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Satellites with drag-free test masses (TM)


Light travel time (= proper distance) between                                                                                
test masses is modulated by GW
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LISA Pathfinder Results

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. Phys. Rev. Lett. 120, 061101 (2018)

LISA Pathfinder 
• Residual gas

• Charging

• TM actuator noise

• Laser intensity 

noise

• etc.

[Phys. Rev. Lett. 120, 061101 (2018)]
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Suppress acceleration noise by having very large test mass
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Unstable Surface: Seismics/

atmospheric effects
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Few km scale rocks
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Land on Asteroids? 
Do we have good enough atomic clocks? 

Is the asteroid surface/center of mass stable enough?  



Noise sources
• Gravitational pull of large bodies (planets, moons) - ephemeris and  known


• Solar intensity fluctuations (CoM + torques)


• Solar wind fluctuations (CoM + torques)


• Thermal cycling


• Noise at rotational period


• Gravity Gradient Noise from other  asteroids in Main Belt


• Seismics


• Charging


• Magnetic forces and torques


• Collisions


• Tidal deformation


• etc…


• Clock noise


• Link (shot/thermal) noise

GNMobj

∼ 106

M.A.Fedderke., P. W. Graham, and S. Rajendran. 

Phys. Rev. D 103, 103017 (2021) [2011.13833].
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Asteroids are excellent test masses 
for a GW detector in the Hz band


~ m scale laser/radio ranging 
between on-asteroid base stations 
equipped with transmit/receive 
capability and atomic clocks gets 
excellent sensitivity


Strongly motivates:

• a detailed technical design study

• in-situ seismic / plastic 

deformation monitoring of 
asteroids in upcoming missions


• space-qualifying cold-atom 
atomic clocks

μ

Projections



Astrometry 
(10 nHz - 1 μHz)



• The Sun, Planets (and Pluto), Moons


‣ Relatively few 


‣ Masses (or ) and locations known


‣ Not noise (model out)


• The Inner Solar System asteroids


‣  objects 


‣ Generally, masses poorly / indirectly determined


‣ Locations are known to some extent


‣ NOT reasonable to assume that one can successfully model these out 


‣ Asteroid gravity gradient noise (GGN)!

GNM

𝒪(106)

Gravity Gradient Noise below μHz
[Wikipedia]



• Use NASA JPL Small-Body Database


• 10-year mission simulation 


• Detectors on circular orbit @ 1AU; asteroids on elliptical orbits (not -body)


• Test mass accelerations from asteroids  “noise” power spectrum (details)  strain sensitivity.
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detector with Inner Solar System baselines, up to 
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•Removing ~50 heavy distant objects does not 
change this conclusion


•At higher frequency, noise drops off. But only 
~1/6 of objects in database used in simulation: 
missing diameters for smaller, closer passing 
objects…

(few) × 10−7 Hz

Aresμ
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Works because pulsars are known to be stable clocks 
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Distant  Proof  Masses
Pulsar Timing Arrays: Detect gravitational waves by 
looking for modulation in the arrival times of pulsar 

signals 

Works because pulsars are known to be stable clocks 

What are other stable aspects of distant astrophysical objects? 

Center of mass positions of stars? 

Measure center of mass position via angle 
measurement? 
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✓ ! ✓ + �✓ u ✓ + h



Astrometry

<latexit sha1_base64="pYM132qgRhMHaU/a61ywLFbdrWg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/puWPMQ==</latexit>

✓

Gravitational wave bends the 
path taken by light near the 

detector 

Detector 
<latexit sha1_base64="Nvkrw3tFL2CoUZDk/NMyvhAFto8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIIghF0R9SSiF48KRoVsCL2TTnZwdmed6VVD8G+8+CteBBXRo3/iJC74LBgoqqrp6YoyJS35/ps3NDwyOjY+MVmamp6ZnSvPL5xYnRuBNaGVNmcRWFQyxRpJUniWGYQkUngane/3/dNLNFbq9Ji6GTYS6KSyLQWQk5rlnZBiJOChkZ2YwBh9xQtpjYctVH2viECWGX2NF1+BuFmu+FV/AP6XBAWpsAKHzfJj2NIiTzAlocDaeuBn1OiBISkU3pTC3GIG4hw6WHc0hQRtoze484avOKXF29q4lxIfqN8nepBY200il0yAYvvb64v/efWc2tuNnkyznDAVn4vaueKkeb803pIGBamuIyCMdH/lIgYDgly1JVdC8Pvkv+RkvRpsVjeONiq7e0UdE2yJLbNVFrAttssO2CGrMcFu2T17Ys/enffgvXivn9Ehr5hZZD/gvX8AYZKlnQ==</latexit>

