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ABSTRACT
We computed impact solutions of the potentially dangerous asteroid (99942) Apophis based
on 4022 optical observations and seven radar observations from 2013 March 15.10789 UTC

through March 28.089569 UTC. Using the freely available ORBFIT software package, we can
follow its orbit forward in the future searching for close approaches with the Earth, which can
lead to possible impacts up to 2110. With the example of Apophis we show that it is possible
to compute additional solutions using the weighting method of Bielicki. The possible impact
path of risk for 2068 is presented.
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1 IN T RO D U C T I O N

The asteroid (99942) Apophis was discovered on 2004 June 19
at the (IAU 695) Kitt Peak Observatory by F. Bernardi, D. J.
Tholen and R. A. Tucker. The asteroid (99942) Apohis belongs
to the Aten group, comprising 776 members as of 2013 May 5
and is one of the 9805 known near-Earth asteroids at this time (see
http://www.minorplanetcenter.net/iau/lists/Unusual.html). Apophis
belongs to one of the 1396 potentially hazardous asteroid (PHA)
(see http://www.minorplanetcenter.net/iau/lists/Dangerous.html).
According to the Minor Planet Centre (MPC), the PHAs
are objects with H brighter than V = 22 and an Earth
MOID (minimum orbit intersection distance) less than 0.05 au.
MOID is the minimum distance between the orbit of the
Earth and the minor planet. According to the JPL NASA
(http://ssd.jpl.nasa.gov/sbdb.cgi?sstr=99942;orb=1), its absolute
magnitude is 19.7, with a diameter of about 0.325 km and a ro-
tation period 30.4 h.

The asteroid (99942) Apophis is dynamically interesting. It will
pass close to the Earth on 2019 April 13 at about 0.000256 au, i.e.
38 000 km from the Earth’s centre. The JPL NASA Sentry Risk
Table (http://neo.jpl.nasa.gov/risk/) lists, as of 2013 May 5, 439
near-Earth asteroids which have potential future Earth impact
events. Most of these asteroids have short observational arcs, mostly
about several days. Apophis has 10 years of observational arcs and
is still in this table as of 2004. Since 2004, there have been pub-
lished many papers with many possible impacts computed with
different methods (Giorgini et al. 2008; Wlodarczyk 2008; Kro-
likowska, Sitarski & Soltan 2009; Shor et al. 2012; Sokolov et al.
2012; Farnocchia et al. 2013, and many others).

Two main systems which compute impact solutions are the Sen-
try Risk Table provided by the JPL NASA (http://neo.jpl.nasa.gov/
risk/) and the CLOMON2 risk list by the CLOMON2/NEODYS (http://
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newton.dm.unipi.it/neodys/index.php?pc=4.1). As of 2013 May
1, they presented possible impact solutions of Apophis based on
observations from 2004 to the end of 2012. From both web-
sites, we can find possible future impacts based on all observa-
tions of the asteroid through 2013 April 15. The impact solutions
of JPL NASA and NEODYS are different because of different ad-
ditional parameters, e.g. the values of additional model param-
eters connected with non-gravitational effects. These effects are
listed in http://ssd.jpl.nasa.gov/sbdb.cgi?sstr=99942;orb=1. Their
table gives the software names for the parameters in the Marsden,
Sekanina & Yeomans (1973) equation for g(r) (S. Chesley, private
communication).

We present impact solutions of Apophis based on ob-
servations through the end of 2013 March. Computa-
tions were made using the free ORBFIT software package:
http://adams.dm.unipi.it/orbmaint/orbfit/. We are taken into account
the JPL DE405, perturbations of additional 25 massive asteroids,
different weighting methods and selection of observations, the error
model based on Chesley, Baer & Monet (2010), and the Yarkovsky
effects.

2 T H E I N I T I A L O R B I TA L E L E M E N T S
O F A S T E RO I D (9 9 9 4 2 ) A P O P H I S

The orbit of the asteroid (99942) Apophis was computed using
freely distributed ORBFIT software, version 4.2. This new version
includes the new error model based upon Chesley et al. (2010). The
NEODYS and the ORBFIT software used star catalogue debiasing and
an error model with assumed astrometric rms errors computed from
the tests in the above paper.

