distributed over the Solar System with
adensity of pg,, = 0.4 GeV cm3, asin the standard galactic dark matter
halo model®.

Dilaton/modulus (Fig. 3, left): in addition to the coupling to the elec-
tromagnetic sector as in equation (2), the field is assumed to have cou-
plings to the quantum chromodynamics sector and the coupling to the
gluon field is assumed to be dominant”2*¥, The local dark matter den-
sity is taken to be p., . Compared with the basic scalar, this scenario is
subject to additional limits from tests of the equivalence principle, but
is equally constrained by our result and those of other direct searches.

Relaxion halo (Fig. 3, right): in this scenario, the scalar field effec-
tively couples to the SM as in the dilaton/modulus scenario, but these
couplings arise through mixing with the Higgs boson??, The local dark
matter density in this scenario is taken to be dominated by a relaxion
halo gravitationally bound to Earth, which leads to a local overden-
sity that depends on the mass of the field and reaches values of up
0 Proca/ Pon = 10 (ref. 2*) for the mass range constrained in this work.

For each scenario, we set constraints on the electron and photon
coupling parameters A, and A, respectively, as a function of the mass
ofthefield m, (where, for each coupling constant, we assume the other
to be zero); the constraints are plotted in Figs. 2 and 3, together with
previous upper limits. For the relaxion halo scenario, we assumed a
mass-dependent halo density, as described in ref. 2.

Constraints from other direct experimental dark matter searches
include those from various atomic spectroscopy experiments>****, a
search using an optical cavity®and aresonant mass detector*’. Tests of
theequivalence principle using, for example, torsion balances**"*2 have
also been used to set constraints on the parameters of undiscovered
scalar fields; these bounds assume that the scalar field manifestsas a
‘fifth force’ and is sourced by a test mass (for example, the Earth)”**,
The constraints on scalar fields inferred from these experiments gen-
erally depend on the composition and topography of the test masses
and areindependent of the local dark matter density.

Conclusions

Inthis paper, we presented a search for signals of scalar field dark mat-
terinthe dataofagravitational-wave detector. Scalar field dark matter
would cause oscillations of the fine structure constant and electron
mass, which—in turn—drive oscillations of the size and index of refrac-
tion of the beam splitter in an interferometer. This would therefore
produce an oscillatory signal in agravitational-wave detector at a fre-
quency set by the mass of the dark matter particle.

Asvery extensive classical noise mitigationisusedingravitational-wave
detectors, quantum technologies such as squeezed light can provide a
large increase in sensitivity. Such technologies facilitate measurements
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Fig.3|Constraints onthe coupling parametersA, andA.asafunction ofthe
mass of the field m,, for scalar field dark matter asin the dilaton/modulus
scenario and therelaxion halo scenario. The dilaton/modulus scenariois
shownontheleftandtherelaxionhaloscenarioisshownontheright. Dashed
linesrepresent constraints on the electron coupling A, and dotted lines
represent constraints on the photon couplingA,, at the 95% confidence level.
Thegreenregiondenotes the parameter space excludedinthe current study
through the spectral analysis of datafrom the GEO600 gravitational-wave
detector. Other coloured regions indicate parameter spaces excluded through
previous direct experimental searches®®3840454¢ (see caption of Fig. 2).
Theblack curves and grey regions correspond to previous constraints from

beyond the shot-noise quantumlimitand yield unprecedented sensitivity
to scalar field dark matter in a wide mass range.

In addition, by tuning the frequency bin widths to the expected
dark matter linewidth, our spectral analysis method improves on the
analyses used in previous work that set constraints on dark photons
using data from gravitational-wave detectors and other searches for
scalar fieldsin frequency space. In contrast to these other efforts, the
spectral analysis presented here yields the optimal SNR for potential
dark matter signals across the full frequency range.

We excluded the presence of such signalsin the data of the GEO600
gravitational-wave detector, thereby setting new lower limits on dark
matter couplings at up toA,, A, =3 x 10" GeV for dark matter masses
between 10 and 10™ eV. These constraints improve on the current
limits in the mass range obtained with atomic spectroscopy experi-
ments by more than six orders of magnitude and are up to four orders
of magnitude more stringent than previous bounds from tests of the
equivalence principle for some dark matter scenarios.

