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Abstract.
We computed impact solutions of the potentially dangerous asteroid (99942) Apophis

based on 4469 optical observations from March 15.10789 UTC, 2004 through January
03.26308 UTC, 2015, and 20 radar observations from January 27.97986 UTC, 2005
through March 15.99931 UTC, 2013.

However, we computed possible impact solutions by using the Line Of Variation
method out to σ LOV = 5 computing 3000 virtual asteroids (VAs) on both sides of the
LOV which gives 6001 VAs and propagated their orbits to JD 2495000.5 TDT=December
24, 2118.

We computed the non-gravitational parameter A2=-5.586×10−14au/d2 with 1-σ un-
certainty 2.965×10−14au/d2 and possible impacts until 2096. The possible impact corri-
dor for 2068 is presented.
Key words: Asteroids, dynamic, Celestial mechanics, Near-Earth objects, Orbit deter-
mination

Introduction

Asteroid (99942) Apophis was discovered at Kitt Peak on June 19, 2004 by
R. A. Tucker, D. J. Tholen, and F. Bernardi.

Asteroid (99942) Apophis belongs to the Aten group, comprising 1191
members as of April 25, 2017. Atens are Near-Earth asteroids with orbits
similar to that of 2062 Aten (semimajor axis, a < 1.0 au; aphelion distance,
Q > 0.983 au).

Moreover, Apophis is one of 1799 Potentially Hazardous Asteroids (the
minor planets with the greatest potential for close approaches to the Earth)
as the IAU Minor Planet Center presents
(http://www.minorplanetcenter.net/iau/lists/Unusual.html). Potentially Haz-
ardous Asteroids have absolute magnitude, H brighter than or equal to V
= 22.0 and an Earth Minimum Orbit Intersection Distance, MOID less
than 0.05 au.

According to the JPL (https://ssd.jpl.nasa.gov/sbdb.cgi#top) and Delbo
et. al. (2007) its absolute magnitude is 19.7 ± 0.4 mag, diameter of about
(0.325 ± 0.015)km and geometric albedo is 0.23
(http://www.esa.int/Our Activities/Space Science/
Herschel intercepts asteroid Apophis), and rotation period, P=30.4 h, com-
bined light curve on line at
http://obswww.unige.ch/∼behrend/r099942a.png).

Asteroid (99942) Apophis is dynamically interesting. According to the
JPL (https://ssd.jpl.nasa.gov/sbdb.cgi?sstr=99942;old=0;orb=0;cov=0;log=0;
cad=1#cad) it will pass close to the Earth on April 13.90694, 2029 at nom-
inal distance of about 0.0002537 au (37954 km).

We computed possible impact solutions on the method of Milani and the
NEODyS Team, included in the OrbFit v.5.0 software where the covariance
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cloning is based on the Line of Variations (LOV) with the largest eigenvalue,
where σ LOV denotes the position of an asteroid on the orbit along the line
of variations in σ space (Milani (2006), Milani&Gronchi(2009), Milani et
al. (2005a,b,c), Milani et al. (2002).

Generally, the clones could be easier produced with Monte Carlo tech-
niques, than with using Line of Variation(LOV) approach. Actually, the
most papers are using the MC to produce the clones. A recent example could
be found in e.g. Moreno et al. (2017) for the active asteroid P/2016J1. For
example, in impacts monitoring when the probability of impact is of 10−8,
10−9 then using MC method we must compute of about 108 or 109 clones
and propagate them to the impact date. This can take a lot of computer
time. MC is a random method.

According to Milani, the LOV is a differentiable curve and is a continu-
ous string (Milani et al. 2005c). In the linear approximation the LOV goes
along long axis of the confidential ellipsoid. Generally the LOV is a curved
line. We used much less clones to compute the behavior of the object in
the future - usually 600 to 6000 clones are enough. The LOV is sampling
of uniformly spaced clones (Virtual asteroids) and hence it is possible to
interpolate between neighboring clones and find, for example, impact clones
with the Earth. The LOV is geometric sample method contrary to the time
consuming random MC method. Hence the advantage of the LOV method
over MC method.

