Timing Analysis -

Defining an Ephemeris

Timings: Observed times of a fiducial point in a

periodic lightcurve, e.g. mid-eclipse.
t,x0;

Ephemeris:
t=1,+ P E =predicted time

t, =epoch of phase 0
P =period

E =n+¢ =cycle number + phase

O-C =observed - calculated
=4-(,+ PE)

Epoch too early.
Period too short.

o-C

Fitaline to correct fand P. |

Period is decreasing.

Fit quadratic ephemeris:

E

Sinusoidal Signals

Search a time series for a sinusoidal
oscillation of unknown frequency w:

+ Fit a sinusiod (scale 3 patterns):

X(t)=X,+ Acos(wt + ¢,)
=X,+Ccoswt+ Ssinwt

Amplitude : A’=C*+5? Programming hint:
1 Use phi=atan2(-S,C)
Phaseatt=0: ¢,=tan” (-S/C) if you care about which

quadrant ¢ ends up in!

“Fold” data on a trial period P =27/ w

Wrong o : bad 2, small A Correct w : good 2 large A

. 4 A+t
n, =NINT|i 2o t=t,+PE+BE’ ' °l.° )
' P P=dt/dE =P, +2BE v, . v 3
B o ! [ M c N P
phase: ¢, = P=dP/dt=2B/P LI !
0 Phase ¢ 1 0 Phase ¢ 1
Sinusoid + Background .
9 Periodogram
Data: X, xo0;at t =t Model | i inw(or P=2 )
. odel is non-linearin w (or P=27r/w).
Model: X(#) =X, + S sin(w?) + Ccos(wt) * . . .
) Use grid-search: fit sine curve for a grid of w values.
3Patterns: 1, s, =sin(wt,), ¢; =cos(wr,) Periodogram: plot A( w ) and/or x ?( w ).
Iterated Optimal Scaling:
% E(X,—S‘s‘—éc,)//aiz v [}2] 1
0= 2 s ovar| X, |= ) Variance formulas of o
E 1/o, 2 1/o; assume orthogonal ol®
S AN |2 parameters, c
i (X=X -Ce)s jo varf$]- otherwise give oo | .. o
= E s 2/0 2 ’ arjs = s 2//0 2 small error bars. A(w)
E(X_)} —Ss)c /’02 Need to use the /
CoL\T 0 TR T inverse-Hessian
’ matrix if phase
coverage is not
. close to uniform.
Iterate ( if patterns not orthogonal ). W

Periodogram of a
finite data train

Purely sinusoidal time
variation.

Sampled at N regularly
spaced time intervals At

The periodogram:

Note x? minimum and peak
in A at correct w.

Use Ay? = 1 to find o(w).

Note sidelobes and finite
width of peak.

Why not a delta function?

Single Sine Curve
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Spectral Leakage

A pure sinusoid at frequency w, “leaks” into adjacent
frequencies w due to the finite timespan T of the
data.

E(sin ,t) (sinwt,)/ o}

A
@ E(sinwl,)2 o}

( Optimal Scaling !')

For the special case of evenly spaced data,
attimes t; =i At, i=1,..N, with equal error bars:

Alw)
sinwx

Alw) o 20T D=0
TX

o
w

where x =

par

AV v
This “Sinc” function has a 1/x envelope and evenly

spaced zeroes at frequency step Aw = 27/N At.

De-tuning by Aw gives an orthogonal function with
1 extra cycle per time T=N At.
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Fourier Basis Functions

f(= i [S, sin(w, 1) + C, cos(w, )]
=0

k=

cos(0)=1 cos(Aw 1)

sin(0) =0 sin(Aw 1),

—
—

I

sin(2 Awt)

Orthogonal for evenly-spaced data with equal error bars.

=ty +iAt i=12,..N
Fourier frequencies :
w0, =kAo k=0]1,..K,

max

T=NAt

Aw=2x/T

De-tuning by Ao

gives an orthogonal
function with 1 extra
cycle during time T.

Aliasing above the Nyquist Frequency

N .
N .
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cos(3Aw t)

\VARVA AV

sin(3Aw t)

cos(wy,, 1)

\/ [\/

sin((uNyq 1)

sin(Aw t)

cos(Aw t)

N

Sampled pattern is the same at wy,, + k Aw and wy,, - k Aw .

cos[(a),\,w + kAw) t,] = cos[(wm,q -k Aw) tl]

ist fi =1 le / 2 dat: ints Frequencies above
Nyquist frequency cycle / 2 data points  cos(w,, r)% ‘ ‘ Nyauist frequency
. = 27 _Na_ ﬁAw - K = N 5'“[(’%,@ +k Aw) t,] = - sm[(wmq -k Aw) f,-] duplicate those below.
MCToA T2 2 sin(w,\,wl) Alw) !
Degrees of freedom: 2(1+ K, )-2=N 4 / \ ! ‘ \
since sin(w, 1) =0 sin(wy, 1) =0 ” -
Nyq
Sngn S un . Soe o Cosine urven
Periodogram AT A A Widely spaced PSSR e —
i H R te
Pure sinusoid signal. tE N AT AVAT R frequenCIeS 38 Ll R B A
i ! o AT ! '
Sampled at N r_egularle/ s .;’L.,\’l‘ o i Sum of sine and cosine ML SRR
spaced time intervals At H F Plw) curves at well-separated : \f f )
8 | Note multiple 2 minima frequencies. 8 i \]
., { as model is not linear in . . "I 42, nolonger small
The periodogram: ® Periodogram shows two well min 9 .

Note %2 minimum and peak

f\

ompltude
s

separated peaks.

10

. i
in A"at correct . - Alw) s, \ ﬂ
= i it s Alw)
Use 4 = 1to find ofw). S ” 2 is high, but can still L] it °
Sidelobe spacing: % WJW use Ay? = 1to find o(w). g | Stw)
Aw=2x/T=21x/NAT L - p— wuﬂ
Nyquist frequency: % vﬂ Clw) (This is how we find multiple ",
wy=(N/2)Aw Had et planets in Doppler data) o Clw)
=aN/T=n/AT it o]
Closely spaced S—— “Pre-whitening” =
frequencies soiom .’h: R LY Separate closely-spaced frequencies by 0
LI ERT Pl PR W . pre-whitening” the data._ : NN
ngg St(r;ﬂins drift in and out of 8 —V\r — : F“tﬁgﬁ it m;aﬁéiir%qge st period, . v \/ \Sf \/ \0
: 5 / x(w) Subtract A, sin(w, ¢ - 2
Constructive and destructive ~ ~* u rac‘ 1SIn(@; 7= ) )
interference produces . Fit A, sin(w,t — ¢,) to residuals ]
beating” in the light curve. 5 N\ o) Subtract A, sin(w, ¢ - ¢,) .
=lo, - g f e - :
Beat frequency. Vs .I(u1 ol Iy \.\“ Fit A, sin(w,t - ¢,) to residuals .
Peaks overlap in periodogram. 2
S(w) Iterate to convergence ok - '
o f Fits a 7-parameter model (e.g. by iterated optimafscafing)— |
X(t)=X,+A;sin(w;t+¢,)+ A,sin(wt + ¢,)
WW" i Ga) =X, +8,sin(w,t)+C,cos( w,t)
Y +S,8in(w,t) +C,cos( w,t)

2 non-linear params: w, , w,, 5 linear params: X,,S;,C,,S,,C,

Page 2



