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Predicted rate of impacts on the inner
planets and comparison with bolides

(Table 5) for H < 17.3, H < 19.0, and H < 20.6. While1

our nominal rate is about 3 times smaller than another2

contemporary estimate for H < 25 (Harris and D’Abramo,3

2015), we stress that this di↵erence is explained by the4

di↵erence in the HFDs rather than in the calculation of the5

impact rate. The estimates overlap at the 1� level when6

accounting for the uncertainties of the HFDs (Fig. 23).
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Figure 29: Cumulative annual rate of impacts on terrestrial planets
predicted by our model and observed rate of bolides on the Earth
(Brown et al., 2013, 2002). The dashed line marks a linear extrapo-
lation based on our prediction for the slope at 24.5 < H < 25. The
conversion from bolide energy to absolute magnitude H assumes a
spherical shape, a bulk density of 3, 000 kgm�3, an average impact
speed of 20.3 km s�1, and a geometric albedo of 0.14. The error bars
(and the nominal value) for the Tunguska event are approximate
assuming that similar events happen every 100–500 years and that
the diameter of the impactor is about 50 meters with the geometric
albedo ranging from 0.05 to 0.25.
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A linear extrapolation of the cumulative impact rate in8

the (H, logN(< H)) space reproduces the observed rate9

of decameter-scale and smaller asteroids and meteoroids10

to within an order of magnitude (Fig. 29; Brown et al.,11

2013, 2002). A better match to the observed rate of bolide12

impacts would require a steeper slope at 24 . H . 26.13

If the higher-than-expected rate of large bolides is more14

than just a statistical anomaly, the extrapolation suggests15

that the NEO HFD has a bump at 24 . H . 28 that has16

not been predicted by NEO models so far to the best of17

our knowledge.18

The impact-flux ratios are fairly stable throughout the19

considered H range (Fig. 30). The uncertainty on these20

estimates is driven by the uncertainty in the orbit distri-21

bution and HFD, and not more than about 10% based on22

the discussion in Sect. 6.2. Our total impact flux ratio for23

Venus and Earth (⇠ 1.2) agrees with Vokrouhlický et al.24

(2017) whereas our estimates for the impact flux ratios25

per surface area for Venus and Earth (⇠ 1.4) and Mercury26

and Earth (⇠ 0.75) do not agree with the ones reported27

in Greenstreet et al. (2012a) but are about 20% higher28

and 40% lower, respectively. Given the rather trivial con-29

version from the total impact-flux ratio to the impact-flux30

ratio per surface area it seems that also Vokrouhlický et al.31

(2017) and Greenstreet et al. (2012a) are at odds with each32

other.33

Figure 30: Total and per-surface-area impact-flux ratios
Venus/Earth and Mercury/Earth as a function of impactor H

magnitude.

Fig. 31 shows the relative contribution of each source34

to the terrestrial impact rate. About 80% of the impacts35

come from the ⌫6 SR. Thus, the inner MAB is the predom-36

inant source of impactors. Given that the population of37

primitive asteroids in the inner MAB is more than 20% of38

the total (DeMeo and Carry, 2014), this implies that most39

of the primitive NEOs also come from the ⌫6 SR. This is in40

agreement with the results of Campins et al. (2010, 2013)41

and Bottke et al. (2015b) who investigated the most likely42

origin of specific primitive NEOs.

Figure 31: Source regions for Earth impactors with H < 20.

43

The production rate of D > 20 km craters across the44

Earth’s surface over the last 100 Myr or so has been esti-45

mated from lunar craters to be 2.5(±1.1)⇥10�15 km�2 yr�1
46

and from terrestrial craters to be 2.8(±1.1)⇥10�15 km�2 yr�1
47

(Mazrouei et al., 2017). Hughes (2000), using a di↵er-48

ent method, estimated the production rate of D > 22 km49

craters across the Earth’s surface over the last 125 Myr50

to be 3.0(±0.3) ⇥ 10�15 km�2 yr�1. We can compare51

these values to predictions from our model, assuming that52

the scaling relationship to turn projectiles into terrestrial53

craters is a factor of 20 (see, e.g., Melosh, 1989). Com-54

bining our collision probability results with 974 km-sized55

NEOs (H < 17.75), 58% which are on Earth crossing or-56

29
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What is the frequency of encounters 
such as that by Apophis in 2029?

