
Draft version November 12, 2020
Typeset using LATEX twocolumn style in AASTeX63

Amplitude Modulation of Short-Timescale Hot Spot Variability

Lauren I. Biddle,1, 2 Joe Llama,1 Andrew Cameron,3 L. Prato,1 Moira Jardine,3 and
Christopher M. Johns-Krull4

1Lowell Observatory, 1400 W. Mars Hill Rd. Flagstaff. Arizona. 86001. USA.
2Department of Physics & Astronomy, Northern Arizona University, 527 S. Beaver St. Flagstaff. Arizona. 86011. USA.

3SUPA, School of Physics and Astronomy, North Haugh, St Andrews, Fife, KY16 9SS, UK
4Department of Physics & Astronomy, Rice University, 6100 Main St. MS-108, Houston, TX 77005

ABSTRACT

Variability of Classical T Tauri Systems (CTTS) occurs over a vast range of timescales. CTTS

in particular are subject to variability caused by accretion shocks which can occur stochastically,

periodically, or quasi-periodically on timescales over a few days. The detectability of young planets

within these systems is likely hampered by activity; therefore, it is essential that we understand the

origin of young star variability over a range of timescales to help disentangle stellar activity from

signatures of planetary origin. We present analysis of the stochastic small-amplitude photometric

variability in the K2 lightcurve of CI Tau occurring on timescales of .1 d. We find the amplitude

of this variability exhibits the same periodic signatures as detected in the large-amplitude variability,

indicating that the physical mechanism modulating these brightness features is the same. The periods

detected are also in agreement with the rotation period of the star (∼6.6 d), and orbital period of the

planet (∼9.0 d) known to drive pulsed accretion onto the star.

1. INTRODUCTION

Young low mass stars with protoplanetary disks, oth-

erwise referred to as Classical T Tauri stars (CTTS), are

known to be highly variable over a range of timescales.

CTTS have been observed to exhibit long-term, consis-

tent rotation periods ranging from days to weeks, identi-

fied through flux modulation caused by cool spots with

lifetimes lasting months to years (Stelzer et al. 2003;

Herbst et al. 2007; Carvalho et al. Submitted 2020). Ev-

idence for magnetic activity cycles similar to those in the

Sun have also been observed on these young stars (Co-

hen et al. 2004). CTTS also undergo significant bright-

ness changes on short timescales from minutes to hours

to days, varying in both strength and temporal profile

depending on the source. Flares account for some of this

variability; young, low-mass stars are fully convective

and hence manifest the most powerful flares (Feinstein

et al. 2020). Higher flare rates are seen in cooler stars

(Teff ≤ 4000 K). Additionally, CTTS host actively ac-

creting circumstellar disks, in which disk material trav-

els along the magnetic field lines connecting the disk

to the star. The accreting material reaches supersonic
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free-fall speeds, creating a shock on the star at the foot

of the accretion stream (Koenigl 1991; Calvet & Hart-

mann 1992; Shu et al. 1994). The resulting flux increase

seen in the photometric lightcurve points to a hot spot.

The overall increase in brightness from a hot spot can

last as long as there is continuously accreting material,

but rapidly changing accretion rates can cause the shock

to produce sporadic, short bursts which can vary in

strength and duration from minutes to hours depend-

ing on the rate of change of accretion (Robinson et al.

2017).

A consequence of the substantial variability in young

stars is that it greatly hinders the detectability of young

planets around them. In terms of RV detection, cool

spots on the rotating surface of an inclined star that

would be visible at all times produce a variable signa-

ture that closely resembles a planet-induced RV signal

and can lead to a false-positive detection (Queloz et al.

2001; Huerta et al. 2008). CTTS variability can also

severely limit planet detectability in terms of planetary

transits especially in stars actively undergoing accretion.

Accretion hot spots can increase the system luminosity

by several hundred percent (Herbst et al. 1994), mak-

ing it more difficult to detect a transiting planet within

the total observed system brightness; the additional lu-

minosity from hot spots will dilute the transit, and the

accretion shock variability can obscure it almost entirely.
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Directly imaging young planets also has its challenges.

The nearest star-forming regions are relatively distant

(>100 pc), limiting our ability to reliably image plane-

tary mass companions.

Because of these difficulties, only a handful of plan-

ets around young stars have been detected (including

but not limited to 2M1207 b Chauvin et al. 2004, 2005;

LkCa 15 b Kraus & Ireland 2012; CI Tau b Johns-

Krull et al. 2016; V830 Tau b Donati et al. 2017; K2-

33 b Mann et al. 2016; David et al. 2016; Tap 26 b Yu

et al. 2017; and V1298 Tau b,c,d,e David et al. 2019a,b),

though a few have been called into question (e.g., LkCa

15 b, Currie et al. 2019; V830 Tau b, Damasso et al.