✓ ! ✓ + �✓ u ✓ + h

For interesting sources, need to measure h ~ 10-15 - 10-16 



Astrometry

<latexit sha1_base64="pYM132qgRhMHaU/a61ywLFbdrWg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/puWPMQ==</latexit>

✓

Gravitational wave bends the 
path taken by light near the 

detector 

Detector 
<latexit sha1_base64="Nvkrw3tFL2CoUZDk/NMyvhAFto8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIIghF0R9SSiF48KRoVsCL2TTnZwdmed6VVD8G+8+CteBBXRo3/iJC74LBgoqqrp6YoyJS35/ps3NDwyOjY+MVmamp6ZnSvPL5xYnRuBNaGVNmcRWFQyxRpJUniWGYQkUngane/3/dNLNFbq9Ji6GTYS6KSyLQWQk5rlnZBiJOChkZ2YwBh9xQtpjYctVH2viECWGX2NF1+BuFmu+FV/AP6XBAWpsAKHzfJj2NIiTzAlocDaeuBn1OiBISkU3pTC3GIG4hw6WHc0hQRtoze484avOKXF29q4lxIfqN8nepBY200il0yAYvvb64v/efWc2tuNnkyznDAVn4vaueKkeb803pIGBamuIyCMdH/lIgYDgly1JVdC8Pvkv+RkvRpsVjeONiq7e0UdE2yJLbNVFrAttssO2CGrMcFu2T17Ys/enffgvXivn9Ehr5hZZD/gvX8AYZKlnQ==</latexit>

✓ ! ✓ + �✓ u ✓ + h

For interesting sources, need to measure h ~ 10-15 - 10-16 
How stable? How do we measure? 



Stability
Measuring position via light from object 

I.e. photometric center instead of center of mass 

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R

Motion of star spot leads to wobble of 
photometric center 



Stability
Measuring position via light from object 

I.e. photometric center instead of center of mass 

<latexit sha1_base64="Uxdlo0/RYcy2aRjSTl1N+185Clw=">AAACInicbVDJSgNBEO1xjXGLevTSGAS9hBkRl5voxYOHGEwUMmPo6dQkTXoWumuEMMy3ePFXvHhQ1JPgx9iT5OD2oKjHe1V01/MTKTTa9oc1NT0zOzdfWigvLi2vrFbW1ls6ThWHJo9lrG58pkGKCJooUMJNooCFvoRrf3BW+Nd3oLSIoyscJuCFrBeJQHCGRupUjt0uSGTUxT4UTYuQuhIC3HEDxXim8qyRu0r0+rh7u0fHYiPPLvJOpWrX7BHoX+JMSJVMUO9U3txuzNMQIuSSad127AS9jCkUXEJedlMNCeMD1oO2oRELQXvZ6MScbhulS4NYmYqQjtTvGxkLtR6GvpkMGfb1b68Q//PaKQZHXiaiJEWI+PihIJUUY1rkRbtCAUc5NIRxJcxfKe8zkwKaVMsmBOf3yX9Ja6/mHNT2L/erJ6eTOEpkk2yRHeKQQ3JCzkmdNAkn9+SRPJMX68F6sl6t9/HolDXZ2SA/YH1+AdWOpH8=</latexit>

�✓ ⇠
⇣ r

R

⌘2 R

L
<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R

<latexit sha1_base64="oIA537Qsyp6O+MjO9lL/qu7ueiA=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4CjMSVDwFvXiMYBZIhtDTqSRNeha6a8RkCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV82MpNDrOt7W0vLK6tp7byG9ube/s2nv7NR0likOVRzJSDZ9pkCKEKgqU0IgVsMCXUPcHNxO//gBKiyi8x2EMXsB6oegKztBIbftQ0RbCI6ZXVMcRUi1GMG7bBafoTEEXiZuRAslQadtfrU7EkwBC5JJp3XSdGL2UKRRcwjjfSjTEjA9YD5qGhiwA7aXT68f0xCgd2o2UqRDpVP09kbJA62Hgm86AYV/PexPxP6+ZYPfSS0UYJwghny3qJpJiRCdR0I5QwFEODWFcCXMr5X2mGEcTWN6E4M6/vEhqZ0X3vFi6KxXK11kcOXJEjskpcckFKZNbUiFVwsmIPJNX8mY9WS/Wu/Uxa12yspkD8gfW5w9IkZUi</latexit>

