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Residuals in the 
arrival times of 
pulsar pulses

Interferometric measurements  
of suspended mirror positions; 

ground-based

Interferometric measurements  
of test mass locations; space-

based
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Mid-band 
MAGIS, MIGA, AION, AEDGE,  

SAGE, ELGAR, ZAIGA, Clocks, etc.
Atomic interferometry/clocks

“ Hz Gap” 
Ares 

Astrometry (Gaia, Nancy Roman)

μ
μ

Strong science 
case for broad 
coverage!


Existing / proposed 
facilities provide 
good coverage.


But there is a 
gap…



The “ Hz Gap”μ
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Many interesting sources in the “gap”:

• Galactic binary black holes (BHBs)

• Cosmologically distant supermassive 

binary black holes (SMBHBs)

•  spiralling into SgrA*

• Intermediate mass ratio inspires (IMRIs)

• …


Some observational studies and approaches 
exist: 


• Ares (LISA-style: bigger and better TM) 

• Astrometric techniques


Singularly hard to build detectors in this band!


Why?

10M⊙

μ



• Measure light travel time (= proper distance) between test masses (TM)


• Emitter (A) sends pulse at ;                                                                         
receiver (B) gets pulse at :


• Effective baseline-projected                                                                                       
Newtonian acceleration :


tA = t0
tB = t0 + Δt

aL

Δt = L0 (1 − h0
2 sinc(ωgwL0/2) cos[ωgw(t0 + L0/2)]) + $(h2

0)

⟶ L0 (1 − h0
2 cos[ωgwt0]) + $(h2

0) [ωgwL0 ≪ 1]

Local-TM—based GW Detection 101
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a ∼ 1
2 h0ω2

GWL0 cos[ωGWt0]

[WIRED Magazine]
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•                     (LISA)


• How to improve?


‣ Longer arms:  ( Ares ~ 2AU ~ 300Gm vs LISA ~ 3Gm)


‣ Better isolation engineering / reduce acc’n noise 

( Ares assumes )


‣ Use a much heavier TM? (LISA: 2kg Au/Pt cube)

hc ∝ L−1f −2 fSa Sa ∝ f −1 ⇒ hc ∝ f −5/2

hc ∝ L−1 μ

μ Sa ∝ f 0

Sensitivity and Dominant Noise (local-TM)

5

Shot noise

Environmental/ 

acceleration  
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> CZ PQFOJOH
UIF IJHI�GSFRVFODZ HSBWJUBUJPOBM XBWF XJOEPX UP PC�
TFSWF MPX NBTT TPVSDFT BU MPX SFETIJę� ćF 4FOJPS

> TFMFDUFE UIF -� TDJFODF
>
 UP PQFO UIF ���

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
 ZJFMEJOH OFX JOTJHIUT JO B CSPBE SBOHF
PG UIFNFT JO BTUSPQIZTJDT BOE DPTNPMPHZ BOE FOBCMJOH
VT JO QBSUJDVMBS UP TIFE MJHIU PO UXP LFZ RVFTUJPOT� 	�

)PX
 XIFO BOE XIFSF EP UIF ĕSTU NBTTJWF CMBDL IPMFT
GPSN
 HSPX BOE BTTFNCMF
 BOE XIBU JT UIF DPOOFDUJPO
XJUI HBMBYZ GPSNBUJPO 	�
 8IBU JT UIF OBUVSF PG HSBW�

LISA L3

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)

f −5/2

f −1

Aresμ

f +1/2

f +3/2

• Residual gas

• Charging

• TM actuator noise

• Laser intensity noise

• etc.

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



• Pulsars are excellent TM (very massive) and clocks (excellent rotational 
stability) 


• Measure pulse arrival times for many pulsars for > decade


• Timing residuals shift if GW passes (through Earth; pulsar terms average out)


• Lose sensitivity in the Hz band: limited timing residuals (~ 10ns), and 
observation cadence

μ

PTAs
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[WIRED Magazine]
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[Image credit: NRAO]

Astro. Phys. J. Suppl. Ser. 252, 4 (2021) 
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NANOGrav ApJ 880, 116 (2019)


f +1

Moore et al. Class. Quantum Grav. 32 055004 (2015).



