
PHYSICS 1030
Homework #9

(Due Dec. 5, 2018, 6:00 pm)

Find the position of the planet Mars at time t D December 5, 2018, 7:50 pm EST.
You will do this by following the steps shown below.

(a) Convert the time t to Universal Time (just add 5 hours to EST).

(b) Find the Julian day corresponding to time t (using the result of part (a)).

(c) Find the time elapsed from the epoch time to time t (i.e., find t � T0).

(d) Find the mean daily motion n (using Kepler’s Third Law, Eq. 1). (Ans. n D
1:455607 � 10�3 rev/day)

(e) Find the mean anomaly M of Mars at time t (Eq. 2).

(f) Solve Kepler’s equation (Eq. 3) to find the eccentric anomaly E of Mars at time t .
See Section 3 for information on solving Kepler’s Equation.

(g) Find the true anomaly f of Mars at time t (Eq. 4).

(h) Find the distance r of Mars from the Sun at time t (Eq. 5).

(i) Find the argument of latitude u of Mars at time t (Eq. 6).

(j) Find the heliocentric ecliptic cartesian coordinates of Mars at time t (x; y; z)
(Eqs. 7–9).

(k) Find the geocentric ecliptic cartesian coordinates of Mars at time t (xe; ye; ze)
(Eqs. 10–12).

(l) Find the ecliptic longitude � and ecliptic latitude ˇ of Mars at time t (Eqs. 13–
14).

(m) Find the right ascension ˛ and declination ı of Mars at time t (Eqs. 15–16).

(n) Find the Greenwich sidereal time GST for time t at Washington D.C. (Eq. 17)

(o) Find the local hour angle H . (Eq. 18)

(p) Find the azimuth A and elevation h of Mars at time t , as seen from Washington
D.C. (Eqs. 19–20)

Is Mars above the horizon (h > 0)? If so, you may wish to go outside and see if
you can see it at the place you predict it to be.
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1 Data

Orbital Elements of Mars (Ecliptic)

Semi-major axis a 1.523719 AU

Eccentricity e 0.0933693

Longitude of ascending node � 49ı:5172

Inclination i 1ı:84814

Argument of perihelion ! 286ı:6989

Mean anomaly at epoch time M0 32ı:171784

Epoch time T0 JD 2458440.5

Constants

Astronomical unit AU 1:49597870 � 1011 m

Obliquity of ecliptic " 23ı:4392911

Gravitational constant GMˇ 1:32712438 � 1020 m3 s�2

Latitude of Washington ' C38ı:88

Longitude of Washington L C77ı:03

Sun position at time t (J2000 geocentric ecliptic)

xˇ �0:2678160272195529 AU

yˇ �0:9481727805818521 AU

zˇ C0:0000399652136878 AU
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2 Equations

Mean daily motion n (rev/day), from Kepler’s Third Law:

n D 86400

2�

r
GMˇ

a3
(1)

Mean anomaly M at time t (rad):

M D M0 C 2�n.t � T0/ (2)

Eccentric anomaly E (Kepler’s equation) (rad):

M D E � e sin E (3)

True anomaly f (rad):

tan

�
f

2

�
D

r
1 C e

1 � e
tan

�
E

2

�
(4)

Radial distance r (m):
r D a.1 � e cos E/ (5)

Argument of latitude u (rad):

u D ! C f (6)

Heliocentric cartesian ecliptic coordinates .x; y; z/ (m):

x D r.cos u cos � � sin u sin � cos i/ (7)

y D r.cos u sin � C sin u cos � cos i/ (8)

z D r sin u sin i (9)

Geocentric cartesian ecliptic coordinates .xe ; ye; ze/ (m):

xe D x C xˇ (10)

ye D y C yˇ (11)

ze D z C zˇ (12)

Geocentric ecliptic longitude � and ecliptic latitude ˇ (deg):

tan � D ye

xe

(13)

sin ˇ D zep
x2

e C y2
e C z2

e

(14)