We searched for potential impacts out to σ LOV = 5, similarly to the
Sentry System of the JPL NASA and the NEODyS’s CLOMON2 System
for the case of the asteroid (99942) Apophis.

Main recent works on the Yarkovsky effect connected with the asteroid
Apophis are by Farnocchia (2013a) and Vokrouhlicky (2015).

Also there are some interesting solutions on Apophis in Krolikowska&Sitarski
(2010) and Krolikowska, Sitarski & Soltan (2009) where the methods of
Sitarski is presented in Sitarski (1998, 1999, 2006).

Our works on the asteroid Apophis are presented in Wlodarczyk (2016,
2014a, 2014b, 2014c, 2013, 2008, 2007). We computed impact solutions
with different Solar System models and different methods of selection and
weighing of observations of Apophis as of the NEODYS team and of Bielicki
& Sitarski (1991).

The main motivation of this work was to compute new possible Apophis
impacts with the Earth taking into account its recent 2015 observations
ending in January 03.26308, 2015. In particular, the author wanted to see
if further collision in 2068 was possible. Currently (June 2017) Apophis is
close to the Sun and optical ground observations are impossible. It is only
at the turn of April and May in 2018 that the solar elongation of Apophis
will be about 35 degrees. In this observational window, the brightness of
Apophis will be 21.3 mag.

The second motivation was the appearance of a new version of OrbFit
5.0 software with the ability to simultaneously compute orbital elements
and non-gravitational effects. We wanted to compare these results with
previous ones and other authors. This way, using more advanced impact
probability computation, mainly with the Yarkovsky non-gravitational ef-
fect, we can see if the threat in 2068 is still valid.
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Table 1. Initial nominal orbital elements of (99942) Apophis computed by the author.
The angles ω, Ω, and i refer to Equinox J2000.0. Epoch: 2017-Feb-16=JD2457800.5
TDB. The orbital elements with their uncertainties were computed together with the
non-gravitational A2 Yarkovsky parameter and its uncertainty.

Orbital parameters
M=353◦.4141692901 a=0.9226087592698 au e=0.19151348416003

σ=2.20951E-05 σ=1.14980E-08 σ=6.81574E-09
ω=126◦.6920991493 Ω = 204◦.0609234650 i= 3◦.336762825454

σ=2.17599E-05 σ=2.24339E-05 σ=4.19733E-07
A2=-5.586×10−14au/d2

σ=2.965×10−14au/d2

arc: 2004-03-15.10789 to 2015-01-03.26308 (3946 days)
number of obs.: 4489 (selected 4458) RMS =0.3264”

1. The initial orbital elements of asteroid (99942) Apophis

The orbit of the asteroid (99942) Apophis was computed by the author
based on 4469 optical observations fromMarch 15.10789 UTC, 2004 through
January 03.26308 UTC, 2015, of which 31 were rejected as outliers and
20 radar observations from January 27.97986 UTC, 2005 through March
15.99931 UTC, 2013.

First, we computed the orbit of the asteroid (99942) Apophis based on
all observations using the OrbFit software
(http://adams.dm.unipi.it/∼orbmaint/orbfit/). 16 perturbing asteroids were
used according to Farnocchia et al. (2013a,b) and similar to Wlodarczyk
(2015).

We used the new version of the OrbFit Software, namely OrbFit v.5.0
which have the new error model based upon Chesley et al. (2010) and also
the debiasing and weighting scheme described in Farnocchia et al. (2015).
Moreover, we used the DE431 version of JPL’s planetary ephemerides.

Non-gravitational effects in the motion of the asteroid (99942) Apophis
can be taken into account in various ways. The simplest one is to assume the
existence of non-gravitational parameter A2 connected with the Yarkovsky
effect.