Non-gravitational effects can be taken into account in various
ways. The simplest one is to assume the existence of a secular
change of semimajor axis of the orbit, da/dt.

Apophis has 10-year observational arcs, so it is possible to com-
pute da/dt with the worth of method given by Milani et al. (2009)
for asteroid (101955) 1999 RQ36. The value of da/dt computed by
us is −11.7 × 10−4 au Myr−1.
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Table 1. Initial nominal orbital parameters of (99942) Apophis. The angles
ω, � and i refer to Equinox J2000.0. Epoch: 2013 April 18 = JD 2456400.5
(MJD 56400). The second lines are orbital elements computed with the
Yarkovsky effects (da/dt = −11.7 × 10−4 au Myr−1.

Orbital parameters

M = 235.◦468 495 43 a = 0.922 086 506 164 au e = 0.191 164 7421
235.◦468 495 38 0.922 086 506 203 au 0.191 164 7424

1σ = 5.34E−06 1σ = 1.64E−10 1σ = 1.57E−8

ω = 126.◦457 1478 � = 204.◦223 8211 i = 3.◦330 566 82
126.◦457 1478 204.◦223 8212 3.◦330 566 821

1σ = 2.23E−05 1σ = 2.22E−5 1σ = 4.51E−7

arc: 2004 3 15.10789 to 2013 3 28.089569 arc = 3300 d
number of obs.: 4029 selected obs.: 3997 rms = 0.′′41811

The orbital elements of Apophis given in Table 1 were computed
using the JPL Planetary and Lunar Ephemerides DE405 and ad-
ditional perturbations from the 25 massive asteroids. Their masses
were taken from Farnocchia et al. (2013) and their orbital elements
were computed using the ORBFIT software and the observations from
the ASTDyS site: http://hamilton.dm.unipi.it/astdys/.

Table 1 lists the orbital parameters of Apophis, which were
computed using the ORBFIT software based on all 4029 optical
observations (of which 32 are rejected as outliers) from 2004
3 15.10789 to 2013 3 28.089569, and also on seven radar data
points on 2005 1 27, 2005 1 29, 2005 1 31, 2005 8 7 and 2006
5 6. The first lines of orbital elements are computed without the
Yarkovsky effects, and the second ones with the Yarkovsky effects
using da/dt = −11.7 × 10−4 au Myr−1.

In this table, M denotes the mean anomaly, a is the semimajor
axis, e is the eccentricity, ω is the argument of perihelion, � is
the longitude of the ascending node and i is the inclination of the
nominal orbit. All angles relate to the J2000 equator and equinox.
The table also includes their 1σ uncertainties, which are the square
roots of the diagonal elements of the computed covariance matrix.
rms is the quadratic mean of the residuals between the calculated
orbit and all observations used in the solution.

From the orbital elements given in Table 1, it is clear that Apophis
belongs to the Aten group asteroids. These are near-Earth aster-
oids (q < 1.3 au) whose orbits are similar to that of 2062 Aten
(a < 1.0 au; Q > 0.983 au).

We computed directly from the ORBFIT software an absolute mag-
nitude H of 18.883.

We calculated the diameter D of the asteroid from its H and
albedo pv using the formula of Fowler & Chilemi (1992):

D = 1329 × 10−H/5p−1/2
v km. (1)

For H = 18.883 and an albedo of 0.23 as given at
http://ssd.jpl.nasa.gov/sbdb.cgi?sstr=99942;orb= 1;cov=0;log = 0;
cadx=0#phys par, the diameter of (99942) Apophis turns out to be
about 0.464 km.