• Apophis has H≈19.1 and closest geocentric 
distance in 2029 is 0.00025 au.  

• Frequency of Apophis-like encounters is once per 
1000 yr according to casual statements – unclear 
where this number comes from.

• Frequency of Apophis-like encounters is once per
6500 yr according to Granvik+ (2018).



Can we rely on the Granvik+ (2018) prediction in 
terms of impact and close-encounter rates?

• The impact frequency in the size range of observed 
bolides appears to be in reasonable agreement 
with model prediction.

• A direct verification of the impact frequency for 
larger objects is, of course, impossible because 
impacts are rare and there is no observational data.

• We can make a direct comparison between the 
predicted and observed rate of close encounters, 
but need to use a reasonably unbiased sample to 
avoid being misled by observational biases.



Close encounter data 2021-04-15 ± 1yr from CNEOS
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Unbiased close encounter data 2021-04-15 ± 1yr
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Model prediction for frequency of 
close encounters by large NEOs
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Predicted frequency of close encounters is 
factor of few higher than observed frequency
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Completeness of the 17<H<18 NEO inventory in 2018
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with  the  observed  rate  of  impacts  on  the  Earth  (  Brown  et  al.,  2002;  

2013  ).  A  more  accurate  extrapolation,  that  is,  one  that  is  more  in  

line  with  the  literature,  can  be  obtained  by  using  a  slope  found  by  

others  (e.g.,  Brown  et  al.,  2002;  2013  )  for  H  >  25.  

7.3.  Completeness  of  the  current  inventory  of  NEOs  

The  surveys  have  so  far  found  905  NEOs  with  the  esti-  

mated  D  >  1  km  (  H  <  17.75;  ASTORB  2018-01-30).  Assuming  that  

the  H  <  16  population  is  essentially  complete  and  currently  in-  

cludes  170  NEOs,  we  predict  a  population  of  962  +52  
−56  for  NEOs  with  

H  <  17.75  (the  uncertainty  estimates  only  account  for  the  random  

component;  Fig.  20  right  and  Table  6  ).  This  implies  that  about  94%  

of  all  NEOs  with  H  <  17.75  have  been  found  to  date.  

The  orbits  of  the  undiscovered  large  NEOs  are  characterized  

by  high  inclinations  and  relatively  small  semimajor  axes  (  Fig.  22  ).  

NEOs  with  such  orbital  characteristics  are  challenging  to  detected  

because  they  can  have  relatively  long  synodic  periods  and  they  

may  be  bright  enough  only  at  perihelion  when  they  can  be  in  the  

southern  hemisphere.  Finding  these  NEOs  thus  require  longer  sur-  

veys  carried  out  (also)  in  the  southern  hemisphere  and/or  using  

larger  apertures.  An  example  of  such  a  challenging  NEO  to  discover  

is  2017  MK  8  (  a  =  2  .  51  au  ,  e  =  0  .  67  ,  i  =  31  .  6  ◦,  H  =  16  .  5  )  which  was  

discovered  by  Pan-STARRS  as  recently  as  in  June  2017.  This  partic-  

ular  object  crosses  the  ecliptic  approximately  at  perihelion  when  

inside  the  Earth’s  orbit  and  at  aphelion  (at  a  distance  of  about  4  au  

from  the  Sun).  

For  smaller  objects  with  17  <  H  <  20  the  need  for  improved  in-  

strumentation  becomes  even  more  urgent  as  in  addition  to  high-  i  

NEOs  also  large-  a  NEOs  remain  undiscovered  (  Fig.  23  ).  Smaller  and  

more  distant  NEOs  are  difficult  to  detect  due  to  their  greater  aver-  

age  distances  from  the  observer  and  higher  rates  of  motion  when  

close  to  the  Earth.  