Right ascension ˛ and declination ı (deg):

tan ˛ D sin � cos " � tan ˇ sin "

cos �
(15)

sin ı D sin ˇ cos " C cos ˇ sin " sin � (16)
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Greenwich sidereal time GST (deg):

GST D 280:46061837 C 360:98564736629.t � 2451545:0/

C 0:000387933T 2 � T 3=38710000; (17)

where T D .t � 2451545:0/=36525, and t is the Julian day from part (b).
Local hour angle H :

H D GST � L � ˛ (18)

Azimuth A and elevation h:

tan A D sin H

cos H sin ' � tan ı cos '
(19)

sin h D sin ' sin ı C cos ' cos ı cos H (20)

Here the azimuth A is measured westward from south, so that A D 0ı is south, A D
90ı is west, A D 180ı is north, and A D 270ı is east. The elevation h is the angle of
Mars above the horizon.
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3 Solving Kepler’s Equation

Kepler’s equation relates the mean anomaly M to the eccentric anomaly E:

M D E � e sin E;

where e is the eccentricity of the orbit, and both M and E must be in radians. We
are given M and e, and wish to solve for E . This cannot be done in closed form, but
must be done numerically.

One fairly straightforward method of solution is to use Newton’s method, in which
we make an initial estimate of E (called E1), then use that estimate to generate a better
estimate E2. Estimate E2 is then used to generate an even better estimate E3, and
so forth. In Newton’s method, each estimate EnC1 of E is found from the previous
estimate En by

EnC1 D En � M � En C e sin En

e cos En � 1

You can use M as an initial estimate for E (i.e., use E1 D M ).

3.1 Example

Suppose we have an orbit for which M D 60ı:00 and e D 0:1500. We first convert
M to radians:

M D 60ı:00 � �

180
D 1:047198 rad

Then a few iterations of Newton’s method gives

E1 D M D 1:047198 rad

E2 D E1 � M � E1 C e sin E1

e cos E1 � 1

D 1:047198 rad � 1:047198 rad � 1:047198 rad C 0:1500 sin.1:047198 rad/

0:1500 cos.1:047198 rad/ � 1

D 1:187634 rad

E3 D E2 � M � E2 C e sin E2

e cos E2 � 1

D 1:187634 rad � 1:047198 rad � 1:187634 rad C 0:1500 sin.1:187634 rad/

0:1500 cos.1:187634 rad/ � 1

D 1:186243 rad

E4 D E3 � M � E3 C e sin E3

e cos E3 � 1

D 1:186243 rad � 1:047198 rad � 1:186243 rad C 0:1500 sin.1:186243 rad/

0:1500 cos.1:186243 rad/ � 1

D 1:186242 rad

After a few steps, the answer converges to E D 1:186242 radians, or E D 67ı:9667.
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4 General Notes and Hints

1. Don’t wait until the last minute to start this problem! It will take some time.
Work carefully; a mistake made early on will affect all the following results.

2. This assignment can be done using only a calculator. You might wish to write a
computer program to do it, however, to avoid repeating calculations if you make
a mistake. Either way is fine.

3. If you are using a calculator, make sure it is set for “radians” mode when doing
calculations in radians. Most computer programming languages work only in
radians.

4. You may compute the Julian day using the tables at
http://www.pgccphy.net/julian-days.pdf
or the Web site:
http://ssd.jpl.nasa.gov/tc.cgi
or by an algorithm (see e.g. Astronomical Algorithms by Jean Meeus).

5. In Eq. 1, you must convert a from AU to meters before plugging in to the equa-
tion. (Likewise for other distances in other equations—convert from AU to me-
ters.)

6. In Eq. 2, n is in rev/day, and t and T0 are in Julian days.

7. In Eqs. 2–3, the angles must be in radians.

8. In Eq. 3, you may wish to use one of the calculator program available on the
class Web site to solve Kepler’s equation, or you may wish to write a program
of your own in a language of your choice (e.g. Matlab). Give the details of how
you solved Kepler’s equation (including any program listings) in your solution.