The non-gravitational force resulting from the Yarkovsky effect is the
anisotropic reemission of thermal radiation generated by the solar radia-
tion of rotating asteroids or comets. According to Chesley et al. (2014) its
component acting in the transverse direction increase or decrease value of
the semimajor axis, da/dt:

da

dt
∝

cos(γ)

ρD
, (1)

where γ is the obliquity of the asteroid equator, ρ is the bulk density of the
asteroid, and D is the effective diameter.
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On the other hand, according to Farnocchia et al. (2013a,b), after math-
ematical transformation, we have:

A2 =
da

dt

np2

2(1− e2)
, (2)

where n is the mean motion, p is the semilatus rectum and e is eccentricity.
Observational arc length is 3946 days (about 11 years) as of 2017-04-25,

so it is possible to compute parameter A2 using the OrbFit software directly
from observations. Hence, we computed the non-gravitational parameter
A2=-5.586×10−14au/d2 with 1-σ uncertainty 2.965×10−14au/d2.

From Eq. (2) it follows that A2 depends on the accuracy of the physi-
cal parameters of the asteroid. With time, we know these values better. In
addition A2 is computed as 7 parameter, in addition to 6 orbital elements
and is further propagated together with these elements. The better the ac-
curacy of the orbit, the more accurate is A2. The longer the observation arc
the better is the accuracy of all seven parameters. We can compare present
value of A2 with the values of the parameter published in the past. For
example in Farnocchia (2013a) A2=±2.5 ×10−14 au/d2 where astrometry
till 2013 gives for 1σ of the parameter A2 value of about 7.0× 10−14au/d2.
In Vokrouhlicky et. al. (2015) A2 is between (-6.0 to -1.0)× 10−14 au/d2

with a maximum around -3.0× 10−14 au/d2. My previous work involved
mainly searching for A2 which may lead to a collision with the Earth:
in Wlodarczyk (2013) A2=-2.6× 10−14 au/d2, in Wlodarczyk (2016) A2=
(-4.8 to +4.6)× 10−14 au/d2. This paper gives A2=-5.586 ×10−14au/d2

±2.965×10−14au/d2. We can see that now parameter A2 is computed with
better uncertainty.

Fig. 1. Line of Variation (LOV) computed for 5σ and for 6001 Virtual Asteroids (VAs)
for starting epoch: JD2457800.5=(2017-Feb-16).

Fig. 1 presents values of rms and non-gravitational parameter A2 for
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clones (Virtual Asteroids, VAs) of the asteroid Apophis. 6001 clones are
computed with the use of the OrbFit software v. 5.0 and the method of
Milani (Milani (2006)) with computed 3000 clones of both side of the Line
of Variation (LOV). It is visible that rms ranges from minimal 0.3264” for
nominal orbit (clone 3001) to 0.3307” for clones 1 and 6001. Values of the
non-gravitational parameter A2 are between (-20.4083 and 9.2361)× 10−14

au/d2 with the A2= -5.5861× 10−14 au/d2 for nominal solution. Values of
A2 are equally spaced every 0.0049 ×10−14 au/d2. The non-gravitational
parameter A2 is computed as an additional seventh parameter together
with other 6 parameters - orbital elements with their uncertainties which
only were computed in the previous versions of the OrbFit software.

However, according to Pravec et al.(2014), the Apophis is a retrograde
rotator, meaning that basically a positive values of A2 are not possible.
Hence, the sequences of value of parameter A2 > 0 are only purely mathe-
matical.

Table 1 lists computed orbit of the asteroid (99942) Apophis. In this
table M denotes the mean anomaly, a is the semimajor axis, e is the eccen-
tricity, ω is the argument of perihelion, Ω is the longitude of the ascending
node, and i is the inclination of the nominal orbit. All angles relate to the
J2000 equator and the equinox. The table also includes their 1σ uncertain-
ties, 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 observations used in the solution.

2. Orbital evolution of the nominal orbit

According to the IAU Minor Planet Center site:
http://www.minorplanetcenter.org/db search for Apophis we have noted
that as a result of its close approach to the Earth on April 13, 2029 within
37700 km, this asteroid will move from the Aten to the Apollo class (Minor
Planet Circ. 54567). Apollos are Near-Earth asteroids which orbits cross
the Earth’s orbit similar to that of 1862 Apollo (a > 1.0 au; q ¡ 1.017 au).

