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Time Series Analysis

Summary



*Different data
*Different 1deas
*Different methods
*Different results




Everything starts from harmonics
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But reality 1s more
complex
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Nonharmonic stuff
Cepheids

Data from a Well{Measured Cepheid
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Hubble’'s law: velocities from redshifts — distance from Cepheids
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The Sun 1s oscillating 1n about 10 million different modes
with Periods of 3 — 15 minutes

You can
never find
them all with

ISDA
software!
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Solar
Oscillation

One of millions
of modes, each with
a different tone!




from Michelson
Doppler Imager

~ 20° across




Power Spectrum of Global Modes

frequency, mHz
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Buttertly diagram

w First spots of the new
cycle at latitude ~30-35°

w Last spots of the cycle
within £10 ° of the
equator

> Butterfly diagram 7995 2000 7005

DATE

But flip-flop? .... Ooooh...nooo...



Solar cycle

Zunspot Mumibers 1750—-1928
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w Solar activity has on average 11 year cycle
w Cycle length changes between 9 and 13 years

1 1
1950 1975 2000



20N

0.4

0.3

0.2

0.1

11-year Solar Cycles

familiar buttertlies... yet profound
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Data transformations

Original data
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Fig. 2. A butterly diagram showing latitude 6 vs time (1853-1996).
The cycles are separated by clearly defined gaps.



Transtormed data

Transformed data
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Charles Joseph Minard

March 27, 1781 1in Dijon — October 24, 1870 in Bordeaux
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From where to start?

* Time
* Phase
* Movement

* Frequency

1
Period

Frequency =

1

Period =
Frequency




Why 1s there so many peaks in
spectra?

Fourier transform i1s complex transform
Data set 1s finite

We can compute only approximately
Data set 1s not equally spaced

Signal 1s not harmonic

The signal can contain more frequencies
Signal parameters change in time

Observations are noisy



b

Fourier transform 1s complex
harmonics are real
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S = A}- 5111(273'1«-’51' + @ ) > LSQ fit to the time series

GOLF Fourier spectrum
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Amplitude (ppm)

v, =Av(n+ %f +¢&)=1(/+1)D,

o[ ‘ v R + S e Y
i ﬁ Ii
: - % b 6Vss -
- > < —
i i
- du i
8 —> - —
[ (20,0) (21,0) (22,0) _
4= (19,1) (20,1) (21,1) i
E (19,2 (20,2) (21,2)} j
2 | (19,3 (20,3)
T U N A WY |
o MRS AT T N R R TR AR 8 A IR UJJ, _ Wittt LiddLLe L i) A
2.80 2.90 3.00 3.10 3.20

Frequency (mHz)



Example: 1 Arae — a solar-like star with 3 planets
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The observations have to be sufficiently long
In order to cover Beat Periods:

Not even Fourier would help us here...



he Spectral Window Function

Spectral Window
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Amplitude (mmag)
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Jaan asks - where 1s the mean?

Calculating the Power Spectpim

- A set of N observations, (X,,7,),...,¢Xx\.l)

« Set up a model of the observations at each frequency V;
X, =, - cos(v1 )+ p, -SIH(VJJ-)

* Minimize the Sum of Sadares

R(v) =Y tx, ~[a, -cos(v) + B, -sin(vy, )]}



Calculating the Power Spectrum

* Then the Power Spectrum is calculated as

Pv)=4 =av)y +pv)

S-CcC—cC-S8C

Can be computed
using FFT.
But how?

a(v) = >
SS -cc — Ssc
C-8§—58-8C

pv)= >
§§-cC—SC

N
5 = Z x,sm(v,z,)
j=1
N
c= ij. cos(v,z;)
j=1
N
55 = ZSinz(V}.fj)
j=1
N
cc =Y cos’(v,t,)
j=1

N
sc = Zsin(vfrj) -cos(v,7,)
j=1



spatial domain Fourier domain
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Removing the oscillation signal

tF | Spectral Window 1
Prewhitening 05 [ 1
CLEAN algorithm e e s e
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More generally speaking

Fit general model for time series:

N
. : . 2
RSS = Z [f (ti) — ﬂ-f(ti,ﬂl L C2, .. ,LTK)]
i—=1
Some parameters are linear, some not:
R
M(tyer,...cx) =Y ¢ My(t,cpyts. .. cK)
r=1

Using general linear least-squares fit package reduce task to the
nonlinear optimization problem.