The  main  difference  between  the  orbits  of  undiscovered  small  

(  Fig.  23  )  and  large  (  Fig.  22  )  NEOs  is  that  the  former  are  more  no-  

tably  characterized  by  large  eccentricities.  As  most  of  the  known  

high-inclination  NEOs  have  been  discovered  prior  to,  e.g.,  Pan-  

STARRS,  which  is  the  most  prolific  survey  telescope  currently  oper-  

ating,  we  find  it  unlikely  that  the  remaining  large,  high-inclination  

NEOs  would  be  discovered  in  the  next  decade  without  substantial  

improvements  in  observation  strategy  and/or  instrumentation.  

7.4.  Flux  of  NEOs  from  different  ERs  

The  relative  flux  of  asteroids  and  comets  into  the  NEO  popula-  

tion  as  a  function  of  ER  is  strongly  size  dependent  (  Table  4  ).  The  

number-weighted  flux  of  NEOs  in  general  (17  <  H  <  25)  is  dom-  

inated  by  inner-MAB  ERs  whereas  the  number-weighted  flux  of  

D  >  100  m  (17  <  H  <  22)  NEOs  is  dominated  by  outer-MAB  ERs.  The  

domination  of  outer-MAB  ERs  for  large  NEOs  has  been  seen  before  

(  Bottke  et  al.,  2002a  )  but  the  change  to  domination  by  inner-MAB  

ERs  for  smaller  NEOs  has  not  been  shown  before.  

Recently  Granvik  et  al.  (2017)  estimated  the  relative  flux  of  as-  

teroids  into  the  NEO  population  from  different  ERs  through  di-  

rect  integrations  of  MBOs.  They  found  a  good  agreement  with  

(  Bottke  et  al.,  2002a  )  for  D  =  3  km  objects  but  unfortunately  the  

smallest  diameter  considered,  D  =  0  .  1  km  (  H  ∼ 22.7),  is  still  fairly  

close  to  the  “large” group  and  hence  they  do  not  see  the  transi-  

tion  to  inner-MAB  domination.  Instead  the  relative  fluxes  for  all  

the  diameters  considered  (0.1  km–3.0  km)  are  statistically  indistin-  

guishable.  Focusing  on  the  large  group  only  we  find  that  the  flux  

through  the  5:2J  complex  is  the  highest  (  Table  4  )  followed  by  the  

3:1J,  2:1J  and  ν6  complexes  and  Phocaeas  and  Hungarias  in  de-  

scending  order.  The  relative  numbers  are  remarkably  close  to  those  

predicted  by  Granvik  et  al.  (2017)  for  D  =  0  .  1  km  asteroids  through  

direct  orbital  integrations.  The  largest  relative  difference  between  

Fig.  22.  Known  (ASTORB  2018-01-30;  histogram)  and  predicted  (dot  with  errorbars)  
marginal  orbital-element  distributions  for  NEOs  with  17  <  H  <  18.  The  uncertainties  
were  computed  as  single-sided  RMS  estimates  with  respect  to  the  nominal  model  
by  utilizing  100  alternative  models  as  explained  in  Section  6.2  .  The  error  bars  do  
not  account  for  systematic  uncertainties.  

our  estimates  and  those  by  Granvik  et  al.  (2017)  is  found  for  Hun-  

garias  in  that  our  estimate  is  a  factor  of  about  three  higher.  

7.5.  NEAs  on  retrograde  orbits  

We  find  that  the  fraction  of  retrograde  objects  ranges  from  

about  1%  to  2.5%  depending  on  the  range  in  H  magnitude  and  

the  main  ERs  are  the  3:1J  complex  and  JFCs  (  Fig.  24  ).  In  par-  
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with  the  observed  rate  of  impacts  on  the  Earth  (  Brown  et  al.,  2002;  

2013  ).  A  more  accurate  extrapolation,  that  is,  one  that  is  more  in  

line  with  the  literature,  can  be  obtained  by  using  a  slope  found  by  

others  (e.g.,  Brown  et  al.,  2002;  2013  )  for  H  >  25.  