We searched for this orbital change of Apophis using the OrbFit software
v.5. Computations were made for the nominal orbit computed in Table 1.
The results are given in Fig. 2.

It appears that the orbital period of Apophis as Aten is 0.886 yrs, and
as Apollos will be 1.160 yrs. According to our computations, the change
of Aphopis from Aten to Apollos class asteroids is connected with close
approach of Apophis with the Earth in April 13.90711, 2029 at 0.00025466
au as is computed in Table 3, and is visible in Fig. 2.

3. Orbital evolution of Virtual Asteroids

Next we computed the time evolution of 6001 Virtual Asteroids (VAs) of
Apophis computed for 5σ forwards to JD2816000.5=2997-Nov-05.

In Fig. 3 clones of Apophis spread out visibly from the starting position
and from nominal orbit of the presented epoch. Hence it is difficult to search
for evolution of individual clone. However, we must propagate many clones
of Apophis to find all its possible close approaches to the Earth.
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Fig. 2. Time evolution of the nominal orbit of (99942) Apophis in the rectangular he-
liocentric ecliptical elements in forward integration from JD2457800.5=(2017-Feb-16) to
JD2816000.5=2997-Nov-05 every 100 days. The vernal equinox is towards the right. The
change of the orbit of Apophis from the Aten to the Apollo class is visible. First position
of Apophis, i.e. starting for the epoch JD2457800.5=2017-Feb-16 is denoted by the great
cross. Moreover, it is its first position as the Aten class asteroid in this Fig. The last po-
sition of Apophis as the Aten class is denoted by a triangle (4500 days after the starting
epoch, i.e. in JD2462300.5=2029-June-13), the first position as the Apollo class is denoted
by a great circle (4600 days after starting epoch, i.e. in JD2462400.5=2029-Sep-21).



Impact solutions of asteroid (99942) Apophis 95

Fig. 3. Time evolution of the 6001 Virtual Asteroids of asteroid (99942) Apophis during
forward integration for 2037-Feb-15, 2117-Feb-17 and 2997-Nov-05, i.e after 20, 100 and
980 years after starting epoch. Positions of VAs are depicted every 100 days. Star denotes
starting position of the nominal orbit (2017-Feb-17), sign ’+’ denotes position of nominal
orbit at the presented epoch.
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Table 2. Possible impact solution of (99942) Apophis computed for 5σ, 3000 VAs on
both side of the LOV , JPL DE431, 16 additional massive asteroids and non-gravitational
parameter A2=(-5.586±2.965)× 10−14 au/d2.

date σ stretch p RE exp. energy PS VI A2
(year/m/d) (RE/σ) (MT) (10−14au/d2)

left side of LOV : -5.0<= σ <0, 1<= V As <=3000
2036/04/13.371 -2.845 1.95E+03 1.31E-05 9.93E-03 -2.34 1473 -13.14
2041/04/13.464 -2.862 2.97E+06 3.41E-09 2.58E-06 -6.02 1283 -14.08
2042/04/13.719 -2.886 6.40E+05 3.23E-08 2.45E-05 -5.06 1268 -14.15
2044/04/13.296 -2.783 3.69E+05 2.53E-08 1.92E-05 -5.20 1330 -13.84
2053/04/12.914 -2.800 3.67E+05 7.08E-08 5.37E-05 -4.88 1320 -13.89
2062/04/13.374 -2.801 6.59E+07 5.10E-10 3.86E-07 -7.12 1319 -13.90
2096/10/15.695 -2.567 1.70E+08 3.71E-10 2.81E-07 -7.50 1460 -13.20

right side of LOV : 0<= σ <=5.0, 3001<= V As <=6001
2068/04/12.632 1.182 1.17E+06 7.23E-07 5.48E-04 -4.02 3710 -2.08
2069/04/13.079 4.953 2.25E+05 3.21E-11 2.44E-08 -8.38 5973 +9.10
2069/10/15.594 3.475 4.92E+06 8.08E-10 6.13E-07 -6.99 5086 +4.72
2069/10/15.972 3.856 7.85E+05 1.28E-09 9.72E-07 -6.79 5315 +5.85
2077/04/13.113 1.182 1.87E+07 3.70E-08 2.81E-05 -5.38 3710 -2.08
2086/10/15.627 1.968 1.54E+08 1.51E-09 1.15E-06 -6.84 4182 +0.25
2090/10/16.577 1.160 8.62E+07 9.86E-09 7.47E-06 -6.05 3697 -2.15

