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The Autocorrelation Function (ACF) 

2 A. McQuillan, S. Aigrain and T. Mazeh

the full sub-solar mass range (Barnes & Kim 2010; Barnes
2010; Reiners & Mohanty 2012).

Period measurements for older stars remain very scarce,
because they rotate more slowly and are less active than
their younger counterparts, making it is very di�cult to de-
tect their rotational modulation from the ground. Notable
exceptions include 71 main sequence F, G and K stars ob-
served as part of the Mount Wilson HK project (Barnes
2003), 1727 mid-F to mid-K stars observed by the CoRoT

satellite (A↵er et al. 2012), and 41 low mass (0.1–0.3M�)
stars from the MEarth survey (Irwin et al. 2011). The Kepler

space mission (Borucki et al. 2010) now o↵ers a unique op-
portunity to measure rotation periods even for slowly rotat-
ing, moderately active stars, thanks to its superior precision
and long baseline. A previous study by Harrison et al. (2012)
measured rotation periods for 265 stars with T

e↵

6 5200 K
and log g > 4.0 dex observed by Kepler for 1–2 quarters
through the Cycle 1 Guest Observer program.

The few open clusters included in Kepler’s field-of-view
are particularly important, since their ages can be estimated
relatively well, and a small sample of periods has already
been published for 71 members of NGC6811 (Meibom et al.
2011). Kepler also observed tens of thousands of field stars,
which can yield period measurements. Although they lack
individual age estimates, they provide a global picture of
stellar spin across our Galactic neighbourhood, and can be
used to constrain the period-mass-age relation in a statis-
tical sense. In this paper, we focus specifically on the Ke-

pler M-dwarfs with mass range (0.3–0.55M�) where there
are extremely few previous period determinations for main-
sequence objects.

Standard approaches to period detection in light curves
are based on Fourier decomposition or, for irregularly sam-
pled data, least-squares fitting of sinusoidal models and vari-
ants thereof (Scargle 1982; Zechmeister & Kürster 2009).
However, typical stellar light curves are neither sinusoidal
nor strictly periodic, probably because of the clumpy and
time-evolving nature of the underlying active region distri-
bution. Residual instrumental systematics are often present
as well.

These e↵ects can all lead to a complex periodogram
structure, with spurious peaks from jumps and long term
systematics, and multiple or split peaks from spot evolution
or di↵erential rotation. It is therefore challenging to deter-
mine which peak corresponds to the rotation period, without
a priori knowledge of the range of rotation periods expected.
Consequently, Fourier-domain methods are not always the
best suited to make the most of Kepler’s many thousands of
spot modulated light curves, which display a wide range of
rotation periods. We present an alternative approach based
on the autocorrelation function (ACF) of the light curves. To
our knowledge, this is the first time that the ACF is used as
the primary tool to detect stellar rotation periods, although
A↵er et al. (2012) used it as a secondary verification tool.

In Section 2 we introduce the autocorrelation function
(ACF) as a robust method for period detection in time series
data. The results for the Kepler M-dwarf sample are shown
in Section 3, and discussed in detail in Section 4. Section 5
summarises our conclusions and outlines plans for future
work.

Figure 1. Simple synthetic signal of amplitude 1 (top row), and
corresponding ACF (centre row) and periodogram (bottom row).
The right hand column shows the e↵ect of introducing noise of
amplitude 0.9, correlated on a 2 time unit timescale. On the ACF
and the periodogram panels, the input period used to generate
the signal is shown as a vertical dotted line, detected period from
each corresponding method is marked as the over-plotted dashed
line.

2 THE ACF METHOD

In signal processing, the ACF takes the standard form

rk =

PN�k
i=1

(xi � x̄) (xi+k � x̄)
PN

i=1

(xi � x̄)2
, (1)

(see e.g. Shumway & Sto↵er 2010) where rk is the autocor-
relation coe�cient at lag k, for time series xi (i = 1, . . . , N).
Each lag k corresponds to ⌧k = k�t, where �t is the ca-
dence. In our implementation, the light curves are median
normalised before the ACF is computed, and we only search
for periods less than half the length of the dataset, i.e. k <
N/2.

We compare the ACF method to the method most com-
monly used to search for rotation periods in stellar light
curves, namely least squares fitting of sinusoids over a grid
of trial periods (Irwin et al. 2006; Zechmeister & Kürster
2009). The amplitude, phase and zero-point of the sinusoid
are free to vary. The sine-fitting periodogram is expressed
in terms of the statistic

S =
�
�2

0

� �2

�
/�2

0

, (2)

where �2

0

is the reduced chi-squared of the light curve with
respect to a constant value, and �2 is the reduced chi-
squared with respect to the best-fit sinusoid. This method
is described in more detail in McQuillan et al. (2012).

