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Big	
  QuesQons	
  

•  How	
  oSen	
  do	
  asteroids	
  &	
  comets	
  impact	
  Earth,	
  
and	
  with	
  what	
  energy?	
  

•  What	
  is	
  the	
  distribuQon	
  of	
  their	
  physical	
  
properQes,	
  such	
  as	
  sizes,	
  albedos,	
  regolith,	
  &	
  
rotaQonal	
  states?	
  

•  What	
  can	
  we	
  infer	
  about	
  their	
  origins	
  &	
  
subsequent	
  collisional	
  and	
  dynamical	
  evoluQon?	
  



Near-­‐Earth	
  Objects	
  

•  ~11,000	
  known	
  today	
  
•  Physical	
  properQes	
  known	
  for	
  ~2000:	
  

– Spectra,	
  diameter,	
  albedos,	
  shapes,	
  rotaQonal	
  
states	
  

– Radar	
  observaQons	
  for	
  hundreds	
  
•  Sizes,	
  shapes,	
  improved	
  orbits,	
  radar	
  albedos	
  

•  But	
  for	
  the	
  rest,	
  only	
  orbit	
  &	
  absolute	
  
magnitudes	
  are	
  known	
  



 
 
 
 
 

NEOWISE	
  =	
  Near-­‐Earth	
  
Objects	
  +	
  WISE	
  

WISE  
•  40 cm telescope in Sun-synchronous 

orbit 
•  All-sky survey 
•  PI: Ned Wright (UCLA) 
•  Four channels: 3.4, 4.6, 12 and 22 µm  
•  Launched in Dec 2009; operated 

through February 2011 

NEOWISE 
• Developed enhanced WISE Moving Object 
Processing System (WMOPS) 

• Processed WISE data to detect asteroids 
• All data from prime mission released 
•  Observed >158,000 minor planets 
•  > 34,000 new asteroids and comets 

discovered 

Tracklet:	
  a	
  moving	
  asteroid	
  in	
  mul4ple	
  detec4ons	
  
	
  

Wide-­‐field	
  Infrared	
  Survey	
  Explorer	
  (WISE)	
  
	
  



Why	
  Study	
  Asteroids	
  with	
  
WISE?	
  

•  Unbiased	
  sample:	
  IR	
  ~insensiQve	
  to	
  albedo	
  (pV)	
  

•  Infrared	
  à	
  diameter	
  errors	
  ±10%	
  
–  Visible	
  light	
  àdiameter	
  errors	
  ±200-­‐300%	
  
	
  

•  Space-­‐based	
  survey	
  has	
  consistent	
  biases	
  that	
  are	
  
easier	
  to	
  model	
  accurately	
  
–  No	
  weather,	
  no	
  seeing,	
  no	
  dayQme	
  

•  RepresentaQve	
  sample	
  



New	
  NEOs	
  
Known	
  NEOs	
  
New	
  Comets	
  
Known	
  Comets	
  

•  >158,000	
  total	
  
asteroids	
  
observed	
  

•  ~34,000	
  new	
  
discoveries	
  

•  ~700	
  NEOs	
  

•  135	
  NEO	
  
discovered	
  

•  ~150	
  comets	
  



NEOWISE	
  Science	
  
•  PopulaQons	
  studies	
  –	
  numbers,	
  orbits,	
  sizes,	
  albedos,	
  taxonomic	
  classificaQon	
  

vs.	
  physical	
  properQes	
  
–  NEOs,	
  MBAs,	
  Trojans,	
  Hildas,	
  Cybeles,	
  Centaurs,	
  comets	
  (long	
  &	
  short	
  

period)	
  

•  Dynamical	
  studies	
  of	
  asteroid	
  families	
  &	
  collisional	
  history	
  

•  Detailed	
  thermophysical	
  studies	
  

•  Comets:	
  sizes,	
  CO/CO2	
  abundances,	
  dust	
  size	
  distribuQon	
  &	
  composiQon,	
  
evoluQon	
  &	
  acQvity	
  vs.	
  distance,	
  Main	
  Belt	
  comets	
  

•  Zodiacal	
  dust	
  trails	
  

•  Weird	
  objects	
  –	
  Earth	
  Trojans,	
  horseshoes,	
  etc.	
  



