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Gravitational Wave Detection
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clocks: Kolkowitz, Pikovski, Langellier, 
Lukin, Walsworth & Ye, PRD (2016)



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:



International Efforts in Gravitational Wave 
Detection with Atom Interferometry

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

Terrestrial Detectors 
under construction now:

Plans (only) for satellite detectors, e.g. MAGIS and AEDGE 
leverage technology developed in these terrestrial detectors 

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

MAGIS-100 (Fermilab)

10
0 

m

Proposal: 100 meter detector at Fermilab

• MINOS, MINERǌA and NOǌA experiments 
use the NuMI beam

• 100 meter access shaft

• Atom DM detector (small scale project)

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.

46



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.
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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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Gravity Gradient Noise
no direct seismic noise, but still couples via Newtonian gravity 
the major background for terrestrial experiments 
- motivates underground or satellite experiments

Advanced LIGO

LISA
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atoms allow a possible new way to reduce: “string of pearls” 
• multiple atom interferometers along baseline 
• GW is a plane wave, response is linear along baseline 
• surface waves have λ ~ km Chaibi et. al. PRD 93 (2016)

e.g. J. Harms, Liv.Rev.Rel 18 (2015)



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:



Satellite Configuration

Single baseline (2 satellite) detector may reduce risk/complexity + cost of mission

Space-based detector

Spacecraft design 
with long baseline 
laser link

Geocentric orbit (GMAT simulation)
Detector baseline:  L = 4 × 107 m

JH and M. Kasevich, 
PRA 94, 033632 (2016)

Orbital simulations indicate 
• can be earth-orbiting 
• baselines ~ 30,000 km 
• avoid atmosphere 
• laser power sufficient

But can measure polarization/localization with single baseline (on earth or in space)?

Yes! detector moves: reorients and changes position 
sources live long in mid-band (days - years) and orbital period ~ hours - days



What science do we get from 
these new detectors?



Atom Interferometry for Gravitational Waves
Future detectors (terrestrial + satellite) could access mid-frequency band:
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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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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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Atom Interferometry for Gravitational Waves
Future detectors (terrestrial + satellite) could access mid-frequency band:



Angular Localization

phase advance across orbit 
enhances angular resolution

GW

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

mid-frequency band is ideal for angular localization

Can accurately predict merger time and location on sky (sub-degree)

allows significant science objectives:



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 4500Å 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
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• 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



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

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 surprises too!

Complementary to LIGO and LISA, observing with atoms in the mid-band may allow:



Questions on GW’s or atoms?


