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Gravitational Spectrum
Gravitational waves will be major part of future of astronomy, astrophysics and cosmology 

Crucial to observe as many bands as possible!

many observatories operating or planned from ~ nHz to kHz

open band 
~ 10-7 Hz - 10-4 Hz

Important to consider all possible detection techniques to cover the entire spectrum

atomic interferometry 
(MAGIS, clocks, MIGA, 

AION…)



Outline

1. Gravitational wave detection with atom interferometry ~ Hz band 

2. New proposal for µHz band using atomic clocks (preliminary)



Gravitational Wave Detection 
with Atom Interferometry

Savas Dimopoulos 
Jason Hogan 

Mark Kasevich 
Surjeet Rajendran

with

PRD 94 (2016)  arXiv:1606.01860 
PRL 110 (2013)  arXiv:1206.0818 
GRG 43 (2011) arXiv:1009.2702 

PLB 678 (2009)  arXiv:0712.1250 
PRD 78 (2008)  arXiv:0806.2125



Atom Interferometry
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Beamsplitter

Mirror

start with ultracold cloud of atoms in free fall

laser pulse coherently split each atom’s 
wavefunction, and separate the halves

two halves recombined and 
final phase difference measured



Experimental Demonstrations
Stanford 10 m Test Facility

(Kasevich and Hogan groups)

demonstrate necessary technologies (in Rb):

➜ 50 pK

atom cooling

54 cm

Kovachy et. al, Nature (2015)

Macroscopic splitting of atomic wavefunction:



MAGIS-100 at FermilabProposal: 100 meter detector at Fermilab

• MINOS, MINERǌA and NOǌA experiments 
use the NuMI beam

• 100 meter access shaft

• Atom DM detector (small scale project)

• atom interferometers (like clocks) measure light travel time 

• 100m Sr atom interferometer drop tower 

• Detect ultralight dark matter from oscillation of energy levels 

• Demonstrator for future gravitational wave detectors 
(terrestrial ~km scale, and satellite) 

• Under construction!

Figure 21: Cold Strontium atom cloud imaged in the R&D setup at Stanford.

Required number Atoms/sec when Fraction of calendar Estimated run
Science Topic of atoms taking science data taking science data time (years)
Commissioning N/A N/A N/A 1
Phase 1: Quantum Science 3 ◊ 1012 106 0.1 0.5
Phase 2: Dark Sector Campaign 1015 108 0.3 1
Phase 3: Mid-band development 1015 108 0.3 1

Table 9: Illustrative run plan. The science program is organized in three phases. Listed are
preliminary estimates of (i) the number of atoms that must be launched/dropped to accomplish
the required statistical precision for each phase assuming shot noise limited phase resolution (see
figures in physics section), (ii) the average rate at which these atoms can be launched/dropped
during science data taking, (iii) the fraction of calendar time the experiment is taking science data
c.f. setup, calibrations etc., hence (iv) the calendar time.

and times.

• Phase 2: First dark sector search campaign. Long baseline configuration at initial sensitivity.
Search for ultralight scalar dark matter, new forces.

• Phase 3: Gravitational wave detector development. Demonstrations of detector enhancements
such as resonant interferometry. Investigation of GGN suppression.
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Figure 21: Cold Strontium atom cloud imaged in the R&D setup at Stanford.
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Phase 2: Dark Sector Campaign 1015 108 0.3 1
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Table 9: Illustrative run plan. The science program is organized in three phases. Listed are
preliminary estimates of (i) the number of atoms that must be launched/dropped to accomplish
the required statistical precision for each phase assuming shot noise limited phase resolution (see
figures in physics section), (ii) the average rate at which these atoms can be launched/dropped
during science data taking, (iii) the fraction of calendar time the experiment is taking science data
c.f. setup, calibrations etc., hence (iv) the calendar time.

and times.

• Phase 2: First dark sector search campaign. Long baseline configuration at initial sensitivity.
Search for ultralight scalar dark matter, new forces.

• Phase 3: Gravitational wave detector development. Demonstrations of detector enhancements
such as resonant interferometry. Investigation of GGN suppression.
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International Efforts in Gravitational Wave 
Detection with Atom Interferometry

MIGA (France) AION (UK) ZAIGA (China)

Terrestrial Detectors 
under construction now:

Can do ultralight dark matter detection as well 
Demonstrators for ~km scale terrestrial detectors (and satellite detectors in farther future) 

rest of talk I’ll focus on science reach, use MAGIS as example

MAGIS-100 (Fermilab)
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and times.

• Phase 2: First dark sector search campaign. Long baseline configuration at initial sensitivity.
Search for ultralight scalar dark matter, new forces.