A Mission Concept
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Low-freqency 
“acceleration noise”

High-frequency 
“ranging noise”  

LISA-style

PTAs

Hz band difficult with existing approachesμ



Can we use natural massive TM, but do 
it so we can build the ranging link?

A Mission Concept
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Low-freqency 
“acceleration noise”

High-frequency 
“ranging noise”  

LISA-style

PTAs

Rest of this talk: evaluate asteroids as the TM

NASA/JPL/JHUAPL

NASA/
Goddard/

University of 
Arizona

Base station: 
emitter/receiver 
atomic clock

Base station: 
emitter/receiver 
atomic clock

Radio or laser ranging

Ranging: park base stations (clock + emitter/receiver) on 
good candidates and range by, e.g., radio or laser timing

cf. Lunar Laser Ranging (but no Earth-atmosphere to worry about!)



Candidates and missions
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Asteroid a [AU] D [km] T_rot [hrs]

433 Eros 1.46 16.8 5.3
1627 Ivar 1.86 9.1 4.8

2064 
Thomsen 2.18 13.6 4.2

6618 
Jimsimons 1.87 11.5 4.1

NASA JPL Small-Body Database

NASA/Goddard/University of Arizona

OSIRIS-Rex @ Bennu

JAXA

Hayabusa2 @ Ryugu

Note: Bennu is 
a “rubble pile”

Mission Destination Activity Key Years
NEAR-Shoemaker 433 Eros orbiter / soft landing 2000/1

DAWN Ceres, Vesta orbiter 2010s
Hayabusa 25143 Itokawa orbiter / landing / sample return 2005

Hayabusa2 162173 Ryugu orbiter / hopping “rovers” / sample return 2018- (ongoing)
OSIRIS-REx 101955 Bennu orbiter / sample return 2018-21

Rosetta Comet 67P orbiter / lander (Philae) 2014-16

∼ 3 × 10−5 Hz
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Asteroid a [AU] D [km] T_rot [hrs]
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JAXA
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Note: Bennu is 
a “rubble pile”

Mission Destination Activity Key Years
NEAR-Shoemaker 433 Eros orbiter / soft landing 2000/1

DAWN Ceres, Vesta orbiter 2010s
Hayabusa 25143 Itokawa orbiter / landing / sample return 2005

Hayabusa2 162173 Ryugu orbiter / hopping “rovers” / sample return 2018- (ongoing)
OSIRIS-REx 101955 Bennu orbiter / sample return 2018-21

Rosetta Comet 67P orbiter / lander (Philae) 2014-16

∼ 3 × 10−5 HzAsteroid candidates exist 

Missions to asteroids are ongoing



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


• Solar intensity fluctuations

• Solar wind fluctuations

• Thermal cycling

• Noise at rotational period


• GGN from other  asteroids in Main Belt

• Seismics, charging, magnetic forces and torques, collisions, tidal deformation, etc.


• Clock noise

• Link (shot/thermal) noise


• etc…

GNMobj

∼ 106 M.F., P.W. Graham, and S. Rajendran. 

Phys. Rev. D 103, 103017 (2021) [2011.13833].

… let’s walk through (some of)  
these for an example asteroid



Solar intensity fluctuations
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Solar radiation pressure gives CoM a DC acceleration


… actually modulated at the rotation period, but this is high-frequency (  ) for 
us. BIG, but out of band.