Using the lower value for H from the JPL NASA (of H = 19.7),
we obtain a diameter for Apophis equal to 0.318 km which is
almost the same as the JPL NASA’s 0.325 km. IAU Minor Planet
Centre (http://www.minorplanetcenter.net/db search/show object?
object id=99942) gives another value of H equal to 19.2. The error
of H computed by us using the ORBFIT software is about 0.549 mag.
Hence, different values of H computed with different methods of
computation of absolute magnitude H by different authors give
almost the same results.

2.1 The initial orbital elements of asteroid (99942) Apophis
computed with the Bielicki’s method

Table 1 lists starting orbital elements of Apophis using the selection
and weighing method of the NEODYS team. First of all, for each
right ascension and declination of observation, the a priori rms
was used. They are computed based on the statistical performance
of the given observatory. Each observatory on their home page
provides a summary of the statistics. For example, for the
691-Steward Observatory, Kitt Peak-Spacewatch, the NEODYS site
(http://newton.dm.unipi.it/neodys/index.php?pc=2.1.2&o=691&
ab=0) lists its statistics.

If insufficient observations are available for statistical analysis,
then the NEODYS uses an a priori rms of 3 arcsec before 1890, 2 arc-
sec before 1950 and 1 arcsec after 1950. For the automatic rejec-
tion of bad observations, the value of χ from the usual χ2 test is
used. An automatic outlier rejection routine discards observations at
χ = √

10 and recovers at χ = √
9.21. It should correspond to

1 per cent of rejections if the errors are close to Gaussian.
The radar observations and a priori rms values are published by

the Jet Propulsion Laboratory: http://ssd.jpl.nasa.gov/?radar. For all
observations the residuals, both in right ascension and declination,
and the parameter χ are computed by the NEODYS or by us using the
ORBFIT software.

Another method of computing the initial orbital elements of the
Apophis is the Bielicki method of selection and weighing of obser-
vations (Bielicki & Sitarski 1991). The Bielicki method is used in
all orbital computations of the Warsaw Group by Sitarski and col-
leagues (e.g. Sitarski 1999, 2000, 2006). They use three criteria of
the Bessel, Chauvenet and Bielicki methods in the iterative process
of orbit improvement and of selection of residuals.

We applied this method to residuals computed by the ORBFIT

software where previously the method of weighting and selection
with the NEODYS methods was used. First, we computed rms and
weights according to the Bielicki method, and then we replaced
the existing rms in the NEODYS observational 99942.rwo file with
the rms computed using the Bielicki method. Then using the ORBFIT

software, we computed the orbit of Apophis with this new value
of 99942.rwo file. The Bielicki method combined with the NEODYS

method gives a smaller value of rms of about 0.′′170.
Table 2 lists orbital parameters of asteroid Apophis, which were

computed using the ORBFIT with the Bielicki method of selection
and weighting.

By comparing the results between Tables 1 and 2, we can see that
the computed orbital elements depend on the method of weight-
ing and selection of observational material. The smaller value of

Table 2. Initial nominal orbital parameters of (99942) Apophis com-
puted with the Bielicki method. The angles ω, � and i refer to Equinox
J2000.0. Epoch: 2013 April 18 = JD 2456400.5 (MJD 56400). The
second lines are orbital elements computed with the Yarkovsky effects
(da/dt = −11.7 × 10−4 au Myr−1.

Orbital parameters

M = 235.◦468 497 77 a = 0.922 086 505 887 au e = 0.191 164 7383
235.◦468 501 33 0.922 086 500 921 au 0.191 164 7278
1σ = 9.07E−6 1σ = 2.73E−10 1σ = 3.13E−8

ω = 126.◦457 1610 � = 204.◦223 8079 i = 3.◦330 567 25
126.◦457 1613 204.◦223 8061 3.◦330 566 944

1σ = 3.96E−5 1σ = 4.00E−5 1σ = 8.69E−7

arc: 2004 3 15.10789 to 2013 3 28.089569 arc = 3300 d
number of obs.: 4029 selected obs.: 4028 rms = 0.′′17011
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Table 3. Asteroid (99942) Apophis. Statistic of selected astronomical ob-
servatories which made over 100 astrometric observations.