• Phase 3: Gravitational wave detector development. Demonstrations of detector enhancements
such as resonant interferometry. Investigation of GGN suppression.
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Atom Interferometry for Gravitational Waves
Future detectors (terrestrial + satellite) could access mid-frequency band:

Advanced LIGO

LISA
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(a) Detector side view.

(b) Top

(c) Center

(d) Bottom

Figure 13: MAGIS-100 detector conceptual CAD model. The side view (a) shows a cross section
of the existing ≥90 m underground NuMI shaft, with the MAGIS-100 vacuum tube installed. The
three atom sources are attached at the (b) top, (c) middle, and (d) bottom of the detector. A laser
hutch at the top of the shaft contains the interferometry lasers. The laser light enters the vacuum
system at the top of the shaft through a vacuum viewport and then propagates downwards inside
the vacuum tube.
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Angular Localization

phase advance across orbit dominates 
angular resolution

GW

Advanced LIGO

LISA
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mid-frequency band ideal for angular localization 

➜ predict merger time and location (sub-degree)
atom interferometry

➜ highest frequencies where 
source lasts 6 months are best
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PWG & S. Jung PRD 97 (2018)



Standard Sirens

luminosity distance measured from GW waveform, 
need redshift from EM observations ➜ can do cosmology

Schutz (1986)

independent measurement, no distance ladder needed, 
ultimately limited only by measurement precision not source uncertainties 

but need EM redshift

3

The measurement of the GW polarization is cru-
cial for inferring the binary inclination. This in-
clination, ◆, is defined as the angle between the
line of sight vector from the source to the detec-
tor and the orbital angular momentum vector of
the binary system. For electromagnetic (EM) phe-
nomena it is typically not possible to tell whether a
system is orbiting clockwise or counter-clockwise
(or, equivalently, face-on or face-off), and sources
are therefore usually characterized by a viewing
angle: min (◆, 180� � ◆). By contrast, GW mea-
surements can identify the sense of the rotation,
and thus ◆ ranges from 0 (counter-clockwise) to
180 deg (clockwise). Previous GW detections by
LIGO had large uncertainties in luminosity dis-
tance and inclination (Abbott et al. 2016a) because
the two LIGO detectors that were involved are
nearly co-aligned, preventing a precise polariza-
tion measurement. In the present case, thanks to
Virgo as an additional detector, the cosine of the
inclination can be constrained at 68.3% (1�) con-
fidence to the range [�1.00,�0.81] corresponding
to inclination angles between [144, 180] deg. This
implies that the plane of the binary orbit is almost,
but not quite, perpendicular to our line of sight
to the source (◆ ⇡ 180 deg), which is consistent
with the observation of a coincident GRB (LVC,
GBM, & INTEGRAL 2017 in prep.; Goldstein et
al. 2017, ApJL, submitted; Savchenko et al. 2017,
ApJL, submitted). We report inferences on cos ◆
because our prior for it is flat, so the posterior is
proportional to the marginal likelihood for it from
the GW observations.

EM follow-up of the GW sky localization re-
gion (Abbott et al. 2017c) discovered an opti-
cal transient (Coulter et al. 2017; Soares-Santos
et al. 2017; Valenti et al. 2017; Arcavi et al. 2017;
Tanvir et al. 2017; Lipunov et al. 2017) in close
proximity to the galaxy NGC 4993. The location
of the transient was previously observed by the
Distance Less Than 40 Mpc (DLT40) survey on
2017 July 27.99 UT and no sources were found
(Valenti et al. 2017). We estimate the probability

Figure 1. GW170817 measurement of H0. Marginal-
ized posterior density for H0 (blue curve). Constraints
at 1- and 2� from Planck (Planck Collaboration et al.
2016) and SHoES (Riess et al. 2016) are shown in
green and orange. The maximum a posteriori value
and minimal 68.3% credible interval from this PDF is
H0 = 70.0+12.0

�8.0 km s�1Mpc�1. The 68.3% (1�) and
95.4% (2�) minimal credible intervals are indicated by
dashed and dotted lines.

of a random chance association between the opti-
cal counterpart and NGC 4993 to be 0.004% (see
the Methods section for details). In what follows
we assume that the optical counterpart is associ-
ated with GW170817, and that this source resides
in NGC 4993.

To compute H0 we need to estimate the back-
ground Hubble flow velocity at the position of
NGC 4993. In the traditional electromagnetic cal-
ibration of the cosmic “distance ladder” (Freed-
man et al. 2001), this step is commonly carried
out using secondary distance indicator informa-
tion, such as the Tully-Fisher relation (Sakai et al.
2000), which allows one to infer the background
Hubble flow velocity in the local Universe scaled
back from more distant secondary indicators cal-
ibrated in quiet Hubble flow. We do not adopt
this approach here, however, in order to preserve
more fully the independence of our results from
the electromagnetic distance ladder. Instead we
estimate the Hubble flow velocity at the position

e.g. LIGO used NS-NS merger 
GW170817 ➜ measure H0

current tension in Hubble measurements

arXiv:1710.05835



Dark Sirens

If use black hole binaries, get higher redshifts, more sirens 
but how measure redshift without identified EM counterpart?

