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Satellite image courtesy of GeoEye

Instruments
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305 m antenna at Arecibo, Puerto Rico

Arecibo
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Goldstone
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Green Bank
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Naidu et al., AJ 152, 2016.



Radar System
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The portable fast sampler
2 units at Arecibo, 4 units at Goldstone, 2 units at Green Bank

Data-Taking Hardware & Software
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720 MHz to 30 MHz
downconverter

Baseband mixer

Low-pass filters

Data-taking unit

5, 10, 20 MHz clock
distribution

JPL clone

Margot, JAI 10, 2021



Radar Waveforms

   x(t) = A(t)cos[2π fct +φ(t)]
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Radar Observables
▶ Time delay t
▶ Doppler shift f
▶ Received power Pr

▶ Polarization properties Si

▶ Interferometric phase f
▶ Space-time correlation function c
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Dynamical Quantities

f

t

►Velocities
►Distances
►Orbits
►Spin orientation
►Spin rate
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Morphology

Ostro et al., Science 288, 2000

►Images
►3D shapes
►Topographic maps
►Surface change

Margot et al., JGR 104, 1999

Naidu et al., Icarus 226, 2013
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Surface Properties

Benner et al., Icarus 198, 2008

Ostro, Rev. Mod. Phys. 65, 1993

Harmon, SSR 132, 2007

Campbell et al, Science 203, 2003
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►Roughness
►Dielectric constant
►Near-surface density
►Composition



Interior Properties

►Mass
►Bulk density
►Moments of inertia

Hudson et al., Icarus 161, 2003Ostro et al., Science 314, 2006
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Radar Measurements
►Images
►Surface change
►Topographic maps
►3D shape

►Velocities
►Distances
►Orbits
►Spin orientation
►Spin rate
►Mass
►Bulk density
►Moments of inertia
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►Roughness
►Dielectric constant
►Near-surface density
►Composition



Range-Doppler 
Imaging
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Range-Doppler 
Imaging
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Margot et al., Science, 284, 1658 (1999)
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Range-Doppler Imaging and InSAR
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First Science Observations at GBT: Venus
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Goal: measure the topography of several high-reflectivity, low-emissivity mountains to explain the 
relationship between surface emissivity, reflectivity, and altitude on Venus (PI: Don Campbell) 

Pettengill et al., 
JGR 97, 1992

Lunar topography
Margot et al., JGR 104, 1999Venus emissivity



An Auspicious Start
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Arecibo-GBT Radar Image of Venus
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Maxwell Montes
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Interferometric Fringes
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Second Science Observations: 2001 EC16
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Spin distribution of asteroids



Importance of Near-Earth Asteroids
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Importance of Radar Astronomy
Orbit determination               Physical characterization 
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Range Measurements

= center of mass

Fractional precision < 0.00000001

20 x better than optical
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Time Interval of Reliable 
Trajectory Predictions (average case)

With radar

Without radar

~400 y

~200 y

~90 y

~50 y
= nowt

t
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Trajectory Prediction Uncertainties

Giorgini et al., Science 296, 2002.

Trajectory propagation factor                Along-track effect, km
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Yarkovsky Effect

Chesley et al., Science 302, 1739, 2003. Bottke et al., AREPS, 2006.

da/dt ~ -5.5 x10-4 AU/My

Bottke et al 2006
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Yarkovsky Effect

Greenberg et al., AJ 159, 2020.
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Yarkovsky Effect
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Yarkovsky efficiency
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Greenberg et al., AJ 159, 2020.



Near-Earth Asteroid 2000 ET70 

Naidu et al., Icarus 226, 2013.
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Binary Asteroid 2000 DP107
Period (1.755 +/- 0.007) days

Semi-Major axis (2.620 +/- 0.16) km

Eccentricity ~0.010

System Mass (4.6 +/- 0.5) x 1011 kg

Mass ratio ~1:20

Secondary spin Synchronous

Margot et al., Science 296, 2002.
Naidu et al., AJ 150, 2015.
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mass (1011 kg) % of system

Primary 4.8 96.3

Secondary 0.2 3.7

volume (108 m3) % of system

Primary 3.04 96.4

Secondary 0.11 3.6

Component Masses and Volumes

Margot et al., Science 296, 2002.                                                    Naidu et al., AJ 150, 2015.
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Binary Asteroid 1999 KW4

Ostro et al., Science 314, 2006.