Fig. 1 shows two synthetic time-series curves, together
with their ACFs and least-squares sine curve fitting peri-
odograms (Zechmeister & Kürster 2009). The left column
shows a strictly periodic signal, for which the periodogram
displays a clear pronounced peak. The ACF displays an os-
cillatory behaviour, with regularly spaced peaks located at
multiples of the period. The amplitude of these peaks decays
gradually because of the definite duration of the time-series.
The right column shows the e↵ect of introducing correlated
noise to the signal in the left hand column.

In Fig. 2 we demonstrate how the ACF and the peri-
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Figure 2. Synthetic examples showing the e↵ects of varying signal phase and amplitude and injecting noise and systematics into
the sine curves (top row), on the ACFs (middle row) and periodograms (bottom row). The ‘Multiple E↵ects’ signal comprises of the
‘Phase/Amp. Change’ signal from the first column, with injected white noise, correlated noise, a linear trend and a jump. On the ACF
and the periodogram panels, the input period used to generate the signal is shown as a vertical dotted line, detected period from each
corresponding method is marked as the dashed line, overlaying the dotted line in most cases.

odogram are a↵ected by varying signal phase and amplitude,
systematics e↵ects and noise.

In cases where the phase and amplitude of the signal
vary with time, the correct period is detected but the ACF
peak amplitude varies within an envelope, corresponding
to the amplitude variation of the signal. The peak width
and level of symmetry can also vary. In this case, the pe-
riodogram produces two peaks on both sides of the correct
period.

If the signal contains multiple minima and maxima per
period, as can occur for spotted stars with more than one
dominant active region, the ACF often shows alternating
low and high ACF peaks, due to a partial correlation be-
tween the sets of maxima or minima. Our algorithm is built
to identify these cases (see Section 2.1), and in this case se-
lected the right period. On the other hand, the periodogram
picked half the right period.

A jump or long term trend in the signal introduces a
long term trend in the ACF, and since this can take many
shapes, it is important to look at the local variations in
peak height when performing diagnostics on the ACF. These
long term trends introduce a long-period peak in the peri-
odogram, which can lead to a wrong identification of long
periodicity. We therefore expect the ACF method to be more
reliable in these cases.

Noise and systematics are present in many stellar light
curves displaying rotational modulation, and must be ac-
counted for when attempting to determine rotation peri-
ods using the ACF. The e↵ect of combining these factors is
shown in the right column of Fig. 2, which has phase and
amplitude modulation, white and correlated noise, a linear
trend and a jump.

In summary, because the ACF measures only the degree
of self-similarity of the light curve at a given time lag, the pe-
riod remains detectable even when the amplitude and phase

of the photometric modulation evolve significantly during
the time-span of the observations. The ACF method is also
capable of producing robust results in cases with residual in-
strumental systematics, because correlated noise, long-term
trends and discontinuities give rise to monotonic trends in
the ACF, on top of which we are able to identify the lo-
cal maxima. Therefore, the ACF method is expected to
be more robust to active region evolution than the peri-
odogram, which implicitly assumes a stable, sinusoidal sig-
nal. The analysis of the real Kepler data supports this con-
clusion, as detailed in Section 3.6.

2.1 Measuring periods from the ACF

The period measurement involves three steps: identifying
peaks in the ACF, selecting the peak associated with the
mean rotation period, if any, and evaluating the uncertainty
on the period.

The presence of high-frequency noise in the light curves
leads to numerous local extrema in the ACF. Therefore, we
first smoothed the ACF by convolving it with a Gaussian
kernel, of window size of 56 lags and a full width at half-
maximum (FWHM) of 18 lags. These values were tuned to
provide the best compromise between reducing noise and
maintaining ACF signal, without prior knowledge of the pe-
riod. See Fig. 3 for an example of the e↵ects of the smoothing
treatment. We then identify local extrema in the smoothed
ACF, defined as locations where the gradient changes sign.