Chen & Holz (2016)

2dFGRS data

statistically match to known galaxies within error 
box set by GW observations 

with enough events can measure distance-redshift 
relation precisely 

attempted but challenging in LIGO’s band

(in progress)

good angular resolution of mid-band greatly improves the measurement (combined with LIGO) 

BH’s become precision dark sirens, e.g. may allow measurement of dark energy equation of state w

e.g. Yang et al (2110.09967)



Neutron Star Mergers

e.g. learn more about NS mergers, 
kilonovae, origin of r-process elements, etc.

would allow EM telescopes to 
observe merger as it happens

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

Ap.J.Lett. 848 (2017)



White Dwarf Mergers

Advanced LIGO

LISA
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• expect ≿ 1 WD merger per year within 20 Mpc 

• mergers only detectable in mid-band 

• may be localized and predicted in advance ➜ 
multi-messenger astronomy

What do we learn? 

• What does a WD-WD collision look like?  (Some of) Type Ia SN? 

• measure rate, double degenerate vs single degenerate model of type Ia 

• improve calibration of standard candles?



Mid-band GW Science

• excellent angular resolution 

• identify upcoming NS (and BH) mergers allowing EM telescopes to observe event 

• standard siren measurements for cosmology: measure Hubble, dark energy EOS… 

• study WD mergers, type Ia supernovae, double degenerate vs single degenerate, etc. 

• measure BH spins and orbital eccentricities, learn about formation, heavier BH’s? 

• possibly early universe sources of GW’s (inflation/reheating, cosmic strings, etc.) 

• … likely more we haven’t thought of yet!

Observing with MAGIS in the mid-band may allow:

complementary to LIGO (and future LISA), combining gives much more information

Gravitational waves will be major part of future of astrophysics and cosmology 
must observe in all possible bands



Atomic Clocks and Gravitational 
Waves at ~ 1-10 µHz

with 

Michael Fedderke 

Surjeet Rajendran

(PRELIMINARY)

to appear soon



Gravitational Spectrum

open band 
~ 10-7 Hz - 10-4 Hz

Important to consider all possible detection techniques to cover the entire spectrum

atomic interferometry 
(MAGIS, clocks, MIGA, 

AION…)



Why the “µHz Gap”?
Why doesn’t LISA reach lower frequencies?

> CZ PQFOJOH
UIF IJHI�GSFRVFODZ HSBWJUBUJPOBM XBWF XJOEPX UP PC�
TFSWF MPX NBTT TPVSDFT BU MPX SFETIJę� ćF 4FOJPS
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>
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UP ���N)[ (SBWJUBUJPOBM 8BWF XJOEPX UP UIF 6OJ�
WFSTF� ćJT MPX�GSFRVFODZ XJOEPX JT SJDI JO B WBSJFUZ
PG TPVSDFT UIBU XJMM MFU VT TVSWFZ UIF 6OJWFSTF JO B OFX
BOE VOJRVF XBZ
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)PX
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 BOE XIBU JT UIF DPOOFDUJPO
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 8IBU JT UIF OBUVSF PG HSBW�

proof mass 
acceleration noise

photon shot noise

λGW < baseline

LISA L3 Proposal

How could you reach lower frequencies? 

• Decrease acceleration noise (e.g. µAres concept) 

• Extend arm length (µAres) 

• Use astrophysical proof mass, e.g. pulsar timing 
or lunar laser ranging approach

at ð1.74" 0.05Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
above 2 mHz and ð6" 1Þ × 10 fm s−2=

ffiffiffiffiffiffi
Hz

p
at 20 μHz, and discusses the

physical sources for the measured noise. This performance provides an experimental benchmark
demonstrating the ability to realize the low-frequency science potential of the LISA mission, recently
selected by the European Space Agency.