Constraining	
  PopulaQons	
  	
  
with	
  NEOWISE	
  

•  NEOWISE:	
  repeatable,	
  no	
  variaQons	
  in	
  seeing	
  or	
  weather,	
  all-­‐sky	
  coverage	
  

•  By	
  determining	
  the	
  survey	
  biases	
  and	
  dividing	
  them	
  out,	
  we	
  can	
  generalize	
  
NEOWISE	
  sample	
  to	
  enQre	
  populaQon	
  	
  
–  c.f.	
  analyQcal	
  method	
  of	
  Jedicke	
  &	
  Metcalfe	
  (1998)	
  
–  But	
  we	
  do	
  this	
  numerically	
  following	
  Spahr	
  (1998)	
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The total number of PHAs larger than 100 m is given by

NT (a, e, i, pV , pIR, ⇥, D > 100m) =
10km⇥

D=0.1km

No(a, e, i, pV , pIR, D)

PN(a, e, i, pV , pIR, ⇥, D)
, (2)

where NT is the total number, No is the number observed by NEOWISE, and PN is the

NEOWISE survey bias. We created a synthetic population of PHAs in order to determine the

survey biases in pV , D, ⇥, and orbital elements for objects with e�ective spherical diameters

as small as 100 m. We generated 24 sets each containing 5000 synthetic PHAs with physical

parameters randomly assigned according to the distributions of pV , ⇥, pIR, and D observed

for the PHAs. The synthetic population was run through all the frames in the synthetic

survey; fluxes were computed for each object, and the survey bias PN(a, e, i, pV , pIR, ⇥, D)

was found by comparing the ratio of objects found by the simulated survey to the entire

synthetic population. In other words, PN =
�10km

D=0.1km
Sfound

Ssim
.

By dividing the observed cumulative size distribution No by the bias PN and summing

over diameter, we computed the total number of PHAs larger than 100 m, NT . Errors in

the bias were derived from Monte Carlo trials of the synthetic and “found” populations,

and errors in the observed population’s cumulative size distribution were assumed to be

Poissonian. Using Equation 3 with the unmodified Bottke et al. (2002) orbital elements, we

found that there are NT =� 4700± 1450 PHAs larger than 100 m and 160±60 PHAs larger

than 1 km. A least-squares minimization was used to compare the PHA cumulative size

distribution to a broken power law N ⇤ D��. The PHA cumulative size distribution is best

fit by a power law with a break at 1.0 km and a slope � = 1.50± 0.20 for D < 1.0 km and

� = 2.67 ± 0.70 above 1.0 km. The slope of the PHAs below 1.0 km is somewhat steeper

than the slope of � = 1.32± 0.15(TBR) found for the NEAs in M11b (Figure 4).

We can make an estimate of the number of large (D > 1 km) PHAs that remain to

be discovered by examining the NEOWISE discoveries. The survey biases of the objects

discovered by NEOWISE, PNdisc
, depend not only on the biases of the WISE survey but

also on the performances of the other ground-based visible light surveys: these other surveys

determine whether or not an object was previously known, i.e. PNdisc
= PNdisc

(PN , Pvis).

In order to determine the total survey bias for the new discoveries, it is necessary to find

the survey biases for those surveys as well as NEOWISE, Pvis(a, e, i, pV , D). However, it is

likely that most of the large (D > 1 km) PHAs have already been discovered; out of the

27 PHAs that NEOWISE discovered, only one was larger than 1 km, 2010 LG64. In this

case, we can make the approximation that the survey biases of the NEOWISE-discovered

PHAs are the same as the survey biases of all PHAs larger than 1 km that were detected

by NEOWISE: PNdisc
⇥ PN . We can make this approximation because the orbital elements

of the discovered population are very similar to those of the entire population in the limit

•  Where	
  NT	
  is	
  total	
  larger	
  than	
  100	
  m,	
  No	
  is	
  the	
  observed	
  sample,	
  and	
  PN	
  are	
  
the	
  survey	
  biases	
  as	
  a	
  funcQon	
  of	
  orbital	
  elements	
  &	
  physical	
  properQes	
  	
  



Survey Biases 

•  NEOWISE is ~unbiased w.r.t. albedo and inclination 



NEO	
  Albedo	
  vs.	
  Diameter	
  

•  ~430 NEOs  
•  No significant change in albedo vs. diameter 

–  Albedo is constant all the way down to small sizes 
•  Contrary to previous studies that are biased against small, 

low albedo objects 



NEOWISE	
  DetecQons	
  of	
  
Small	
  NEOs	
  

•  Smallest	
  NEOs	
  
detected	
  by	
  
NEOWISE	
  are	
  
8m	
  in	
  diameter	
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Albedo	
  vs.	
  H	
  
•  Not	
  appropriate	
  to	
  use	
  NEOWISE	
  albedo	
  distribuQon	
  

for	
  low	
  H	
  objects	
  to	
  predict	
  total	
  numbers	
  
–  Bright	
  objects	
  much	
  more	
  likely	
  to	
  have	
  high	
  albedo	
  



Near-Earth Asteroid 
Numbers & Sizes 

 
•  Use well-known sensitivity & 

uniformity of four band survey 
to compute total numbers 
from observed sample  

•  20,500+/-3000 @ 100m vs. 
prior estimates of 36,000 – 
100,000  

•  Mainzer et al. 2011 ApJ 743, 
156 

break	
  

Shallower	
  
slope:	
  -1.32+/-0.14 
	
  	
  