Observatory Number NEODYS Bielicki
code of observations rms rms

(RA) (Dec.) (RA) (Dec.)

568 421 0.′′300 0.′′300 0.′′746 0.′′533
D20 391 0.660 0.590 0.706 0.754
071 382 0.900 0.880 2.824 2.203
C40 253 0.660 0.590 1.602 1.675
C20 244 0.660 0.590 0.654 0.871
A84 241 0.660 0.590 1.815 1.038
089 138 0.660 0.590 0.627 1.660
H45 124 0.660 0.590 1.608 1.509

rms from Table 2 was computed using the Bielicki method and is
connected with better fitting of observations by adding additional
mathematical criteria. However, greater values of 1σ uncertainties
of orbital elements are connected with using almost all observations
of Apophis without rejection.

Note that Apophis has small 1σ uncertainties because of its good
observations. However, observations were made by 124 astronomi-
cal observatories from all 1750, as for 2013 March, and using many
different star catalogues.

Table 3 lists rms values computed with the NEODYS and the Bielicki
schemes from astronomical observatories which provided most ob-
servations of Apophis.

3 C LOSE APPROACHES ANALYSIS OF
A S T E RO I D (9 9 9 4 2 ) A P O P H I S TI L L 2 0 7 7

Table 4 presents close approaches (CA) of the computed 5001 vir-
tual asteroids (VA) of the asteroid Apophis with the Earth till 2077
for different σ without non-gravitational effects using the NEODYS

selection and weighting method.

Table 4. Asteroid (99942) Apophis. Close approaches (CA)
of the computed 5001 virtual asteroids (VA) with the Earth till
2077 for 3 and 5σ without non-gravitational effects.

Value of Date rmin rmax Number
σ of CA (au) (au) of CA

3 2029.29 0.000 2561 0.000 2563 5001
5 2029.29 0.000 2560 0.000 2563 5001

3 2059.70 0.022 5045 0.027 0940 5001
5 2059.70 0.022 1994 0.029 5336 5001

3 2066.34 0.006 9391 0.075 4589 5001
5 2066.34 0.000 4063 0.098 7537 5001

5 2067.83 0.006 7324 0.099 4403 116

5 2068.80 0.000 7846 0.098 7423 35

5 2069.82 0.087 2268 0.096 8397 10

5 2071.27 0.001 9842 0.098 4448 43

5 2072.27 0.000 6466 0.099 2184 62

3 2073.30 0.000 4811 0.099 8261 540
5 2073.27 0.000 5107 0.099 8055 417

3 2074.75 0.008 1740 0.008 1740 1
5 2074.75 0.033 4295 0.068 1016 3

5 2075.72 0.011 3506 0.026 0069 2

5 2076.46 0.002 4219 0.099 2975 91

From Table 4 it is obvious that for greater value of σ we observe
more possible CAs with the Earth. Therefore, we can compute more
possible impacts in the future. Therefore, it is necessary to explore
uncertainty region with greater values of σ .

As a result of a CA within about 38 000 km of the Earth on 2029
April 13, Apophis will move from the Aten to the Apollo class
(MPC 54567).

Atens and Apollos belong to the near-Earth asteroids (q < 1.3 au).
Atens have a < 1.0 au and Q > 0.983 au, and Apollos have
a > 1.0 au and q < 1.017 au, where a is the semimajor axis,
and q and Q denote perihelion and aphelion distance, respectively.

4 POSSI BLE I MPACT SOLUTI ONS

Earth impact possibilities for potentially dangerous as-
teroids are presented by the JPL Sentry System at
http://neo.jpl.nasa.gov/risk/ and by the CLOMON2/NEODYS at
http://newton.dm.unipi.it/neodys/index.php?pc=4.1.