DOI: 10.1103/PhysRevLett.120.061101

Introduction.—LISA Pathfinder (LPF) [1] is a European
Space Agency (ESA) mission dedicated to the experimental
demonstration of the free fall of test masses (TMs) as
required by LISA [2], the space-based gravitational-wave
(GW) observatory just approved by ESA. Such TMs are the
reference bodies at the ends of each LISA interferometer
arm and need to be free from spurious acceleration, g,
relative to their local inertial frame; any stray acceleration
competes directly with the tidal deformations caused by
GWs. LPF has two LISA TMs at the ends of a short
interferometer arm, insensitive to GWs because of the
reduced length but sensitive to the differential acceleration,
Δg, of the TMs arising from parasitic forces.
LPF was launched on December 3, 2015 and was in

science operation from March 1, 2016. Operations ended
on June 30, 2017, and the satellite was finally passivated on
July 18, 2017. On June 7, 2016, we published [3] the first
results on the free fall performance of the LPF test masses.
These results showed that the amplitude spectral density
(ASD) ofΔgwas found to be (see Fig. 1 of Ref. [3]) limited
by Brownian noise at S1=2Δg ¼ ð5.2" 0.1Þ fm s−2=

ffiffiffiffiffiffi
Hz

p
, for

frequencies 1 mHz≲ f ≲ 30 mHz; rising above the
Brownian noise floor for frequencies f ≲ 1 mHz,

increasing to ≲12 fm s−2=
ffiffiffiffiffiffi
Hz

p
at f ¼ 0.1 mHz; and lim-

ited, for f ≳ 30 mHz, by the interferometer readout noise
of S1=2x ¼ ð34.8" 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
, which translates into an

effective Δg ASD of S1=2x ð2πfÞ2.
The previously published data referred to the longest

uninterrupted stretch of data, of about one week duration,
we had measured up to the time of publication. Since that
time, several improvements have allowed a significantly
better performance, presented in Fig. 1. First, the residual
gas pressure has decreased by roughly a factor of 10 since
the beginning of operations, as the gravitational reference
sensor (GRS) surrounding the TM has been continuously
vented to space [3] with a slowly decreasing outgassing
rate. Second, a more accurate calculation of the electrostatic
actuation force has eliminated a systematic source of low-
frequency force noise. Third, another inertial force from the
LPF spacecraft rotation has been identified and corrected in
theΔg time series. This last effect will be highly suppressed
in LISA by the improved rotational spacecraft control.
Finally, we have removed, by empirical fitting, a number of
well-identified, sporadic (less than one per day) quasi-
impulse force events or “glitches” from the data, allowing
uninterrupted data series of up to ∼18 days duration. This

FIG. 1. ASD of parasitic differential acceleration of LPF test masses as a function of the frequency. Data refer to an ∼13 day long run
taken at a temperature of 11 °C. The red, noisy line is the ASD estimated with the standard periodogram technique averaging over 10,
50% overlapping periodograms each 2 × 105 s long. The data points with error bars are uncorrelated, averaged estimates calculated as
explained in the text. For comparison, the blue noisy line is the ASD published in Ref. [3]. Data are compared with LPF requirements [1]
and with LISA requirements taken from Ref. [2]. Fulfilling requirements implies that the noise must be below the corresponding shaded
area at all frequencies. LISA requirements below 0.1 mHz must be considered just as goals [2].

PHYSICAL REVIEW LETTERS 120, 061101 (2018)

061101-2

LISA Pathfinder PRL (2018)

measured:

rises at low 
frequency



Astrophysical Proof Masses
Why doesn’t Pulsar Timing reach higher frequencies? 

Pulsars very heavy so excellent inertial proof masses (and clocks)

techniques shown in Fig. 1.
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Figure 1: Sensitivity curves for the PTA discussed in the text to a monochromatic

source. The left panel shows the prediction of the frequentist formula in Sec. 3.1,

the right panel shows the prediction of the Bayesian formula in Sec. 3.2.
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Figure 2: The left panel shows a plot of log(B) against amplitude and frequency.

The black line is the contour B = Bth. The black curve is identical to that plotted

in the right panel which shows the numerically calculated sensitivity curve in Sec.

3.3.
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Moore et. al. (2015)

baseline is “too long” or really insufficient timing of pulses for higher frequency band

want: shorter baseline for good SNR of pulses, human-made clock + pulses

pulse timing residuals ~ 10 ns

λGW < baseline  ➜ GW signal
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/ �GW

Lunar laser ranging uses Earth-Moon system 

but Earth has atmosphere + seismic noise (plate tectonics…) 

what can we use?



433 Eros

can we use asteroids?