9. In Eqs. 2–4, the mean anomaly M , eccentric anomaly E , and true anomaly f

should all be approximately equal (within a few degrees), since the orbit is nearly
circular. Knowing that should help you check your answers.

10. When calculating the inverse tangent (Eqs. 13, 15, and 19), remember the rule for
placing the inverse tangent of a ratio in the correct quadrant: if the denominator
is negative, then add 180ı to your calculator’s answer. Alternatively, you can
use your calculator’s rectangular-to-polar conversion function (“R I P�” on the
TI-83+) to get the inverse tangent in the correct quadrant. If you are writing a
computer program, the programming language may have a function like atan2
that does the same thing. You will get the wrong answer unless you put the
inverse tangent in the correct quadrant!

11. It’s generally best to reduce all your angles to the range 0–360 ı (0–2� rad),
except for “latitude” angles like ˇ, ı, and h, which should be between �90ı and
C90ı. Remember that you can always add or subtract any number of multiples
of 360ı (2� rad) to an angle; the result will be equivalent to the original angle.
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JULIAN DAYS, 2018

Date Julian Date Julian Date Julian Date Julian
0h UT Day 0h UT Day 0h UT Day 0h UT Day

245 245 245 245
Jan. 0 8118.5 Feb. 15 8164.5 Apr. 2 8210.5 May 18 8256.5

1 8119.5 16 8165.5 3 8211.5 19 8257.5
2 8120.5 17 8166.5 4 8212.5 20 8258.5
3 8121.5 18 8167.5 5 8213.5 21 8259.5
4 8122.5 19 8168.5 6 8214.5 22 8260.5
5 8123.5 20 8169.5 7 8215.5 23 8261.5
6 8124.5 21 8170.5 8 8216.5 24 8262.5
7 8125.5 22 8171.5 9 8217.5 25 8263.5
8 8126.5 23 8172.5 10 8218.5 26 8264.5
9 8127.5 24 8173.5 11 8219.5 27 8265.5

10 8128.5 25 8174.5 12 8220.5 28 8266.5
11 8129.5 26 8175.5 13 8221.5 29 8267.5
12 8130.5 27 8176.5 14 8222.5 30 8268.5
13 8131.5 28 8177.5 15 8223.5 31 8269.5
14 8132.5 Mar. 1 8178.5 16 8224.5 June 1 8270.5
15 8133.5 2 8179.5 17 8225.5 2 8271.5
16 8134.5 3 8180.5 18 8226.5 3 8272.5
17 8135.5 4 8181.5 19 8227.5 4 8273.5
18 8136.5 5 8182.5 20 8228.5 5 8274.5
19 8137.5 6 8183.5 21 8229.5 6 8275.5
20 8138.5 7 8184.5 22 8230.5 7 8276.5
21 8139.5 8 8185.5 23 8231.5 8 8277.5
22 8140.5 9 8186.5 24 8232.5 9 8278.5
23 8141.5 10 8187.5 25 8233.5 10 8279.5
24 8142.5 11 8188.5 26 8234.5 11 8280.5
25 8143.5 12 8189.5 27 8235.5 12 8281.5
26 8144.5 13 8190.5 28 8236.5 13 8282.5
27 8145.5 14 8191.5 29 8237.5 14 8283.5
28 8146.5 15 8192.5 30 8238.5 15 8284.5
29 8147.5 16 8193.5 May 1 8239.5 16 8285.5
30 8148.5 17 8194.5 2 8240.5 17 8286.5
31 8149.5 18 8195.5 3 8241.5 18 8287.5

Feb. 1 8150.5 19 8196.5 4 8242.5 19 8288.5
2 8151.5 20 8197.5 5 8243.5 20 8289.5
3 8152.5 21 8198.5 6 8244.5 21 8290.5
4 8153.5 22 8199.5 7 8245.5 22 8291.5
5 8154.5 23 8200.5 8 8246.5 23 8292.5
6 8155.5 24 8201.5 9 8247.5 24 8293.5
7 8156.5 25 8202.5 10 8248.5 25 8294.5
8 8157.5 26 8203.5 11 8249.5 26 8295.5
9 8158.5 27 8204.5 12 8250.5 27 8296.5