They usually search for possible future impacts with Earth over
the next 100 years. Table 5 lists potential impacts to 2100 as of
2013 May 6. Sometimes there are the differences of possible im-
pact solutions computed by the JPL NASA and the NEODYS. They
are evident because they are independent systems as presented at
http://neo.jpl.nasa.gov/risk/doc/sentry faq.html. σ LOV is the co-
ordinate along the line of variations (LOVs). Zero means nominal
orbit. The further from zero, the less likely the potential impact.
About 99 per cent of all the uncertainty region lies inside (−3, +3)
σ LOV. The Sentry System of the JPL NASA searches for potential
impacts out to σ LOV = ±5. The CLOMON2/NEODYS System usu-
ally computes impact events inside (−3, +3). For special cases,
like for the asteroid Apophis, the CLOMON2/NEODYS searches for im-
pacts in the region (−5, +5). Moreover, they are computed with
the standard CLOMON2 software but using a Montecarlo method in
the seven-dimensional space of the orbital elements and the secular
perturbation of the semimajor axis. This is described in the paper
on Yarkovsky-driven impact risk analysis for Apophis (Farnocchia
et al. 2013).

In the special case of the Apophis the impact solutions from the
JPL NASA and the NEODYS are the same.

Thanks to those who made freely available ORBFIT software and its
source code at http://adams.dm.unipi.it/orbmaint/orbfit/, it is now
possible to compute individually dates of possible impacts of se-
lected dangerous asteroids, the energy of these impacts and other
impact factors. The new version of ORBFIT (v.4.2) gives better results
of computations of impact probability, mainly through the use of
non-linear monitoring and the multiple solutions method (Milani
et al. 2002, 2005a,b).

Table 5. Asteroid (99942) Apophis. Earth Impact Risk
Summary by the Sentry and CLOMON2 system.

Date σ LOV Impact probability

2060 April 12.550 −0.723 5.20E−8
2065 April 11.770 −0.700 1.40E−7
2068 April 12.640 −0.663 3.90E−6

2068 October 15.400 0.358 1.50E−7
2069 October 15.990 3.497 1.10E−8

2076 April 13.020 −0.633 3.30E−7
2077 April 13.450 −0.664 1.10E−7
2078 April 13.760 −0.699 1.20E−7
2091 April 13.380 −0.698 1.20E−7
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Table 6. Asteroid (99942) Apophis. Possible Earth impacts for different
solutions up to 2110. Y. – solutions with the Yarkovsky effects and MB –
solutions with the Bielicki method.

Date (UTC) σ Impact σ Number Case
LOV proba- LOV of VAs

bility

2056 April 13.094 4.965 1.17E−11 5 200 00 Y., MB

2068 October 15.324 4.375 4.69E−10 5 200 00
2068 October 15.325 3.759 5.74E−9 5 200 00 Y.
2068 October 15.325 3.757 5.78E−9 5 300 00 Y., *
2068 October 15.325 2.914 4.87E−8 5 200 00 MB

2075 April 13.217 2.894 1.66E−8 5 200 00 Y., MB

2086 October 15.631 3.764 3.62E−10 5 200 00 Y.
2086 October 15.627 3.761 3.67E−10 5 300 00 Y.
2086 October 15.607 3.778 3.33E−10 5 300 00 Y.
2086 October 15.629 2.916 3.14E−9 5 200 00 MB

2105 October 16.318 4.383 1.01E−9 5 200 00
2105 October 16.299 3.768 1.21E−8 5 200 00 Y.
2105 October 16.297 3.765 1.21E−8 5 300 00 Y.
2105 October 16.308 2.918 1.07E−7 5 200 00 MB

2108 April 12.238 4.130 1.21E−10 5 200 00 Y.
2108 April 12.254 4.128 1.20E−10 5 300 00 Y.

2110 April 15.229 3.554 1.83E−11 5 300 00 Y.

To compute possible impact solutions of asteroids, it is nec-
essary to include some additional small effects on the as-
teroid’s motion, such as the influence of relativistic effects,
the perturbing massive asteroids, the Yarkovsky/Yarkovsky–
O’Keefe–Radzievskii–Paddack effects and solar radiation pres-
sure. Also, different ephemerides of the Solar system can be
investigated.