So what can we use?
Want much bigger than a satellite so small forces don’t disturb 

 Want smaller than the Earth so no atmosphere or plate tectonics:

Will evaluate asteroids as inertial proof masses 
for gravitational wave detection

in particular will evaluate acceleration noise for asteroids 
will argue it can naturally be much lower than human-made proof masses in this frequency band

toy concept for a full GW experiment (others possible too):

radio or laser timing link

focus on ~ 10 km asteroids orbiting ~ 2 AU  with baseline ~ AU

atomic clock atomic clock



Some Example Asteroids

results

full_name a (AU) e per_y n_dop_obs_used H diameter (km) albedo rot_per

433 Eros (A898 PA) 1.458045729 0.222951265 1.760617117 2 10.4 16.84 0.25 5.27

1627 Ivar (1929 SH) 1.863272945 0.396783058 2.543448329 1 12.7 9.12 0.15 4.795

2064 Thomsen (1942 RQ) 2.178626927 0.329840411 3.215751662 12.6 13.61 0.0549 4.233

3353 Jarvis (1981 YC) 1.863022742 0.084636421 2.54293604 13.7 10.528 0.049 202

6618 Jimsimons (1936 SO) 1.874978569 0.044348412 2.56745396 13.4 11.506 0.07 4.142

from NASA asteroid database:



Human Exploration of Asteroids
Have landed on asteroids many times:

Wikipedia

I’ll mainly focus on evaluating asteroids as proof masses, 
not on (challenging) engineering aspects of rest of mission

even “driven” rovers, 
collected samples…

162173 Ryugu

Much ongoing interest in landing on asteroids



Unexplored GW Band

Nancy Roman
Gaia

NANOGrav

LISA



Solar Intensity Acceleration Noise

<latexit sha1_base64="Cd0F4YPc2otQGLy68wmCVenjjYE="></latexit>
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Fröhlich & Lean (2004)

Gravitational perturbations from planets etc. are low frequency (and well-known) 
A major remaining, fluctuating, force is radiation pressure from sun.

diameters > 1 km give sufficient noise suppression



Solar Wind Acceleration Noise
Measured solar wind fluctuations, applied to example asteroid

<latexit sha1_base64="1TLwX03CYf7u9H44ykO/4ilA3Kw="></latexit>p
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strain ASD:

measured solar wind PSD
CELIAS, MTOF monitor on SOHO satellite
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Thermal Noise
Solar intensity fluctuations cause variable heating ➜ thermal expansion noise

in-band surface height fluctuation



Rotation Noise
Asteroid rotation periods generally ~ few hours

removes higher frequency bands

many other acceleration noise sources (e.g. collisions, tidal heating, seismic 
noise, etc) appear sufficiently small for asteroid diameters > 1 km

asteroid as inertial proof mass allows significant improvement at low frequencies



Clock Noise
Asteroid is good inertial proof mass, quickly estimate other noise sources

translated current atomic clock

T Bothwell et al

3

3.1. Blackbody radiation

The frequency shift induced by blackbody radiation (BBR) is 
the largest systematic shift and a dominant source of uncer-
tainty in state-of-the-art optical lattice clocks. Aside from 

cryogenic systems [3], the BBR-induced clock shift for stron-
tium is approximately 5 × 10−15 at room temperature. The 
BBR shift of a thermal electric !eld distribution characterized 
by a temperature, T, may be expressed as:

Figure 1. Schematic view of the SrI clock. Ultrastable laser light is generated at 1542 nm by referencing a diode laser to a crystalline 
silicon optical cavity operating at 124 K (red, dotted line). The stability of this laser is then transferred via an Er:!ber comb to an external-
cavity diode laser pre-stabilized by a 40 cm ULE cavity operating at 698 nm (blue, dotted line). An acousto-optic modulator (AOM 1) is 
then used to steer the cavity light into resonance with the Sr clock transition. The excitation fraction after probing the clock transition is 
detected by collecting #uorescence from both ground and excited state atoms. A frequency step applied to AOM 1 produces an error signal 
for locking by alternately probing both sides of the | ± 9/2〉 stretched state transitions. Frequency corrections to the average of the | ± 9/2〉 
frequencies are applied to AOM 2 such that the cavity-stabilized light is steered onto the transition frequency of the Sr atom. In addition, 
frequency corrections to the difference of the | ± 9/2〉 frequencies are applied to the AOM 1 frequency. An in-plane magnetic !eld, B, 
providing a quantization axis for the atoms, is aligned to be collinear with both the 1D optical lattice polarization, ε813, and the clock laser 
polarization, ε698. Out-of-vacuum quadrant ring electrodes generate a DC electric !eld to cancel the ambient !eld at the position of the 
atoms. Finally, a phase lock of the 813 nm trapping laser to the Er:!ber comb stabilizes the frequency of the trapping light (green, dotted 
line). The trapping light is delivered to the atoms through a high power optical !ber and is intensity stabilized by actuating the RF power on 
AOM 3.