4. Possible impacts

Table 2 presents possible impact solutions for dangerous asteroids (99942)
Apophis computed for 5σ, 3000 VAs on both sides of the LOV , JPL DE431,
16 additional massive asteroids and non-gravitational parameter A2=(-
5.586±2.965)× 10−14 au/d2. The computations were made using the OrbFit
software v.5.0. For each possible impact Table 2 contains: date of impact;
value of parameter σ - located in the LOV space (-5,+5); stretch - it shows
how much the confidence region has been stretched in the time of impact
and units are in Earth radii divided by sigma (i.e. RE/σ); p RE - impact
probability with the Earth (it is not presented if the computed value is
less than 1E-11); exp. en. - expected energy caused by impact, in MT (1
MT=4.2E15 J)), PS (Palermo scale) - it denotes the hazard posed by a VI
(clone, Virtual Impactor).

We present possible impacts separately for left and right side of the
LOV . It is interesting that all impact on left side of LOV are possible
with the non-gravitational parameter A2 in the range (-13.14, -14.15)×
10−14 au/d2. On the other side, for σ≥0 we have impact with the non-
gravitational parameter A2 in the range (-2.08,+9.10)× 10−14 au/d2. As
already suggested above, positive values of A2 are inconsistent with Apophis
rotation state.

According to Farnocchia et al. (2013a) the likely range of A2 for an
object of this size like Apophis (diameter=370 m), A2=±2.5 ×10−14 au/d2.
And with current astrometry we have an uncertainty for Apophis of A2 =
7.0× 10−14 au/d2.

According to Vokrouhlicky et al. (2015) and presented there Fig. 4 the
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A2 transverse acceleration parameter lies between (-6.0 to -1.0)× 10−14

au/d2 with a maximum around -3.0× 10−14 au/d2. These results are a
combination from the Apophis orbital fit using all available optical and
radar observations, and from the theoretical modeling as is presented in
Vokrouhlicky et al. (2015).

In Wlodarczyk (2016) we find impact solutions for Apophis with pa-
rameter A2 in the range (-4.8 to +4.6)× 10−14 au/d2. We used 4022 optical
observations from March 15, 2004 to January 1, 2015, and 7 radar obser-
vations from March 15.10789 UTC through March 28.089569 UTC, 2013.
Using the same set of observations of Apophis we computed in Wlodarczyk
(2013) the value of da/dt connected with the non-gravitational effect equal
to -11.7×10−4 au Myr−1, which gives parameter A2 equal to about -2.6×
10−14 au/d2.

The possible impacts in the left hand side of LOV for 3σ are connected
with σ parameter on the edge of LOV (-2.5 ¿σ¿-2.9). In contrary, in the
right hand side possible impacts for negative A2 are between the value of σ
1.16 and 1.182, i.e. close to the nominal solution. Hence, the most probable
impacts can come from the right hand side of our LOV as is presented in
our Table 2, and an impact in 2036 is rather not real.

5. Impact corridor for 2068

Next we computed clones which hit the Earth in 2068. To do this we com-
puted 9000 clones (Virtual Asteroids, VA) for both side of the LOV and
for σ=5 and propagated them after the impact date in 2068.

We found VA number 11129 which has the greatest close approaches
with the Earth on 2068/04/12.63597 at 0.00004865 au.

Tables 3 and 4 give close approaches and orbital elements of this clone,
respectively.