Using the new version of the ORBFIT software, we can take
into account the new error model based upon Chesley et al.
(2010). Hence, the orbits can be computed by using star cat-
alogue debiasing and an error model with assumed astrometric
errors rms deduced from the tests given in the above-mentioned
paper.

The orbital uncertainty of an asteroid is viewed as a cloud of
possible orbits around the nominal solution, where the density of the
cloud is greatest. This is represented by the multivariate Gaussian
probability density. The use of this probability density relies on the
assumption that the observational errors are Gaussian (Milani et al.
2002).

Table 6 lists possible impact solutions for Apophis up to
2110, computed using the following settings: multiple solutions,
use scaling and LOV with the largest eigenvalue (Milani et al.
2002).

We took into account the JPL DE405 Solar system model, per-
turbations of additional 25 massive asteroids whose masses were
taken from Farnocchia et al. (2013) and orbital elements were com-
puted by the ORBFIT software using observations from the ASTDyS
site (http://hamilton.dm.unipi.it/astdys/), different weighting meth-
ods and selection of observations, error model based on Chesley
et al. (2010) and the Yarkovsky effects.

As is evident from Table 6, it is interesting that in all presented
schemes, even without the non-gravitational effects, the possible
impact can occur in 2068. However, this potential impact in 2068 is
also computed by the JPL NASA and the NEODYS systems. However,
in all these cases impact probabilities are very small, from about
10−6 to 10−10.

5 IMPAC T O R BITS

As was introduced by Sitarski impact orbits are the orbits with
orbital elements of the dangerous object at the present date (initial
orbital elements) and 7 d before the impact.

We have computed impact orbits using the ORBFIT software with
the Yarkovsky effects and 25 perturbing additional asteroids as listed
in solution * in Table 6.

One of the 30 000 VAs of the asteroid Apophis has σ LOV close to
computed σ LOV of impact, i.e. close to a σ LOV of 3.757 as listed
in Table 6. Around this VA with serial number #26 270, we have
computed, using the multiple solution method implemented in the
ORBFIT software, 100 VAs on LOV on both sides of the nominal orbit
with σ equal to 0.000 25. If at least one of these VAs intersects the
Earth, then we can assign a possible impact probability greater than
zero to the object (Sitarski, private communication). We found that
13 VAs of them, with serial numbers between #65 and #90, hit the
Earth. Hence, the impact probability is greater than 0. According
to Table 6 computed impact probability is about 5.78E−9. Using
simple Monte Carlo method we should compute 109 VAs to find
about 6 VAs which hit the Earth. For small probabilities of impact
random sampling would not be efficient enough (Milani et al. 2002).
Obviously an impact orbit means a hit, so that the probability is 1.
Using the multiple solution method (LOV sampling) of Milani by
giving a suitable value of σ and a number of orbits on both sides of
LOV, we can find faster VAs which hit the Earth.

Table 7 contains computed orbital elements of close VA named
Close, and two impact orbits of VA #90 named: Initial for starting
epoch, 2013 April 18 and 7 d for the epoch 7 d before impact, 2068
October 8. We can see that Initial orbit is almost the same as Close
orbit. They differ only by a σ equal to 0.00025. The 7-d orbit is
completely different orbit.

As this orbit intersects the Earth, having the precise orbital ele-
ments allows us to easily compute the region of possible impact and
the exact moment of the possible collision (see the next section).

We identified impact orbits and can plot paths of risk for the Earth
or any other body in the Solar system.

Our method of computing impact orbits (Wlodarczyk 2007, 2008,
2009) is based on the method of Milani included in the ORBFIT

software where the cloning is based on the LOVs with the largest
eigenvalue, where LOV denotes the position of an orbit along the
LOVs in σ space (Milani et al. 2005a).