2020). To date, CI Tau b is the only hot Jupiter de-

tected around a CTTS. Under the assumption that the

disk is aligned with the equatorial plane of the star, the

inclination of the CI Tau system acquired with ALMA

is ∼49 degrees (Clarke et al. 2018), indicating that the

planet is non-transiting. However, a period-search of CI

Tau’s K2 lightcurve identified a periodic signal at ∼9.0

d (Biddle et al. 2018), consistent with the orbital pe-

riod of the ∼11.0 Jupiter-mass planet found using RV

measurements (Johns-Krull et al. 2016), located just

within the co-rotation radius at the inner edge of the

disk (∼0.1 au). The basis of such a detection relies on

the interactions between the planet and accreting disk

material, producing a periodic signal on the timescale of

the planet’s orbit. This is the first instance where an ac-

cretion signature itself has been demonstrated to trace

the presence of a young planet. Understanding the char-

acteristic signatures of accretion is therefore paramount

to identifying additional young star systems whose pho-

tometric time series could suggest interactions of this

nature.

To that end, we build upon the analysis presented in

Biddle et al. (2018); here we examine the K2 light curve

of CI Tau focusing on the extreme short-term photomet-

ric variability (.1 d) and its relation to accretion pro-

cesses. The unprecedented sampling rate and precision

of K2 offers the opportunity to characterize variability

of young stars in great detail.

2. DATA AND ANALYSIS

NASA’s Kepler Spacecraft acquired long-cadence

time-series photometry of CI Tau (EPIC 247584113)

during the K2 mission Campaign 13 between 8 March

2017 and 27 May 27 2017 UTC. We acquired the

lightcurve output from the The Pre-search Data Con-

ditioning Simple Aperture Photometry (PDCSAP)

pipeline (Jenkins et al. 2010). The PDCSAP pipeline

produces lightcurves from Single Aperture Photometry

(SAP) data products out of the Kepler data process-

Table 1. Parameters and Priors for the Gaussian Process
Model . a Rotation term informed by Biddle et al. (2018).

Parameter Prior

ln(A/ppt) N (9.48, 5)

ln(P/days) N (ln(6.6a), 0.01)

ln(tdecay/days) N (5.0, 0.1)

ln(s2) N (22.0, 0.1 )

ing pipeline from which systematic trends are removed

by the PDC (Pre-search Data Conditioning) method

(Twicken et al. 2010). The PDC is known to remove

trends with periodicities greater than ∼10 days, includ-

ing those which could be astrophysical in nature. To

verify that signals on this timescale were maintained,

we cross-referenced periodic signatures of the PDCSAP

output to those of the SAP output (which retains long-

term trends) and found no significant differences be-

tween the two. We then applied the K2SC detrending

algorithm (Aigrain et al. 2015, 2016) to the PDCSAP

lightcurve. The K2SC algorithm is designed to be able

to preserve the astrophysical variability of the star while

removing additional position-dependent systematics in

the data. As was the case with the PDCSAP output,

the resulting lightcurve shows no indication that period-

icities on days-long timescales were detrended from the

data.

We isolated the small-scale variability by modeling

and subtracting out the larger periodic and quasi-

periodic variability that occurs over longer timescales

greater than a few days. The model is computed at ev-

ery timestamp in the K2 lightcurve using the Gaussian

Process (GP) framework known as celerite developed

by Foreman-Mackey et al. (2017). The framework re-

quires the covariance function to be represented by a

mixture of exponentials but does not require the data to

be evenly spaced or to be associated with uniform un-

certainties. We constructed a covariance function (Ap-

pendix A) to model the stellar rotation in addition to the

pseudo-periodic variability caused by magnetic features

such as faculae and plage on the stellar surface. We note

that the covariance function produces results consistent

with that of Foreman-Mackey et al. (2017). The full set

of parameters and their priors are provided in Table 1.

Following Foreman-Mackey et al. (2019), we applied a

Savitzky-Golay filter to the data and then sigma clipped

the results. Figure 1 shows our stellar rotation model

applied to CI Tau’s K2 lightcurve and Figure 2 summa-

rizes the posterior constraints of the model parameters.