If the light curve contains a clear rotational modulation
signal, this process yields a series of clear, regularly spaced
peaks of gradually decreasing height, as seen in Fig. 1. The
first peak corresponds to the interval between patterns in the
light curve, which evolve gradually, but are clearly repeated,
and is thus identified as the rotation period. Some of the
light curves contain long term trends and discontinuities,
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Figure 5. Examples of Kepler light curves and corresponding ACFs. The dashed lines on the light curve plots indicate intervals at the
period detected by the ACF (dashed line on ACF plot). KIC 4918333 shows two active regions, creating a double dip e↵ect. The correct
period was automatically detected by selecting the second (higher) ACF peak. KIC 9201463 shows that the ACF is robust against flares
and significant systematics. KIC 9488191 contains significant residual systematics and the e↵ect on the ACF is apparent, however, the
correct period is still detected. KIC 7590933 shows an example which has been marked as ’possible harmonic’ or ‘HM’ in Table 2, since
it is not clear whether the rotation period corresponds to the first or second ACF peak, even though the ACF peak height indicates it
should be the first (see text for further discussion).

Table 2. M-dwarfs with detected rotation periods. This table is available in its entirety, in a machine-readable form in the online
supplementary material, or at http://www.physics.ox.ac.uk/StellarRotation. A portion is shown here for guidance regarding its form
and content. T

e↵

and log g are from the KIC and M was derived from T
e↵

using the 600 Myr isochrone of Bara↵e et al. (1998). The
average amplitude of variability per period bin of the light curve, R

per

, is included. The meaning of the flags are: ‘EB’: known eclipsing
binary (Prša et al. 2011); ‘PL’: planet host candidate (Batalha et al. 2012); ‘PB’: ultra-stable periodic behaviour, indicating possible
binary, pulsator or young object; ‘HM’: the reported period may be a harmonic of the true period; ‘NF’: no flag.

KIC T
e↵

log g M P
rot

�
P

R
per

Flag
(K) (g/cm3) (M�) (days) (days) (mmag)

1162635 3899 4.62 0.5037 15.509 0.064 10.7 NF
1430893 3956 4.41 0.5260 17.144 0.046 10.4 NF
1572802 3990 4.48 0.5394 0.368 0.000 74.8 PB
1721911 3833 4.58 0.4781 28.403 0.394 3.9 NF
1866535 3878 4.50 0.4955 25.052 0.136 4.0 NF
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Kepler Results: Comparison to Literature Results 

Literature Data from:  Baliunas et al. (1996) and Kiraga & Stepien (2007) (114 circles) 
     Irwin et al. 2011 (41 stars) [Old = Black, Young = Grey] 
     Goulding et al. 2012 (65 triangles) 
     Hartman et al. 2011 (1686 grey dots) 

Kepler ACF Results: 34,030 period measurements (blue dots)  
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Reinhold,	  Reiners	  &	  Basri,	  2013	  (24,124	  periods)	  
)Nielsen	  et	  al.	  2013	  	  (12,151	  periods)	

Mass	  from	  Baraffe	  et	  al.	  1998	
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Comparison to Gyrochronology 
4.5 & 0.6 Gyr Rotational Isochrones from Barnes (2007) and Mamajek & Hillenbrand (2008).���
 

Dip in period around 4000K	  

Period increase in M-dwarfs 

Overall trend is described 

4.5Gyr	  

0.6Gyr	  
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Application of ACF to the KOIs: 
McQuillan, Mazeh & Aigrain, 2013 

19	  Tsevi	  Mazeh:	  CoRoT	  3	  –	  KASC	  7,	  July	  2014	  

Short-Period Planets around Fast Rotators 
are Rare  

Walkowicz	  &	  Basri,	  2013	



McQuillan, Mazeh & Aigrain, 2013 

Tietler & Konigl (2014): 
Short-period planets spiraled in,  
and were swallowed by the parent star 
The stellar envelope was spun up.  
The NEXT planet appears with a longer 

period. 

Potential ExplanationS: 

20	  Tsevi	  Mazeh:	  CoRoT	  3	  –	  KASC	  7,	  July	  2014	  

Lanza & Shkolnik (2014): 
Short-period planets spiraled in,  
and were swallowed by the parent star 
Stellar rotation as a stellar-age proxy.  
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The	  observed	  rota^onal	  amplitude	  depends	  
	  on	  the	  inclina^on	  angle	  of	  the	  stellar	  rota^on	  axis	
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The	  observed	  rota^onal	  amplitude	  depends	  
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Rota^onal	  amplitudes	  of	  KOIs	  vs	  Single	  starsc	

Hot	  stars	  are	  misaligned	  	
Planets	  have	  LOW	  obliquity	
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Hot	  stars	  are	  misaligned	  	
Rota^onal	  amplitudes	  of	  KOIs	  vs	  Single	  stars	
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Summary 

•  ACF method is effective for rotation period measurement 
 
•  ~34,000 rotational periods from Kepler, roughly consistent with 

gyrochronology  
 

•  There is a dearth of close-in planets around fast rotators 
 

•      Planets around hot stars are misaligned 
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