Figure 2. Systematic shifts. (a) Plot of the time record of the systematic shifts. Changes in atom number, ambient temperature, or magnetic 
!eld all result in corrections to the clock frequency, and their total magnitude is shown over a six hour data campaign. The clock achieves 
98.9% uptime over the course of this single comparison day and slight gaps in the data indicate brief periods where the laser is not locked 
to the atoms. (b) The same data is plotted as a fractional instability normalized to the Sr clock frequency. The individual contributions of 
density shift (blue), BBR (red) and second order Zeeman shift (yellow) are shown as the dashed curves. For operation times up to 104 s, 
#uctuations in systematic offsets are bounded below 4 × 10−19. (c) non-synchronous comparison with the JILA 3D optical lattice clock 
demonstrates that the beat between the two clocks averages below the quoted total systematic uncertainty. All error bars are derived from a 
white noise model and the black line is a white noise τ−1/2 !t to the single clock instability.

Metrologia 56 (2019) 065004

Bothwell et. al. (2019)

existing (terrestrial) clocks already sufficient for great GW sensitivity! 

will assume this can be improved sufficiently that it is not limiting



Radio/Optical Link Noise
Estimate radar-ranging accuracy

asteroids have significant, 
uncontrollable relative motion

possibly allows a link system with significantly reduced technical 
complications relative to optical interferometry 

radio interferometry

laser pulsing



Asteroid Gravity Gradient Noise
predominantly around orbital period (of detector) ~ few years

dedicated simulation using NASA JPL asteroid catalog, supplemented with estimate for higher 
frequency “close pass” noise of unmodeled asteroids using e.g. lunar crater data

Fedderke, PWG, Rajendran, PRD (2021)

cuts off any inner solar system experiment for GW’s at frequencies < few x 10-7 Hz 
another “gap” in gravitational spectrum?



Full Sensitivity Curve

Asteroids as proof masses with atomic clocks appear capable of observing ~10-6 Hz - 10-4 Hz band 

hopefully encourages further study!

motivates trials of space-qualified 
atomic clocks 

also motivates asteroid tests 
including seismic measurements 
(mars and moon measurements 
encouraging)

“just” placing atomic clock and laser (or radio) link on two asteroids will have sensitivity:



Summary

Atom interferometer-based GW detectors could observe the “mid-band” ~ 1 Hz 

• 100 m class demonstrators under construction now (e.g. MAGIS-100 at Fermilab) 

• Science case for this band is broad (and expanding)

Asteroids (with atomic clocks) may be good proof masses for GW’s in µHz band 

• no existing methods can access this band 

• warrants further study





Backup Slides



Mid-band Atomic Gravitational wave 
Interferometric Sensor (MAGIS)

PWG, Hogan, Kasevich, Rajendran PRL 110 (2013)

run as hybrid clock/accelerometer

atomic 
interferometer

atomic 
interferometer

• based on atomic clock technology 

• atoms measure light travel time 

• accelerometer ➜ can use atoms 
as good inertial proof masses 

• differential measurement allows 
reduction of many noise sources 

• e.g. seismic noise removed ➜ 
observe frequencies below LIGO

gravitational wave detection:



Angular Localization

2 optimal terrestrial detectors could localize observed NS-NS to ~ 1º, predict ~ 1 day ahead

6

Satellite Detector

Benchmark distance DL lifetime
p
⌦s [deg] SNR

GW150914 410 Mpc 9.6 months 0.16 67

NS-NS 140 Mpc 140 years 0.19 5.2

140-140 410 Mpc 25 days 0.75 190

TABLE I. Benchmark sources and results for the satellite mission. The most important source parameters are the masses
and luminosity distance DL, which determine the overall signal strength and the lifetime spent in the AI frequency band
f = 0.03�5 Hz. Other source parameters (location, polarization, binary orbit inclination) are somewhat randomly chosen as in
Appendix A (but not leading to particularly good or bad results), and the same set of parameters are used for all benchmarks.
The last four columns show our results for SNR ⇢ and the uncertainties for angular resolution

p
�⌦s in degrees, distance DL,

and polarization  (in radians) from the resonant satellite detector discussed in the text. Results are integrated for the last
one year up to 1 hour before merger, or up to the ISCO whichever is earlier. All uncertainties can be scaled almost linearly
with 1/distance. Unphysically large uncertainties (no priors are applied) would mean that the parameters will not be well
constrained; but uncertainties linearly-scaled with 1/distance become meaningful and physical for close enough sources.

These vectors defined in the Earth polar coordinate are transformed to the Sun’s polar coordinate as (again by
assuming the ecliptic at ✓Ea = ⇡/2)

rAI(t) =

0

@
cos�Ea(t) � sin�Ea(t) 0
sin�Ea(t) cos�Ea(t) 0

0 0 1

1

A ·

0

@
cos ✓inc 0 � sin ✓inc

0 1 0
sin ✓inc 0 cos ✓inc

1

A · rAI,0(t), (7)

and similarly for a(t). The azimuthal angle of the Earth’s orbit around the Sun is �Ea(t) = 2⇡t/(1yr) + �00, and the
location of the Earth in the Sun frame is rEa(t) = (cos�Ea(t), sin�Ea(t), 0). The inclination ✓inc (of a detector orbit
around the Earth with respect to the ecliptic) is chosen to be ⇡/4 and 23.4� for the satellite and terrestrial missions,
respectively. (Of course, the satellite-orbit inclination is not a fixed number and its optimal value can be studied.)