Table 3. Close approaches of clone 11129 with the Earth for impact in 2068.

date distance to the Earth
(year/m/d) (au)

2021/03/06.05171 0.11265146
2029/04/13.90711 0.00025466
2037/09/23.26319 0.19754855
2044/08/03.30480 0.10690530
2051/04/13.70760 0.00510086
2060/09/15.33910 0.03537827
2068/04/12.63597 0.00004865

Next we take orbital elements of this clone from Table 4 and we compute
1000 clones with σ=0.0000002 on both sides of the LOV and we plot the
impact corridor as is presented in Fig. 4.
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Table 4. Initial orbital elements of (99942) Apophis for clone 11129. The angles ω, Ω,
and i refer to Equinox J2000.0. Epoch: 2017-Feb-16=JD2457800.5 TDB. The orbital
elements with their uncertainties were computed together with the non-gravitational A2
Yarkovsky parameter and its uncertainty.

Orbital parameters
M=353◦.4141433725 a=0.9226087728602 au e=0.19151347743204

σ=2.20951E-05 σ=1.14980E-08 σ=6.81576E-09
ω=126◦.6921055784 Ω = 204◦.0609166854 i= 3◦.336762711938

σ=2.17599E-05 σ=2.24339E-05 σ=4.19733E-07
A2=-2.080×10−14au/d2

σ=2.965×10−14au/d2

Fig. 4. Impact corridor of Apophis for 2068.
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Table 5. Computed by the author uncertainties of initial nominal orbital elements of
(99942) Apophis together with the non-gravitational A2 Yarkovsky parameter for dif-
ferent arc lengths. The angles ω, Ω, and i refer to Equinox J2000.0. Epoch: 2017-Feb-
16=JD2457800.5 TDB.

parameter previous arc present arc
2004 Mar 15.10789 2004 Mar 15.10789

-2013 May 27.260672 - 2015 Jan 03.26308
M(deg) 2.22040E-05 2.20951E-05

a(au) 1.15532E-08 1.14980E-08
ω(deg) 2.18053E-05 2.17599E-05
Ω(deg) 2.24812E-05 =2.24339E-05
i(deg) 4.20028E-07 4.19733E-07

A2(au/d2) 2.97967E-14 2.96544E-14

Note that the impact corridor for 2068 is computed for 5 σ uncertainty
and we plot only the central impact corridor.

The impact corridor, in every case the impact probability (IP) is much
less than 1, can only be a very narrow strip surrounding a line on the
surface of the Earth, but the typical length of this line is about 20,000 km.
As Andrea Milani notes (private communication) this because the LOV is
a ”line of orbits” which extends well beyond the size of the Earth, thus the
trace left by the LOV on the surface must necessarily ”turn around” about
half of the Earth.

Moreover, the length of the risk corridor is connected with so called
uncertainty region. As the asteroid Apophis will be observed over the next
months and years, the uncertainty region will shrink in size.

Table 5 presents changes in uncertainties of orbital elements and non-
gravitational parameter A2 computed by the author with the use of the
OrbFit 5.0 software for different arc lengths.

It is interesting that the computed impact corridor of Apophis for 2068
goes close to the Middle America. But the probability of impact is low, of
about 7.2×10−7, and impact take place only for a given non-gravitational
parameter A2 as was shown in Table 2.

Conclusion

Our paper is about the possible solutions, for the orbit of Apophis, leading
to impacts on Earth. This is always an interesting topics, as Andrea Milani
points out, both because of its practical importance and because predictions
on chaotic orbits are state of the art mathematics.

We computed the non-gravitational parameter A2=-5.586×10−14au/d2

with 1-σ uncertainty 2.965×10−14au/d2 and connected 14 possible impacts
in years 2036-2096. The possible impact corridor for 2068 is presented.

Because of the non-gravitational parameter, A2 the most probable im-
pacts can come from the right hand side of our LOV as is presented in our
Table 2, and impact in 2036 is rather not real.
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The asteroid (99942) Apophis will be observable for many years. Hence,
new optical and radar observations can refine the orbit of Apophis and give
more precise possible impacts solutions.
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