r: spot size
<latexit sha1_base64="pvIxP79tKI34npbEv/LPtpSP43c=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBU9iVoOIp6MVjFPOAZAmzs51kyOyDmV4xLMGLv+LFgyJe/Qpv/o2TZA+aWNBQVHXT3eXFUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG1yN/cY9KC2i8A6HMbgB64WiKzhDI3UK+7e0jfCA6QXVCFIyRRXzRaJHnULRLtkT0HniZKRIMlQ7ha+2H/EkgBC5ZFq3HDtGN2UKBZcwyrcTDTHjA9aDlqEhC0C76eSFET0yik+7kTIVIp2ovydSFmg9DDzTGTDs61lvLP7ntRLsnrupCOMEIeTTRd1EUozoOA/qCwUc5dAQxpUwt1LeZ4pxNKnlTQjO7MvzpH5Sck5L5ZtysXKZxZEjB+SQHBOHnJEKuSZVUiOcPJJn8krerCfrxXq3PqatC1Y2s0f+wPr8Af3LlzI=</latexit>

R: stellar radius
<latexit sha1_base64="BZgTgTh1T3A9AQCV0kuKgtP/wCI=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwCrsiKlZBGwuLCOYBSQizk5tkyOzsMnNXDEsKG3/FxkIRWz/Czr9xNkmhiQcGDufcy51z/EgKg6777WSWlldW17LruY3Nre2d/O5ezYSx5lDloQx1w2cGpFBQRYESGpEGFvgS6v7wKvXr96CNCNUdjiJoB6yvRE9whlbq5As3tIXwgMkF7dprTHGgGFLL9LiTL7oldwK6SLwZKZIZKp38V6sb8jgAhVwyY5qeG2E7YRoFlzDOtWIDEeND1oempYoFYNrJJMSYHlqlS3uhtk8hnai/NxIWGDMKfDsZMByYeS8V//OaMfbO24lQUYyg+PRQL5ZpzLQRm1sDRzmyhHEt7F8pHzDNONrecrYEbz7yIqkdl7zT0sntSbF8OasjSwrkgBwRj5yRMrkmFVIlnDySZ/JK3pwn58V5dz6moxlntrNP/sD5/AEfwZfJ</latexit>

L: distance to star

Smaller R => Larger spot size 
Longer L => Larger spot size 

Motion of star spot leads to wobble of 
photometric center 



Stability
<latexit sha1_base64="Uxdlo0/RYcy2aRjSTl1N+185Clw=">AAACInicbVDJSgNBEO1xjXGLevTSGAS9hBkRl5voxYOHGEwUMmPo6dQkTXoWumuEMMy3ePFXvHhQ1JPgx9iT5OD2oKjHe1V01/MTKTTa9oc1NT0zOzdfWigvLi2vrFbW1ls6ThWHJo9lrG58pkGKCJooUMJNooCFvoRrf3BW+Nd3oLSIoyscJuCFrBeJQHCGRupUjt0uSGTUxT4UTYuQuhIC3HEDxXim8qyRu0r0+rh7u0fHYiPPLvJOpWrX7BHoX+JMSJVMUO9U3txuzNMQIuSSad127AS9jCkUXEJedlMNCeMD1oO2oRELQXvZ6MScbhulS4NYmYqQjtTvGxkLtR6GvpkMGfb1b68Q//PaKQZHXiaiJEWI+PihIJUUY1rkRbtCAUc5NIRxJcxfKe8zkwKaVMsmBOf3yX9Ja6/mHNT2L/erJ6eTOEpkk2yRHeKQQ3JCzkmdNAkn9+SRPJMX68F6sl6t9/HolDXZ2SA/YH1+AdWOpH8=</latexit>

�✓ ⇠
⇣ r

R

⌘2 R

L

White Dwarfs? 