7.3.  Completeness  of  the  current  inventory  of  NEOs  

The  surveys  have  so  far  found  905  NEOs  with  the  esti-  

mated  D  >  1  km  (  H  <  17.75;  ASTORB  2018-01-30).  Assuming  that  

the  H  <  16  population  is  essentially  complete  and  currently  in-  

cludes  170  NEOs,  we  predict  a  population  of  962  +52  
−56  for  NEOs  with  

H  <  17.75  (the  uncertainty  estimates  only  account  for  the  random  

component;  Fig.  20  right  and  Table  6  ).  This  implies  that  about  94%  

of  all  NEOs  with  H  <  17.75  have  been  found  to  date.  

The  orbits  of  the  undiscovered  large  NEOs  are  characterized  

by  high  inclinations  and  relatively  small  semimajor  axes  (  Fig.  22  ).  

NEOs  with  such  orbital  characteristics  are  challenging  to  detected  

because  they  can  have  relatively  long  synodic  periods  and  they  

may  be  bright  enough  only  at  perihelion  when  they  can  be  in  the  

southern  hemisphere.  Finding  these  NEOs  thus  require  longer  sur-  

veys  carried  out  (also)  in  the  southern  hemisphere  and/or  using  

larger  apertures.  An  example  of  such  a  challenging  NEO  to  discover  

is  2017  MK  8  (  a  =  2  .  51  au  ,  e  =  0  .  67  ,  i  =  31  .  6  ◦,  H  =  16  .  5  )  which  was  

discovered  by  Pan-STARRS  as  recently  as  in  June  2017.  This  partic-  

ular  object  crosses  the  ecliptic  approximately  at  perihelion  when  

inside  the  Earth’s  orbit  and  at  aphelion  (at  a  distance  of  about  4  au  

from  the  Sun).  

For  smaller  objects  with  17  <  H  <  20  the  need  for  improved  in-  

strumentation  becomes  even  more  urgent  as  in  addition  to  high-  i  

NEOs  also  large-  a  NEOs  remain  undiscovered  (  Fig.  23  ).  Smaller  and  

more  distant  NEOs  are  difficult  to  detect  due  to  their  greater  aver-  

age  distances  from  the  observer  and  higher  rates  of  motion  when  

close  to  the  Earth.  

The  main  difference  between  the  orbits  of  undiscovered  small  

(  Fig.  23  )  and  large  (  Fig.  22  )  NEOs  is  that  the  former  are  more  no-  

tably  characterized  by  large  eccentricities.  As  most  of  the  known  

high-inclination  NEOs  have  been  discovered  prior  to,  e.g.,  Pan-  

STARRS,  which  is  the  most  prolific  survey  telescope  currently  oper-  

ating,  we  find  it  unlikely  that  the  remaining  large,  high-inclination  

NEOs  would  be  discovered  in  the  next  decade  without  substantial  

improvements  in  observation  strategy  and/or  instrumentation.  

7.4.  Flux  of  NEOs  from  different  ERs  

The  relative  flux  of  asteroids  and  comets  into  the  NEO  popula-  

tion  as  a  function  of  ER  is  strongly  size  dependent  (  Table  4  ).  The  

number-weighted  flux  of  NEOs  in  general  (17  <  H  <  25)  is  dom-  

inated  by  inner-MAB  ERs  whereas  the  number-weighted  flux  of  

D  >  100  m  (17  <  H  <  22)  NEOs  is  dominated  by  outer-MAB  ERs.  The  

domination  of  outer-MAB  ERs  for  large  NEOs  has  been  seen  before  

(  Bottke  et  al.,  2002a  )  but  the  change  to  domination  by  inner-MAB  

ERs  for  smaller  NEOs  has  not  been  shown  before.  

Recently  Granvik  et  al.  (2017)  estimated  the  relative  flux  of  as-  

teroids  into  the  NEO  population  from  different  ERs  through  di-  

rect  integrations  of  MBOs.  They  found  a  good  agreement  with  

(  Bottke  et  al.,  2002a  )  for  D  =  3  km  objects  but  unfortunately  the  

smallest  diameter  considered,  D  =  0  .  1  km  (  H  ∼ 22.7),  is  still  fairly  