We estimate parameter measurement accuracies by calculating a Fisher matrix �. 10 free parameters that we
consider are binary masses, source direction n = n(✓,�), polarization  , binary orbit inclination c◆ ⌘ cos ◆, luminosity
distance DL, coalescence time tc and phase �c, and spin-orbit coupling � (we include � in the Fisher estimation
although we set � = 0; neutron star spins are small, and spin-orbit dipole interactions are suppressed by large binary
separations during the inspiral phase far from merger). The first three angle parameters are defined in the Sun
frame. The covariance matrix ��1 is a theoretical estimation of experimental uncertainties. In particular, the angular
resolution of the source location is defined as the solid-angle uncertainty [15]

�⌦s ⌘ 2⇡ sin ✓
q

��1
✓✓ �

�1
�� � (��1

✓� )
2. (8)

We use
p
�⌦s (in degree) and the square-root of diagonal elements of ��1 as measurement accuracies in this paper.

More details on Fisher matrix analysis can be found in, e.g. Refs. [15, 36], and its utilities and limitations are discussed
in, e.g. Refs. [37]. Most of our benchmark results have SNR ⇢ & 5 so that Fisher matrix can be a good approximation.
SNR ⇢ and Fisher elements �ij are integrated over the measurement time as

⇢2 = 4

Z
h̃⇤(f)h̃(f)

Sn(f)
df, (9)

�ij = 4Re

Z
(@ih̃⇤)@j h̃

Sn(f)
df, (10)

where h̃(f) is the Fourier-transform of h(t) as in Eq. (A1). If the same data multiples, �⌦s · ⇢2 is constant.

C. Benchmark Signals

Since two disparate time scales – 7.8 ⇠ 24 hours (earth orbit) and 1 year (solar orbit) – are present in satellite and
terrestrial AI missions, detection strategies and measurement accuracies depend crucially on the GW lifetime in the
AI frequency band f = 0.03 - 5 Hz. Although any compact binary mergers lighter than about a few 1000 solar mass
will pass AI band, their lifetime in the AI band vary from a few seconds to several years depending on the masses.

PWG + Sunghoon Jung PRD 97 (2018)

localize within FOV of many EM telescopes, 
predict mergers > 1 week advance warning 

improves multi-messenger astronomy

0 50 100 150 200 250 300 350
0.1

1

10

100

measurement time [days]

S
qr
t[�

�
s]
[d
eg

]

space AI mission

140-140

GW150914

GW151226

NS-NS

changes observing strategy 
earth orbit optimal

Space-based detector

Spacecraft design 
with long baseline 
laser link

Geocentric orbit (GMAT simulation)
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JH and M. Kasevich, 
PRA 94, 033632 (2016)



Dark Matter Detection with MAGIS
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MAGIS could also detect ultralight dark matter (e.g. axions)

such DM acts like a field, can oscillate fundamental ‘constants’ e.g. electron mass

energy splitting will oscillate with fixed frequency 

only observable if compare two clocks ➜ GW detector 

not observable in laser interferometer GW detector

Arvanitaki, PWG, Hogan, Rajendran, Tilburg, PRD 97 (2018)



Dark Matter Detection with MAGIS

-18 -16 -14 -12 -10
-12

-10

-8

-6

-4

-2

0

2

-2 0 2 4

log10[m�/eV]

lo
g 1
0
d
m
e

log10[f�/Hz]

5F

EP

Sp
ac
e

Futu
re S

URF
MAG

IS-1
00

natu
ral dm

e

MAGIS can also detect ultralight dark matter 
(e.g. axions) with 3 complementary searches:

1. single-baseline “gravitational wave” search 

2. equivalence principle violation search 

3. spin torque search

Arvanitaki, PWG, Hogan, Rajendran, Tilburg, PRD 97 (2018)

PWG, Kaplan, Mardon, Rajendran, Terrano, PRD 93 (2016)

PWG, Kaplan, Mardon, Rajendran, Terrano, 
Trahms, Wilkason, PRD 97 (2018)
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Figure 3: Sensitivity of MAGIS-100 to a B-L coupled new force, with 10≠16
g/

Ô
Hz acceleration

sensitivity (assumes 50 m launch, 1000 ~k atom optics, 108 atoms/s flux, shot noise limited). Shaded
red band shows estimated uncertainty in projected sensitivity. Yellow band indicates existing
bounds. Potential sensitivities of this method to general other dark matter candidates are shown
in [?].

demonstrated [?, ?, ?, ?]. The potential sensitivity of MAGIS-100 to one such dark matter candi-
date, a B-L coupled new vector boson, is shown in Fig. 3. In general, potential sensitivities to dark
matter candidates are shown in [?]. Note that, compared to existing bounds, MAGIS-100 would im-
prove the sensitivity to any such dark matter particles with mass (frequency) below approximately
10≠15 eV (0.1 Hz) by about two orders of magnitude.