Stability
<latexit sha1_base64="Uxdlo0/RYcy2aRjSTl1N+185Clw=">AAACInicbVDJSgNBEO1xjXGLevTSGAS9hBkRl5voxYOHGEwUMmPo6dQkTXoWumuEMMy3ePFXvHhQ1JPgx9iT5OD2oKjHe1V01/MTKTTa9oc1NT0zOzdfWigvLi2vrFbW1ls6ThWHJo9lrG58pkGKCJooUMJNooCFvoRrf3BW+Nd3oLSIoyscJuCFrBeJQHCGRupUjt0uSGTUxT4UTYuQuhIC3HEDxXim8qyRu0r0+rh7u0fHYiPPLvJOpWrX7BHoX+JMSJVMUO9U3txuzNMQIuSSad127AS9jCkUXEJedlMNCeMD1oO2oRELQXvZ6MScbhulS4NYmYqQjtTvGxkLtR6GvpkMGfb1b68Q//PaKQZHXiaiJEWI+PihIJUUY1rkRbtCAUc5NIRxJcxfKe8zkwKaVMsmBOf3yX9Ja6/mHNT2L/erJ6eTOEpkk2yRHeKQQ3JCzkmdNAkn9+SRPJMX68F6sl6t9/HolDXZ2SA/YH1+AdWOpH8=</latexit>

�✓ ⇠
⇣ r

R

⌘2 R

L

White Dwarfs? 

Known non-magnetic white dwarfs with intensity stability  better than 0.01 
percent  (Kepler/K2) 
(Landolt Standards) 



Stability
<latexit sha1_base64="Uxdlo0/RYcy2aRjSTl1N+185Clw=">AAACInicbVDJSgNBEO1xjXGLevTSGAS9hBkRl5voxYOHGEwUMmPo6dQkTXoWumuEMMy3ePFXvHhQ1JPgx9iT5OD2oKjHe1V01/MTKTTa9oc1NT0zOzdfWigvLi2vrFbW1ls6ThWHJo9lrG58pkGKCJooUMJNooCFvoRrf3BW+Nd3oLSIoyscJuCFrBeJQHCGRupUjt0uSGTUxT4UTYuQuhIC3HEDxXim8qyRu0r0+rh7u0fHYiPPLvJOpWrX7BHoX+JMSJVMUO9U3txuzNMQIuSSad127AS9jCkUXEJedlMNCeMD1oO2oRELQXvZ6MScbhulS4NYmYqQjtTvGxkLtR6GvpkMGfb1b68Q//PaKQZHXiaiJEWI+PihIJUUY1rkRbtCAUc5NIRxJcxfKe8zkwKaVMsmBOf3yX9Ja6/mHNT2L/erJ6eTOEpkk2yRHeKQQ3JCzkmdNAkn9+SRPJMX68F6sl6t9/HolDXZ2SA/YH1+AdWOpH8=</latexit>

�✓ ⇠
⇣ r

R

⌘2 R

L

White Dwarfs? 

Known non-magnetic white dwarfs with intensity stability  better than 0.01 
percent  (Kepler/K2) 
(Landolt Standards) 

For h ~ 10-16 @ 0.01 percent instability, L ~ kpc 



Stability
<latexit sha1_base64="Uxdlo0/RYcy2aRjSTl1N+185Clw=">AAACInicbVDJSgNBEO1xjXGLevTSGAS9hBkRl5voxYOHGEwUMmPo6dQkTXoWumuEMMy3ePFXvHhQ1JPgx9iT5OD2oKjHe1V01/MTKTTa9oc1NT0zOzdfWigvLi2vrFbW1ls6ThWHJo9lrG58pkGKCJooUMJNooCFvoRrf3BW+Nd3oLSIoyscJuCFrBeJQHCGRupUjt0uSGTUxT4UTYuQuhIC3HEDxXim8qyRu0r0+rh7u0fHYiPPLvJOpWrX7BHoX+JMSJVMUO9U3txuzNMQIuSSad127AS9jCkUXEJedlMNCeMD1oO2oRELQXvZ6MScbhulS4NYmYqQjtTvGxkLtR6GvpkMGfb1b68Q//PaKQZHXiaiJEWI+PihIJUUY1rkRbtCAUc5NIRxJcxfKe8zkwKaVMsmBOf3yX9Ja6/mHNT2L/erJ6eTOEpkk2yRHeKQQ3JCzkmdNAkn9+SRPJMX68F6sl6t9/HolDXZ2SA/YH1+AdWOpH8=</latexit>

�✓ ⇠
⇣ r

R

⌘2 R

L

White Dwarfs? 