Orbital	
  Elements	
  
of	
  NEAs	
  

•  Orbital	
  element	
  model	
  of	
  BoCke	
  et	
  al.	
  (2002)	
  preCy	
  
good	
  match	
  to	
  NEAs	
  as	
  a	
  whole	
  

•  But	
  not	
  the	
  end	
  of	
  the	
  story…	
  



New Estimate of Numbers 
of NEAs 



PotenQally	
  Hazardous	
  Asteroids	
  



PotenQally	
  Hazardous	
  Asteroids	
  

Mainzer	
  et	
  al.	
  2012	
  ApJ	
  752,	
  110	
  

•  4700	
  ±	
  1500	
  PHAs	
  larger	
  than	
  100	
  m	
  
•  2x	
  more	
  PHAs	
  in	
  low	
  inclinaQon	
  orbits	
  

–  More	
  hazard,	
  but	
  more	
  potenQal	
  low	
  Δv	
  targets	
  for	
  exploraQon	
  



RestarQng	
  NEOWISE	
  
•  Have	
  restarted	
  NEOWISE	
  &	
  resumed	
  survey	
  using	
  bands	
  W1	
  and	
  W2	
  only	
  (3.4	
  &	
  

4.6	
  µm)	
  
•  No	
  consumables	
  now,	
  but	
  limited	
  lifeQme	
  due	
  to	
  orbit	
  precession	
  
•  Orbital	
  plane	
  driS	
  rate	
  depends	
  on	
  solar	
  acQvity	
  



NEOWISE	
  ReacQvaQon	
  
Expected	
  Science	
  Return	
  

•  Only	
  ~1000-­‐2000	
  NEOs	
  have	
  any	
  sort	
  of	
  physical	
  properQes	
  
measured	
  beyond	
  H	
  &	
  orbit	
  out	
  of	
  ~11,000	
  known	
  to	
  date	
  

•  Detect	
  &	
  characterize	
  ~2000	
  near-­‐Earth	
  objects	
  (NEOs)	
  over	
  3	
  
year	
  survey	
  at	
  3.4	
  &	
  4.6	
  µm	
  
–  Derive	
  diameters	
  to	
  ±25%,	
  albedos	
  to	
  ±50%	
  
–  Tens	
  of	
  thousands	
  of	
  Main	
  Belt	
  asteroids	
  +	
  comets	
  

	
  
•  Set	
  addiQonal	
  constraints	
  on	
  subpopulaQons	
  of	
  NEOs,	
  

including	
  Earth	
  Trojans	
  and	
  potenQally	
  hazardous	
  asteroids	
  

•  Data	
  delivery	
  policies	
  same	
  as	
  prime	
  mission	
  



Instrument	
  Performance	
  

•  Image	
  quality,	
  photometric	
  accuracy,	
  astrometry,	
  sensiQvity	
  all	
  
unaffected	
  by	
  32	
  month	
  hibernaQon	
  

Prime	
  mission:	
  2011	
   ReacQvaQon	
  mission:	
  2014	
  



Preliminary	
  Results	
  

•  Three	
  new	
  comets	
  
•  NEO	
  discoveries	
  are	
  large,	
  dark;	
  
25%	
  potenQally	
  hazardous	
  
asteroids	
  	
  

Comet	
  C/2014	
  C3	
  NEOWISE	
  	
  
	
  

Comet	
  P/2014	
  L2	
  NEOWISE	
  	
  
	
  



Data	
  Access	
  
•  All	
  NEOWISE	
  data	
  from	
  Prime	
  Mission	
  have	
  been	
  
publicly	
  released	
  &	
  are	
  available	
  through	
  NASA’s	
  
Infrared	
  Science	
  Archive	
  (IRSA):	
  	
  
–  Diameters	
  &	
  albedos	
  in	
  team	
  papers	
  (heading	
  to	
  PDS)	
  
–  irsa.ipac.caltech.edu	
  

•  First	
  NEOWISE	
  Restart	
  data	
  release	
  March	
  2015;	
  
annually	
  thereaSer	
  
–  neowise.ipac.caltech.edu	
  



Conclusions	
  

	
  
•  IR	
  space	
  telescopes	
  provide	
  an	
  effecQve	
  means	
  to	
  
rapidly	
  determine	
  the	
  numbers,	
  orbital	
  elements,	
  &	
  
physical	
  properQes	
  of	
  asteroid	
  &	
  comet	
  populaQons	
  

•  NEOWISE	
  data	
  being	
  used	
  by	
  community:	
  >100	
  
refereed	
  publicaQons	
  to	
  date	
  

•  NEOWISE	
  Restart	
  will	
  return	
  ~double	
  the	
  number	
  of	
  
NEO	
  physical	
  properQes	
  known,	
  +	
  tens	
  of	
  thousands	
  of	
  
Main	
  Belt	
  asteroids	
  