Tighter constraints on scalar field dark matter in various mass ranges
canbesetinthe future using yet-to-be-built gravitational-wave detec-
torsorother similar precisioninterferometers. Using the same methods
asinthis work, these instruments would allow new limits to be setacross
their characteristic sensitive frequency range. Moreover, by slightly
modifying the optics in such interferometers—for example, by using
mirrors of different thicknessesin eachinterferometer arm—their sen-
sitivity toscalar field dark matter could be improved further®. Through
thereduction oflosses, quantum technologies such as squeezed light
are also expected to improve, allowing for increasing noise mitiga-
tion**. These and other future technological advances make precision
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‘fifth-force’ searches/tests of the equivalence principle; to our knowledge, the
most stringent such constraints for this dark matter scenario are from the
MICROSCOPE experiment?** (lower curves at low mass) and the Be/Ti torsion
pendulum experiment performed by the E6t-Wash group**? (at higher
masses). The constraints for the relaxion halo scenario from direct
experimental searches have been obtained by rescaling the originally reported
constraints to account for the mass-dependent local overdensities as proposed
inref.*. This produces novel constraints not reported before for relaxion halo
dark matter from the results of refs. ¥¢3%4045 The fifth force/equivalence
principle constraints areindependent of the local dark matter density and are,
thus, unchanged.

interferometers operating beyond quantum limits indispensable tools
for dark matter detection and fundamental physics in general.
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Methods

Spectral estimation

Spectral analysis was performed using amodified version of the LPSD
technique®. This technique is designed to produce spectral estimates
with logarithmically spaced frequencies and therefore enables the pro-
duction of spectral estimates with a frequency-dependent bin width.
Using this technique, we subdivided the ~-10° s data segments into

T- Tcoh(f)

4 \‘Tcoh(f)(l_f) +1J (7)
smaller overlapping subsegments S/(¢) with a length equal to the
expected coherence time 7.,,(f), of adark matter signal at afrequency
f, where £ €[0,1] is the fractional overlap of the subsegments and
k e [1,N/]. As the expected coherence time and linewidth is frequency
dependent, this subdivision is unique for every frequency of inter-
est. After subdivision, the subsegments were multiplied with a Kaiser
window function W(t) and subjected to a DFT at a single frequency:

Tper

a“(H =Y Woskoe™, (8)
t=0

with Toer = T.on(), where a(f) is the complex spectral estimate at frequency

ffor the kth subsegment. Frequency points are chosen by dividing the
interval between the chosen minimum frequency (50 Hz) and the Nyquist
frequency (=8.2 kHz) by the dark matter linewidth and then rounding the
resultingnumber of bins to the nearestinteger to set the final frequency
pointsandbinwidths. The absolute squared magnitudes |a*(f)|*are aver-
aged over the subsegments to obtain the power spectrum

C .2
P =5 2 la“ NI, (10)

f k=1
where Cisanormalization factor. The spectraused in the analysis were
made withabinwidthequalto the expected linewidth of galactic dark
matter (Aw/w =107, seeref. ). The amplitude spectrum A(f) = ./P ()
created in this way comprises approximately 5 x 10° frequency bins
between 50 Hz and 6 kHz.

The SNR for galactic dark matter signals in such a spectrum is opti-
mal given a certain amount of data (see Sec. 'Validation of methods')
and can only be further improved by analysing more data. Additional
datawould allow for more averaging, which decreases the variance of
the spectrum as the square root of the amount of data, such that the
sensitivity approaches the noise floor. The noise floor can be lowered
using longer DFT lengths at the cost of reduced SNR, but this is subject
toseverely diminishing returns; the sensitivity can only beimproved by
afactor proportional to the fourth root of the amount of dataneeded”
(and the computation time scales with the product of DFT length and
the amount of data®®). Computation times for the spectra used in this
work are approximately 10 s per frequency bin for each ~10° s dataset,
orabout 10* CPU hours per spectrum.

Estimation of noise statistics

Thelocal noise parameters were estimated at every frequency bin from
w =5 x10*neighbouring bins. This method allows the underlying noise
distributionto be estimated inaway thatisindependent of narrow (<w)
spectral features (such as those due to mechanical excitation of the
mirror suspensions), under the assumption that the underlying noise
spectrumis locally flat (thatis, the autocorrelation length of the noise
spectrumis assumed to be >w). Therefore, the choice of wrepresents
atrade-offbetween erroneously assuminginstrumental spectral arte-
facts or signals to be features of the underlying noise spectrumversus
erroneously assuming features of the underlying noise spectrumto be
instrumental spectral artefacts or signals.