Actually care about the solar intensity fluctuations that are in-band:

∼ 3 × 10−5 Hz

a ∼
P⊙
c ( r⊕

r )
2 Aast

Mast
∼ 10−14 m/s2 × ( 1.5AU

r )
2

× ( 8km
Rast ) × ( 2.5g/cm3

ρast )
−1

Sa( f ) ∼
P⊙
c ( r⊕

r )
2 Aast

Mast
S ̂P( f )

hc ∼ (2πf )−2L−1 fSa( f )

MEASURED FRACTIONAL  
SOLAR PSD 
Fröhlich and Lean  
[Astron. Astrophys. Rev. 12 (2004) 273—320]  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Existing or 
projected 

approaches 
in the Hz 

band
μ
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Solar 
intensity 

fluctuations 
8km spherical 

asteroids at 1.5AU 
from the Sun, 

assuming fixed 
1AU baseline (for 

argument)



Solar wind 
fluctuations 
Similar estimate to 

the intensity 
fluctuations:
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Sa( f ) ∼ mp ( r⊕
r )

2 Aast
Mast

SΩ( f )

Ω = npv2
p

Proton flux and speed 
monitored by the 
CELIAS/MTOF proton 
monitor on SOHO



Thermal 
cycling 

Gigantic noise at rotation 
frequency, but out of band


Relevant estimate is from 
in-band surface 

temperature fluctuations 
arising from solar intensity 

fluctuation


Expansion from heating 
upper 

 

of the asteroid 


(rock estimate - conservative, since 
regolith is a blanket)

dth. ∼ 1 m × μHz/f
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Δx ∼ 1
3 dth.kth.ΔT

ΔT ∼ 1
4 T fS ̂P( f )



Severe 
noise at 

rotational 
period(s) 
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Asteroid 
GGN 

Sum over  other 
asteroids (in Main Belt, and 
some close-passers) give a 

noise for all local-TM-
based proposals operating 
in the inner Solar System.


Note: also get cut off 
severely by uncontrolled 

relative motion of asteroids 
around orbital frequencies.

∼ 106
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Many other acceleration 
noise sources estimated, 

and appear to be sub-
dominant*

M.F., P.W. Graham, and S. Rajendran. 

Phys. Rev. D 103, 103017 (2021) [2011.13833].
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A word or two on seismic noise
• Severe problem for Earth-based GW detection


• But Earth has a tectonic motion, a molten core, etc.

• Many reasons to be optimistic for asteroids:


• Ancient, dead rock. No plate motion, no residual heat.

• Pick asteroids that are ~ solid (i.e., not unstable rubble piles like 101955 Bennu)

• There simply aren’t resonant frequencies to excite in our band!


• 433 Eros: lowest normal-mode frequency is ~10 mHz [Walker, Sagebiel, Huebner. Adv. Space Res. 37 (2006) 142—152]


• Seismic measurements on the Moon and Mars typically have amplitudes of ~few nm 
(around ~Hz):  for AU baselines


• In-situ seismic / plastic deformation measurements should be made on asteroids prior to 
a full mission: e.g., seismometers; global optical relative-motion monitoring of, e.g., 
corner cubes deployed on surface


• Strongly motivates inclusion of seismic experiments on future asteroid missions                
(already motivated by internal structure studies [e.g., APEX mission concept])

h ∼ 10−20



Clock Noise 
Ranging is by, e.g., return-

trip pulse timing.


Existing ground-based 
clocks are already sufficient 

for excellent reach. 


Clock accuracy improvement 
extremely rapid. Probably not 

a limit.


Further motivates space-
qualification of atomic 

clocks. 
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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

Translated/extrapolated from 
Bothwell et al. Metrologia 56 

(2019) 065004. JILA SrI 
CLOCK



Link Noise 
Distance measurement by 
round-trip timing / “radar 

ranging”


Shot noise of laser pulsing 
link OR thermal noise from 
radio interferometric link.


Exemplar curves shown.


Asteroids are (obviously) not 
in formation flight. LISA-class 

optical heterodyne optical 
interferometry links would be 
hard, but can significantly 

relax optical system 
requirements! 
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OPTICAL RANGING WITH PULSES

RADIO INTERFEROMETRY

*NOTE: WE HAVE NOT ACCESSED 
THE ENGINEERING CHALLENGES 

OF BUILDING THESE LINKS!
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Asteroids are excellent test masses 
for a GW detector in the Hz band


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


Further strongly motivates:

• in-situ seismic / plastic 

deformation monitoring of 
asteroids in upcoming missions


• space-qualifying atomic clocks

μ

Projected Sensitivity Curves

Thanks!