close  to  the  “large” group  and  hence  they  do  not  see  the  transi-  

tion  to  inner-MAB  domination.  Instead  the  relative  fluxes  for  all  

the  diameters  considered  (0.1  km–3.0  km)  are  statistically  indistin-  

guishable.  Focusing  on  the  large  group  only  we  find  that  the  flux  

through  the  5:2J  complex  is  the  highest  (  Table  4  )  followed  by  the  

3:1J,  2:1J  and  ν6  complexes  and  Phocaeas  and  Hungarias  in  de-  

scending  order.  The  relative  numbers  are  remarkably  close  to  those  

predicted  by  Granvik  et  al.  (2017)  for  D  =  0  .  1  km  asteroids  through  

direct  orbital  integrations.  The  largest  relative  difference  between  

Fig.  22.  Known  (ASTORB  2018-01-30;  histogram)  and  predicted  (dot  with  errorbars)  
marginal  orbital-element  distributions  for  NEOs  with  17  <  H  <  18.  The  uncertainties  
were  computed  as  single-sided  RMS  estimates  with  respect  to  the  nominal  model  
by  utilizing  100  alternative  models  as  explained  in  Section  6.2  .  The  error  bars  do  
not  account  for  systematic  uncertainties.  

our  estimates  and  those  by  Granvik  et  al.  (2017)  is  found  for  Hun-  

garias  in  that  our  estimate  is  a  factor  of  about  three  higher.  

7.5.  NEAs  on  retrograde  orbits  

We  find  that  the  fraction  of  retrograde  objects  ranges  from  

about  1%  to  2.5%  depending  on  the  range  in  H  magnitude  and  

the  main  ERs  are  the  3:1J  complex  and  JFCs  (  Fig.  24  ).  In  par-  
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with  the  observed  rate  of  impacts  on  the  Earth  (  Brown  et  al.,  2002;  

2013  ).  A  more  accurate  extrapolation,  that  is,  one  that  is  more  in  

line  with  the  literature,  can  be  obtained  by  using  a  slope  found  by  

others  (e.g.,  Brown  et  al.,  2002;  2013  )  for  H  >  25.  

7.3.  Completeness  of  the  current  inventory  of  NEOs  

The  surveys  have  so  far  found  905  NEOs  with  the  esti-  

mated  D  >  1  km  (  H  <  17.75;  ASTORB  2018-01-30).  Assuming  that  

the  H  <  16  population  is  essentially  complete  and  currently  in-  

cludes  170  NEOs,  we  predict  a  population  of  962  +52  
−56  for  NEOs  with  

H  <  17.75  (the  uncertainty  estimates  only  account  for  the  random  

component;  Fig.  20  right  and  Table  6  ).  This  implies  that  about  94%  

of  all  NEOs  with  H  <  17.75  have  been  found  to  date.  

The  orbits  of  the  undiscovered  large  NEOs  are  characterized  

by  high  inclinations  and  relatively  small  semimajor  axes  (  Fig.  22  ).  

NEOs  with  such  orbital  characteristics  are  challenging  to  detected  

because  they  can  have  relatively  long  synodic  periods  and  they  

may  be  bright  enough  only  at  perihelion  when  they  can  be  in  the  

southern  hemisphere.  Finding  these  NEOs  thus  require  longer  sur-  

veys  carried  out  (also)  in  the  southern  hemisphere  and/or  using  

larger  apertures.  An  example  of  such  a  challenging  NEO  to  discover  

is  2017  MK  8  (  a  =  2  .  51  au  ,  e  =  0  .  67  ,  i  =  31  .  6  ◦,  H  =  16  .  5  )  which  was  

discovered  by  Pan-STARRS  as  recently  as  in  June  2017.  This  partic-  

ular  object  crosses  the  ecliptic  approximately  at  perihelion  when  

inside  the  Earth’s  orbit  and  at  aphelion  (at  a  distance  of  about  4  au  

from  the  Sun).  

For  smaller  objects  with  17  <  H  <  20  the  need  for  improved  in-  

strumentation  becomes  even  more  urgent  as  in  addition  to  high-  i  

NEOs  also  large-  a  NEOs  remain  undiscovered  (  Fig.  23  ).  Smaller  and  

more  distant  NEOs  are  difficult  to  detect  due  to  their  greater  aver-  

age  distances  from  the  observer  and  higher  rates  of  motion  when  

close  to  the  Earth.  