10 8159.5 28 8205.5 13 8251.5 28 8297.5
11 8160.5 29 8206.5 14 8252.5 29 8298.5
12 8161.5 30 8207.5 15 8253.5 30 8299.5
13 8162.5 31 8208.5 16 8254.5 July 1 8300.5
14 8163.5 Apr. 1 8209.5 17 8255.5 2 8301.5
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JULIAN DAYS, 2018

Date Julian Date Julian Date Julian Date Julian
0h UT Day 0h UT Day 0h UT Day 0h UT Day

245 245 245 245
July 1 8300.5 Aug. 16 8346.5 Oct. 1 8392.5 Nov. 16 8438.5

2 8301.5 17 8347.5 2 8393.5 17 8439.5
3 8302.5 18 8348.5 3 8394.5 18 8440.5
4 8303.5 19 8349.5 4 8395.5 19 8441.5
5 8304.5 20 8350.5 5 8396.5 20 8442.5
6 8305.5 21 8351.5 6 8397.5 21 8443.5
7 8306.5 22 8352.5 7 8398.5 22 8444.5
8 8307.5 23 8353.5 8 8399.5 23 8445.5
9 8308.5 24 8354.5 9 8400.5 24 8446.5

10 8309.5 25 8355.5 10 8401.5 25 8447.5
11 8310.5 26 8356.5 11 8402.5 26 8448.5
12 8311.5 27 8357.5 12 8403.5 27 8449.5
13 8312.5 28 8358.5 13 8404.5 28 8450.5
14 8313.5 29 8359.5 14 8405.5 29 8451.5
15 8314.5 30 8360.5 15 8406.5 30 8452.5
16 8315.5 31 8361.5 16 8407.5 Dec. 1 8453.5
17 8316.5 Sept. 1 8362.5 17 8408.5 2 8454.5
18 8317.5 2 8363.5 18 8409.5 3 8455.5
19 8318.5 3 8364.5 19 8410.5 4 8456.5
20 8319.5 4 8365.5 20 8411.5 5 8457.5
21 8320.5 5 8366.5 21 8412.5 6 8458.5
22 8321.5 6 8367.5 22 8413.5 7 8459.5
23 8322.5 7 8368.5 23 8414.5 8 8460.5
24 8323.5 8 8369.5 24 8415.5 9 8461.5
25 8324.5 9 8370.5 25 8416.5 10 8462.5
26 8325.5 10 8371.5 26 8417.5 11 8463.5
27 8326.5 11 8372.5 27 8418.5 12 8464.5
28 8327.5 12 8373.5 28 8419.5 13 8465.5
29 8328.5 13 8374.5 29 8420.5 14 8466.5
30 8329.5 14 8375.5 30 8421.5 15 8467.5
31 8330.5 15 8376.5 31 8422.5 16 8468.5

Aug. 1 8331.5 16 8377.5 Nov. 1 8423.5 17 8469.5
2 8332.5 17 8378.5 2 8424.5 18 8470.5
3 8333.5 18 8379.5 3 8425.5 19 8471.5
4 8334.5 19 8380.5 4 8426.5 20 8472.5
5 8335.5 20 8381.5 5 8427.5 21 8473.5
6 8336.5 21 8382.5 6 8428.5 22 8474.5
7 8337.5 22 8383.5 7 8429.5 23 8475.5
8 8338.5 23 8384.5 8 8430.5 24 8476.5
9 8339.5 24 8385.5 9 8431.5 25 8477.5

10 8340.5 25 8386.5 10 8432.5 26 8478.5
11 8341.5 26 8387.5 11 8433.5 27 8479.5
12 8342.5 27 8388.5 12 8434.5 28 8480.5
13 8343.5 28 8389.5 13 8435.5 29 8481.5
14 8344.5 29 8390.5 14 8436.5 30 8482.5
15 8345.5 30 8391.5 15 8437.5 31 8483.5
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