It is difficult to compute impact orbits in 2068 because of the
chaotic region around this date. To show this, we compute 2000
VAs using parameters of solution * for 2068 presented in Table 6.
In Fig. 1, we can see that the very small differences in starting

Table 7. (99942) Apophis. Close (#26270), initial and ‘7 d before impact’
orbit (#90) for 2068. The angles ω, � and i refer to Equinox J2000.0. Epochs:
2013 April 18 = JD 2456400.5 for close and initial orbit and 2068 October
8 = JD 2476662.5 for the ‘7 d before impact’ orbit.

Orbital parameters

Orbit M a (au) e
Close 235.◦468 500 1470 0.922 086 506 819 89 0.191 164 753 3387
Initial 235.◦468 500 1469 0.922 086 506 819 88 0.191 164 753 3385
7 d 61.◦271 951 1186 1.034 862 878 151 57 0.179 558 987 2520

ω � i
Close 126.◦457 150 114 82 204.◦223 813 750 31 3.◦330 567 677 14
Initial 126.◦457 150 114 78 204.◦223 813 750 44 3.◦330 567 677 12
7 d 91.◦701 134 136 45 201.◦615 103 953 24 1.◦330 567 677 12
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Figure 1. (99942) Apophis. Position of 2000 VAs 7 d before possible impact
in 2068.

orbital elements connected with the multiple solution method lead
to different position of VAs in the future.

The asteroid possible impact solutions are usually pre-
sented in a form such as that used by NASA’s Impact
Risk Page or by the NEODYS: http://neo.jpl.nasa.gov/risk/ and
http://newton.dm.unipi.it/neodys/index.php?pc = 4.1.

These sites list the name of each dangerous asteroid, the dates of
its potential impacts, the probability of possible impact at each date
and the impact energy. Generally, the ORBFIT software searches for
possible impacts and gives these standard solutions. Table 8 lists
these parameters for 2068.

6 PATH O F R ISK

Next, using previously computed impact orbits for 2068, we can
draw the path of risk for that year.

Table 8. (99942) Apophis. Possible impact
solutions for the year 2068 using parameter
da/dt = −1.17E−4 au Myr−1 (see Table 6,
solution for 2068 with ∗).

Impact probability 5.784E−9
Mass 2.10E+10 kg
Impact velocity 12.61 km s−1

Energy 3.98E+2 MT
Date of impact 2068 October 15.325
σ LOV 3.757

The impact orbits can be used to compute the path of risk which
is a locus of possible positions for an impact event on the Earth’s
surface (Sitarski 2000). This can be done using various software
methods, such as e.g. the MERCURY INTEGRATOR Package v.6.0 soft-
ware by J. Chambers (Chambers 1999).

As mentioned in the previous section, Close impact orbit from
Table 7 is cloned using the multiple solution method of Milani by
giving a σ of 0.0025 and using 50 orbits on both sides of LOV. Using
the MERCURY INTEGRATOR and all 101 cloned orbits, we compute the
minimum distances between Apophis and the Earth. The results for
this swarm of clones hitting the Earth are almost the same as those
computed directly from the ORBFIT software. We then draw a narrow
corridor containing the possible impacts.

The path of risk of the possible impact in the year 2068 is shown
in Fig. 2. There is a cloud of orbit solutions, most of which do not
impact the Earth. One part of that cloud gives impact solutions.
Most of the clones spread out along-track.

Note that path of risk is computed for 5σ uncertainty. Both ends
of the path of risk have lower impact probability than the central
places. Hence, the probability of hitting Brazil by Apophis is very
low.

7 SU M M A RY

The main goal of our work was to present impact solutions for the
asteroid (99942) Apophis, computed using the ORBFIT software and
all observations from 2013 March 15.10789 UTC through March

Figure 2. The path of risk where the asteroid (99942) Apophis could impact in the year 2068. The connecting circumpolar part is not shown.
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28.089569 UTC. It is clear that the impact solutions depend on
method of selection and weighting of observations. The influence
of the non-gravitational effects was computed. The path of risk on
the Earth in 2068 was depicted. The asteroid (99942) Apophis will
be observable for many years. Hence, new optical and radar obser-
vations can refine the orbit of the asteroid and give more precise
possible impacts solutions.
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