►Spin to 1%
►Mass to 2%
►Volume to 9%
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Binary NEAs Form by Spin-up

1998 ST27                         1999 KW4                       2002 BM26                    2000 UG11
Benner et al.                       Ostro et al.                      Nolan et al.                    Nolan et al. 

Primaries are spheroidal and fast rotators.  Spin-up and mass shedding.
Margot et al., Science 296, 2002.
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Spin-up Mechanism is YORP

Taylor et al., Science 316, 2007.
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Spin Dynamics

Naidu and Margot, AJ 149, 2015.

ΔEchaos

E0
~ 0.4

ΔEtides

E0
~ 10−8 / orbit

ΔEYORP
E0

~ 10−7 / orbit

(Steinberg & Sari 2009)

(Goldreich & Sari 2009)
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Binary NEA 1991 VH 
(Dp 650 m,  Ds 280 m)
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Binary Asteroid 2004 BL86
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►2015 (3.1 LD)
►Goldstone to GBT 
►Primary ~ 350 m
►Secondary ~ 70 m 
►~14 h orbit period

3.75 m resolution
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Equal-Mass Binary Asteroid
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Courtesy Patrick Taylor
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Tumbling Asteroid 2003 SD220
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Courtesy Patrick Taylor

►2018 (7 LD)
►> 2 km
►~12 day period
►Top:
DSN-GBT (X)

►Bottom: 
AO-GBT (S)

3.75 m x 0.0025 Hz

7.5 m x 0.0011 Hz



History of Asteroid Detections
http://radarastronomy.org

GBO@65 – Sept. 2022 – Jean-Luc Margot (UCLA)



GBO@65 – Sept. 2022 – Jean-Luc Margot (UCLA)

No Evidence for Thick Deposits of 
(Clean) Ice at the Lunar South Pole

Campbell et al., Nature 443, 2006
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Mapping of Pyroclastic Deposits

Carter et al., JGR, 2009Stacy 1993



GBO@65 – Sept. 2022 – Jean-Luc Margot (UCLA)

Mapping of the Moon at 70 cm Wavelength

Campbell, PASP, 2016
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Mapping of the Moon at 70 cm Wavelength

Campbell, PASP, 2016



Goldstone, CA Green Bank, WV

Green 1962, 1968
Holin 1988, 1992
Margot 2007, 2012

Radar Speckle Tracking
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Space-Time Correlations
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Orbital plane

Spin axis

Laplace plane

◆
✓

Margot et al., Science 316, 2007

Mercury is in Cassini State 1
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Mercury’s Core is Molten

g = (38.5 +/- 1.6) arcsec

Margot et al., Science 316, 2007
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Margot et al., in Mercury – The view after MESSENGER (eds S. C. Solomon, B. J. Anderson, L. R. Nittler), 2018

Measurement of Mercury’s Core Size
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Earth-based radar (3”)
(80 m on the surface)

Margot et al., Nature 
Astronomy 5, 2021.

Venus Spin Axis Orientation
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Venus Moment of Inertia
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Venus Imaging
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Campbell and Campbell, PSJ, 2022
• Surface change
• Long-term spin rate monitoring
• Radar polarimetry



Europa and Ganymede
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A New Era for Planetary Radar
Transmit from low-power (~1kW) Ku-band (13.9 GHz) 
prototype at GBT prime focus (with Raytheon) and 
receive at VLBA antenna in Hancock, NH.
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Courtesy Flora Paganelli
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Conclusions
The Green Bank Observatory has enabled radar 
studies of the trajectories, spin states, surfaces, 
morphologies, and interiors of near-Earth asteroids, 
the Moon, Mercury, Venus, and Galilean Satellites.

The planned radar capability holds the promise of 
taking radar observations to new levels with notable 
increases in resolution and sensitivity.
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