Known non-magnetic white dwarfs with intensity stability  better than 0.01 
percent  (Kepler/K2) 
(Landolt Standards) 

For h ~ 10-16 @ 0.01 percent instability, L ~ kpc 

Planets? 

> 10 nHz, Red Giant phase vaporizes minor bodies 



Stability
<latexit sha1_base64="Uxdlo0/RYcy2aRjSTl1N+185Clw=">AAACInicbVDJSgNBEO1xjXGLevTSGAS9hBkRl5voxYOHGEwUMmPo6dQkTXoWumuEMMy3ePFXvHhQ1JPgx9iT5OD2oKjHe1V01/MTKTTa9oc1NT0zOzdfWigvLi2vrFbW1ls6ThWHJo9lrG58pkGKCJooUMJNooCFvoRrf3BW+Nd3oLSIoyscJuCFrBeJQHCGRupUjt0uSGTUxT4UTYuQuhIC3HEDxXim8qyRu0r0+rh7u0fHYiPPLvJOpWrX7BHoX+JMSJVMUO9U3txuzNMQIuSSad127AS9jCkUXEJedlMNCeMD1oO2oRELQXvZ6MScbhulS4NYmYqQjtTvGxkLtR6GvpkMGfb1b68Q//PaKQZHXiaiJEWI+PihIJUUY1rkRbtCAUc5NIRxJcxfKe8zkwKaVMsmBOf3yX9Ja6/mHNT2L/erJ6eTOEpkk2yRHeKQQ3JCzkmdNAkn9+SRPJMX68F6sl6t9/HolDXZ2SA/YH1+AdWOpH8=</latexit>

�✓ ⇠
⇣ r

R

⌘2 R

L

White Dwarfs? 

Known non-magnetic white dwarfs with intensity stability  better than 0.01 
percent  (Kepler/K2) 
(Landolt Standards) 

For h ~ 10-16 @ 0.01 percent instability, L ~ kpc 

Planets? 

> 10 nHz, Red Giant phase vaporizes minor bodies 

Astrometry of white dwarfs? 



Stellar Imager
<latexit sha1_base64="DiwpD7TZNiQCIyhnZSzhG7DIUWM="></latexit>

�✓ ⇠ �

d

1p
N�

<latexit sha1_base64="Nwn9V6XG8t8yrF+qnzktPZhoLpk="></latexit>

� ⇠ 120 nm, d ⇠ 1 km =) h ⇠ 10�16

(For white dwarf @ kpc) 

Observe small number of stars for long periods 



Stellar Imager
<latexit sha1_base64="DiwpD7TZNiQCIyhnZSzhG7DIUWM="></latexit>

�✓ ⇠ �

d

1p
N�

<latexit sha1_base64="Nwn9V6XG8t8yrF+qnzktPZhoLpk="></latexit>

� ⇠ 120 nm, d ⇠ 1 km =) h ⇠ 10�16

(For white dwarf @ kpc) 

Observe small number of stars for long periods 

Better measurements of intensity fluctuations could make numbers better  



Stellar Imager
<latexit sha1_base64="DiwpD7TZNiQCIyhnZSzhG7DIUWM="></latexit>

�✓ ⇠ �

d

1p
N�

<latexit sha1_base64="Nwn9V6XG8t8yrF+qnzktPZhoLpk="></latexit>

� ⇠ 120 nm, d ⇠ 1 km =) h ⇠ 10�16

(For white dwarf @ kpc) 

Observe small number of stars for long periods 

Better measurements of intensity fluctuations could make numbers better  

Adds to Science Case of such missions! 



Conclusions



The Gravitational Wave Spectrum

Gravitational wave astronomy is here to stay! 

Strong science case to probe entire gravitational wave spectrum 

Strong case for using asteroids as test masses in the μHz 
frequency range. Motivates asteroid seismology measurements 

and development of space-qualified atomic clocks 

Gravity gradient noise from asteroids below μHz motivates 
astrometry of photometrically stable non-magnetic white dwarfs.  
Adds to the science case of interferometry missions like Stellar 

Imager 