The  main  difference  between  the  orbits  of  undiscovered  small  

(  Fig.  23  )  and  large  (  Fig.  22  )  NEOs  is  that  the  former  are  more  no-  

tably  characterized  by  large  eccentricities.  As  most  of  the  known  

high-inclination  NEOs  have  been  discovered  prior  to,  e.g.,  Pan-  

STARRS,  which  is  the  most  prolific  survey  telescope  currently  oper-  

ating,  we  find  it  unlikely  that  the  remaining  large,  high-inclination  

NEOs  would  be  discovered  in  the  next  decade  without  substantial  

improvements  in  observation  strategy  and/or  instrumentation.  

7.4.  Flux  of  NEOs  from  different  ERs  

The  relative  flux  of  asteroids  and  comets  into  the  NEO  popula-  

tion  as  a  function  of  ER  is  strongly  size  dependent  (  Table  4  ).  The  

number-weighted  flux  of  NEOs  in  general  (17  <  H  <  25)  is  dom-  

inated  by  inner-MAB  ERs  whereas  the  number-weighted  flux  of  

D  >  100  m  (17  <  H  <  22)  NEOs  is  dominated  by  outer-MAB  ERs.  The  

domination  of  outer-MAB  ERs  for  large  NEOs  has  been  seen  before  

(  Bottke  et  al.,  2002a  )  but  the  change  to  domination  by  inner-MAB  

ERs  for  smaller  NEOs  has  not  been  shown  before.  

Recently  Granvik  et  al.  (2017)  estimated  the  relative  flux  of  as-  

teroids  into  the  NEO  population  from  different  ERs  through  di-  

rect  integrations  of  MBOs.  They  found  a  good  agreement  with  

(  Bottke  et  al.,  2002a  )  for  D  =  3  km  objects  but  unfortunately  the  

smallest  diameter  considered,  D  =  0  .  1  km  (  H  ∼ 22.7),  is  still  fairly  

close  to  the  “large” group  and  hence  they  do  not  see  the  transi-  

tion  to  inner-MAB  domination.  Instead  the  relative  fluxes  for  all  

the  diameters  considered  (0.1  km–3.0  km)  are  statistically  indistin-  

guishable.  Focusing  on  the  large  group  only  we  find  that  the  flux  

through  the  5:2J  complex  is  the  highest  (  Table  4  )  followed  by  the  

3:1J,  2:1J  and  ν6  complexes  and  Phocaeas  and  Hungarias  in  de-  

scending  order.  The  relative  numbers  are  remarkably  close  to  those  

predicted  by  Granvik  et  al.  (2017)  for  D  =  0  .  1  km  asteroids  through  

direct  orbital  integrations.  The  largest  relative  difference  between  

Fig.  22.  Known  (ASTORB  2018-01-30;  histogram)  and  predicted  (dot  with  errorbars)  
marginal  orbital-element  distributions  for  NEOs  with  17  <  H  <  18.  The  uncertainties  
were  computed  as  single-sided  RMS  estimates  with  respect  to  the  nominal  model  
by  utilizing  100  alternative  models  as  explained  in  Section  6.2  .  The  error  bars  do  
not  account  for  systematic  uncertainties.  

our  estimates  and  those  by  Granvik  et  al.  (2017)  is  found  for  Hun-  

garias  in  that  our  estimate  is  a  factor  of  about  three  higher.  

7.5.  NEAs  on  retrograde  orbits  

We  find  that  the  fraction  of  retrograde  objects  ranges  from  

about  1%  to  2.5%  depending  on  the  range  in  H  magnitude  and  

the  main  ERs  are  the  3:1J  complex  and  JFCs  (  Fig.  24  ).  In  par-  
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Conclusions

• The observed frequency of close 
encounters for Apophis-scale 
objects is a factor of a few lower 
than the model predicts.

• The Apophis encounter in 2029 thus 
appears to be a once-in-20,000-yr 
event.

• The root cause for the disagreement 
between theory and observations is 
still not understood, but 
observational biases may be part of 
the explanation, in particular for 
smaller NEOs.