N
' Y - 1. - - . 2
L;SaS(LTR_+1, ‘e -.-Cff) — Z (f(fl) — :hr(fg.. C1,62y...,CR.CR4 1, .. ,t’j}{))



Phase-process diagram (folding)




Estimation of dispersion through subsampling
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Comparison of the Hilbert-Huang Transform
with others

Data Fourier
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Activity and Oscillations in a Solar-like star




Determine the large Separation
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Asteroseismology 1-min Planet follow-up

2000 | 200 ] 2011

140 KAI targets

100 KST targets

> 100 KAl targets (30-min)
I I I N

~170,000 Kepler targets (30-min)




Long-term observations of the
solar cycle

—— Hoyt vearly GSSN

—— Wolf monthly 55N

Maunder Minimum
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synthetic light curve
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Forward vs. Inverse problem
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Flip-flop phenomenon

1990's (Jetsu et al. 1993)
* Activity concentrates on two permanent active
longitudes and flips between them every few years

I * Discovered on the single giant FK Com in the early

—r—

1 | , _ Porct 1
2.0 0.5 1.0 Jetsu et al. 1993




o CrB:

Strassmeier & Rice 2003

June 1597
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Flip-flops In detalil

270

2240
4B80
4470
4060

3E50
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2020
4830

4640

-39 : : : , 4450
0,00 0.25 0.Ea 0.75 1.00

Korhonen et al. 2001



Einstein Ring formed when earth-lens-object
EINSILE:E ;me e parfacity siorend

/ CONVEX GLASS LENS

Light near the edge of a glasslensis
deflected more than light near the

optical axis. Thus, the lens focuses
parallel light rays onto a point.

LENS GALAXY

GRAVITATIONAL LENS

Light near the edge of a gravitational
lens is deflected less than light near
the center. Thus, the lens focuses light
onto aline rather than a point.

Muliiple mages formad when alignment is not perfact

Glass and gravitational lenses




Quasar Image 1

ar

Dec94 , Jan95 |, Feb95 , Mar95

n
n
[1H]
c
-
L
oo
=
un]
@
s
-
L
(']
[n

Jan 96 Feb 96 Mar 96 Apr 96 May 96 Jun 96
Date

of the double quasar 00957+561




Time series frequency content depends
on masses of halo objects

1
10°M, j T
=0 133 =0 m;eﬁq.?;ﬁg:;u = =00 J—
3
10" M
© =
&
g
5
10- M@ =
_g'l:lﬂ
E-Dﬂ




Microlensing in our Galaxy

5 A
i SAAQ

g P Yale—CTIO
w10 i
g it
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Residuals

280 1000 1020

HID—2450000.

260

1040

» Magnification of the source

Galactic structure (OGLE, MACHO, EROS)

| Galactic Halo (MACHO, EROS)
: Exoplanets (MPS, MOA, MicroFun)

MACHO - MAssive Compact Halo Objects

EROS - Expérience pour la Recherche d'Objets Sombres
OGLE - the Optical Gravitational Lens Experiment
MOA - Microlensing Observations in Astrophysics
MPS - Microlensing Planet Search Project

MicroFun - Microlensing Follow Up Network
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frequency (Hz)

1

Smoothed Hilbert-Huang

Practical approach to
weak wave patterns
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Visual Display of Quantitative Information secoxs cormon

Edward Tufte

http://www.edwardtufte.com/tufte/




Student exercise

i

14

I2

I3

Observations:
#1213 t11=506
Ii+b=12
I1+14=12

Calculate I1, I2, I3 and I4 using both Tikhonov
regularisation and Maximum Entrophy Principle
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Group A doing field-work

*Time point series with weights and
errors 1n timing.

*Who killed disnosaurs, 1f not
lensed light?




* Flip-flop or differential rotation?

* Can we find out from photometry?

35 days
31 days
' ,28days

;
L

_ 26 days

- 25 days



Nonparametric hunt

for changing frequencies.
Can we beat
the Doppler effect?

Group C severely punished!
Why?




Solution is simple, just use Period*n mnstead of t

max?

where n 1s required number of coherent cycles

Smootherperiodograms

N—-1 N "
DQ(}/) o Z-z’:l Zj:iﬂ—l 4 (

+ (titi,v) =Gt t;, V)W

otherwise,

1 ‘tz T tj < Tmax

II”T(LF“ fj) — { 0?




See you soon!

2007