Interestingly, the two dark matter searches described above are sensitive to similar dark matter
candidates, but within complementary mass ranges, extending the coverage of the dark matter
parameter space.

Third, dark matter that causes precession of nuclear spins, such as general axions, can be
searched for by comparing simultaneous, co-located interferometers using Sr atoms in quantum
states with di�ering nuclear spins. See [?] for a discussion and potential sensitivities.

2.2 New Forces
In addition to these dark matter searches, new fundamental particles may also be discovered by
searching for new forces. This opportunity was identified in [?]. Ultra-light particles that have
highly suppressed interactions with Standard Model particles, often dubbed “dark sectors”, emerge
in a variety of beyond-the-Standard-Model frameworks. These theories include forces mediated
by particles that can dynamically solve naturalness problems in the Standard Model, such as the
strong CP problem (QCD axion [?]) and the hierarchy problem (relaxion [?]). Such forces can also
arise in theories with extra-dimensions [?] as well as super-symmetry [?]. Due to its high precision,
MAGIS-100 can search for these ultra-weak forces, sourced either by the Earth or a test mass.
Several of these particles have made an appearance in the previous subsection as ultra-light dark
matter candidates. Here we can also search for the presence of these fields, but not necessarily as
dark matter. In principle there are two ways to do this. First, if the range of the new force is short,
it can be observed by modulating the distance between a test mass and the atomic sensor. Second,
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FIG. 3: Estimate of the exclusion sensitivity reach of the atom interferometer for the gaNN coupling over an integration
time of 1 year. Again, we see a flat frequency response at low frequencies due to the e↵ective DC response of the
phase shift. The signal reduces at higher frequencies in the broadband experiment as the phase shift is only sensitive
to the amplitude of the oscillations. This can be improved with a resonant experiment that amplifies the phase shift
at the axion frequency, which then falls o↵ due to the amount of time spent in each frequency bin. Future experiments
are primarily improved by reducing shot noise and increasing interrogation time of the experiment.

C. Sensitivity Estimate

With this noise-cancellation scheme in mind, we can thus calculate the sensitivity of the atom interferom-
eter using the shot-noise limit of �� = 1p

N
, where N is the number of atoms per second. For this analysis,

we take N = 108 atoms/s, giving a shot noise of �� = 10�4 rad/
p
Hz. We find the sensitivity in Figure 3,

assuming a total integration time of 1 year. We plot the sensitivity for both the resonant and broadband
experiments to demonstrate their relative sensitivity for current atom interferometers with interrogation
times of T ⇠ 1s. We also plot the sensitivity for resonant future atom interferometers that are in devel-
opment as gravitational wave detectors. These proposals include both a ground-based atom interferometer
with interrogation times up to T = 10s, and a space-based atom interferometer with an extremely long
baseline that allows for interrogation times of up to T = 100s. Both of these proposals also include the
possibility of using an increase shot repetition rate of up to 10 Hz, e↵ectively increasing the shot noise to
�� ' 3 ⇥ 10�5 rad/

p
Hz. These are all plotted in Figure 3, showing that this will improve the sensitivity to

the axion by up to two orders of magnitude, probing past the astrophysical bounds.
We find that this experiment is particularly sensitive to axions right around the transition mass of ma = ⇡

T
.

Below this mass, the interferometer is only sensitive to the total phase accumulated during the interrogation
time. Right above the transition mass, we see that the broadband and resonant experiment have nearly
the same sensitivity, but the resonant experiment quickly provides greater sensitivity despite the loss of
integration time. The resonant experiment shows strong sensitivity for several decades after the transition
point, at least up to the second kink where the limited number of laser pulses becomes an issue.

Further improvements include “bouncing” the atoms in the interferometer to increase the e↵ective inter-
rogation time, as well as spin squeezing to improve the signal to noise ratio towards the Heisenberg limit.
Current squeezing experiments have demonstrated squeeze factors of

p
N ⇠ 100, providing large signal

boosts as well as relaxing the requirement on atom number [79]. These squeezing techniques have not yet
been demonstrated in the context of atom interferometry, but in an optimistic scenario, we could expect at
least an order of magnitude improvement from squeezing.
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