Follow-up analysis of candidates
Asmentioned above, 14 candidate peaks remained after cross-checking
spectratakenat different times. Thirteen of these peaks were found to
haveinsufficient width to be dark matter signals. Further investigation
ofeach of these candidates found that shifting the bin centre frequen-
cies by an amount much smaller than the expected linewidth of dark
matter signals of that frequency and amplitude and recomputing the
spectra did not reproduce the peak. Additional work revealed that
these13 candidate peaks were not presentinspectra created using the
same data and the same LPSD algorithm implemented in a different
programming language, whereas the noise floor and other spectral
features werereproducedidentically. Therefore, these peaks are prob-
ably artefacts of the numericalimplementation of the LPSD technique.
The coherence time of the single remaining candidate peak was inves-
tigated by evaluating its height in the amplitude spectrumas a function
ofthe DFT length (see ‘Validation of methods’). The height of the peak
did not decrease for DFT lengths more than an order of magnitude
greater thanthe expected dark matter coherence time, showinga coher-
ence time much greater than that expected for a galactic dark matter
signal of that frequency. To find the origin of the signal and to check
whether it could be due to the theoretically more coherent relaxion
halo dark matter, we performed spectral analysis on dataacquired on
anindependent dataacquisition system. The signal was not presentin
these data, whereas both noise and other signals from the interferom-
eter were. This fact, in combination with high-resolution (Af/f~107)
spectra revealing that the frequency at which the peak occursis very
closetoandindistinguishable from aninteger (f,.,, = 224 + (2x10™) Hz),
implies that the signalis most likely an artefact of atiming signalin the
main data acquisition electronics.

Validation of methods

To validate several aspects of our analysis methods, we simulated dark
matter signals and injected them into sets of real and simulated data.
The dark matter signals were created by superposing approximately 10
sinusoids at frequencieslinearly spaced around acentre frequency (the
simulated Doppler-shifted dark matter Compton frequency), where
the amplitude of each sinusoid is given by the quasi-Maxwellian dark
matter line shape proposed inref. * scaled by a simulated dark matter
coupling constant; the relative phases of the sinusoids are randomized
to capture the thermalization of the scalar field dark matter.

Totest the spectral estimation, signal searchand candidate rejection,
ablind injection of simulated dark matter signals into several GEO600
datasets was performed, where the frequency, amplitude and number
of signals was masked to the authors. Allinjected signals wererecovered
at their Compton frequency and at an amplitude corresponding to the
hypothetical coupling constantand were subsequently identified through
cross-checks between spectraas persistent candidate dark matter signals.

The previously proposed”? and herein used condition of setting
the frequency bin widths equal to the expected dark matter linewidth
for attaining optimal SNR was tested using simulated dark matter sig-
nals as well. Mock dark matter signals and monochromatic sine signals
were injected into real GEO600 data and Gaussian noise and spectra
were made for which the width of the frequency bins Af;;, (and, corre-
spondingly, the length of the DFTs T,;) was varied over four orders of
magnitude. The recovered amplitude of signals injected into GEO600
datainspectracreated using the LPSD algorithmis plotted in Extended
Data Fig. 1 (left). This shows that the recovered amplitude of signals
starts to decrease as the DFT length exceeds the coherence time
(amonochromatic sine has infinite coherence time) and validates the
rejection of the remaining candidate signal above, as its amplitude
was found to be roughly constant for Ty,/7.>10. The recovered SNR
of signalsinjected into Gaussian noise in spectra created using Welch’s
method¥ is plotted in Extended Data Fig. 1 (right), which confirms that
the SNRis maximal when the frequency bin widthis roughly equal to the
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full width at half maximum Af;,, of the spectral line shape of the signal.
This is a consequence of the aforementioned decrease in recovered
amplitude for smaller bin widths and the scaling of white Gaussian noise.

Data availability

The upper limit data in Figs. 2 and 3 and intermediate results, such as
thespectruminFig.1, are available fromthe corresponding author on
request. The raw data used for the full analysis comprise about 80 GB
andareavailable from the corresponding author onreasonable request.

Code availability

The code used for this analysis has been released and can be found at
https://github.com/philrelton/Scalar-Dark-Matter-LPSD.

47. Welch, P. The use of fast Fourier transform for the estimation of power spectra: a method
based on time averaging over short, modified periodograms. IEEE Trans. Audio Electroacoust.
15, 70-73 (1967).
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Extended DataFig.1| Thespectralamplitude and SNR of asimulated dark
matter signaland monochromatic sine wave asrecovered from spectra
created using different frequency binwidths (Afy;, = 1/Tp). The plotted
recovered amplitude is normalized by the injected amplitude. The SNR (n,) is
measured asthe difference between the signalamplitude and the noise
amplitude divided by the standard deviation of the noise. The appearance of a
maximum for the SNRas shownontherightisadirect consequence of both the
decreaseintherecovered amplitude of signals with limited coherence
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(asshown on theleft) and the scaling of white Gaussian noise with increasing
integration time. The plot on the left was produced by injecting asimulated
dark matter (DM) signal and a perfectsineinto asegment of GEO600 dataand
creating spectrausing the modified LPSD technique described above. The plot
ontheright was made by injecting the same signals into white Gaussian noise
and creating spectrausing Welch’s method. Note that, for any single bin and for
equal Ty, the spectral estimate obtained with the LPSD method (equation (8))
ismathematically equal to that obtained with Welch’s method.
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