For both the GP model and K2 lightcurve, we com-

puted a generalized Lomb-Scargle periodogram (Zech-
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Figure 1. Upper Left: A comparison of the CI Tau lightcurve detrended with K2SC (black) and the Gaussian Process model
(orange). Upper Right: The Lomb-Scargle periodograms of the K2SC-detrended lightcurve and the Gaussian Process model
in black and orange, respectively. Lower Left: The residual signal from the subtraction of the Gaussian process model from
the K2SC lightcurve. Lower Right: The Lomb-Scargle periodogram analysis of the residual signal. The inset panel provides a
zoomed-in view of the periodogram results.

meister & Kürster 2009) using the python AstroML1

package. We compute the Lomb-Scargle periodogram

for both the K2 lightcurve and GP model. Each peri-

odogram searched 10,000 frequencies within a window

consistent with Nyquist sampling (Press et al. 1992).

The GP was able to capture the large-scale variabil-

ity responsible for producing the periodic signals iden-

tified in the K2 lightcurve (Figure 1). We then sub-

tracted the GP model from the K2 lightcurve leaving

only the variability with amplitudes much smaller than

that which produced the strongest signals in the Lomb-

Scargle analyses. For consistency, we also computed the

periodogram of the residuals. As expected, the results

show no indication of periods identified from the large-

scale variability prior to subtraction (Figure 1) or pe-

riodic artifacts that could arise from underfitting the

large-scale light curve variability.

The amplitude of the scatter exhibits time-dependent

variability. We quantify the changing amplitude by com-

puting the variance of the scatter over the duration of

the observations. Each measure of the variance is cal-

culated from the points that fall within the bounds of

a sliding window. The window advances 0.1 days in

time along the lightcurve, producing a “variance curve”

1 http://www.astroml.org/index.html

(Figure 4) with which we can perform a period search.

We repeat this process for a range of window sizes to

ensure that any periodicity that may be present is not

suppressed by the size of the window itself. In total, we

calculate 200 variance curves, each calculated using a

window size between 0.20 days and 15 days, all of which

were equally spaced within this range.

Figure 3 maps the results of the period search per-

formed on all variance curves. The plot reveals several

peaks that closely resemble the primary peaks identi-

fied in the K2 lightcurve (Figure 1, Biddle et al. 2018),
despite the clear removal of the original periodic com-

ponents of that analysis. Peaks occur at 6.62±0.2 d,

9.00±0.5 d, 11.60±1.5 d, 14.49∼1.7 d, and 20.91±4.4

d. We determine the uncertainty on the periods from

the full width at half of the maximum of the power dis-

tribution surrounding each period (Ivezić et al. 2014).

The contribution of the ∼6.6 d period peaked in the

variance curve calculation using a window size of 1.911

d, the ∼9.0 d period contribution peaked with a win-

dow size of 2.506 d, and the ∼20.0 d period contribu-

tion peaked with a window size of 8.158 d. Using both

the analytic solution (Zechmeister & Kürster 2009) and

a Monte Carlo bootstrap algorithm, we calculated the

false alarm probability (FAP) of the periods using the

variance curves that produce the respective peak sig-

nals. For all periods, both methods yield a FAP of

http://www.astroml.org/index.html
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Figure 2. The posterior constraints on the hyperparameters of the GP model (see Appendix A). The black contours contain
the 0.5, 1, 1.5, and 2-sigma credible regions in the marginalized planes. The histograms along the diagonal show the posterior
for each parameter.

<10−6. Figure 4 shows a 1D representation of the vari-

ance curves corresponding to each peak’s maximum con-

tribution to the time-dependent variability of the ampli-

tude of the scatter of the residuals.

We find that the amplitude of the small-scale vari-

ability shows a positive correlation with the brightness

of the system flux (Figure 4). We quantify this trend

for each cut of the 2D periodogram by calculating the

Pearson’s correlation coefficient, r, between the variance

curve and the average flux of the GP model lightcurve

within the sliding window used to calculate the variance

curve. The resulting values of r range between 0.71 - 0.74

with the exception of the variance curve corresponding

to the peak ∼20 d period with the lowest correlation co-

efficient, r = 0.60. All resulting two-tailed p values are

less then 10−50.
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Figure 3. Two-dimensional Lomb-Scargle periodogram of the variance curve. The resulting periods are displayed adjacent to
the point indicating the location of each respective peak.

3. DISCUSSION

The similar occurrence in periodicity within both the

large- and small-scale variability provides evidence that

these signals originate from the same physical process,

possibly related to accretion. The large-scale variability
occurs as a result of the varying luminosity generated

by accretion hotspots as they come into and out of view

(Koenigl 1991). In terms of small-amplitude variability,

stochastic brightness fluctuations changing on a .1 d

timescale could be a characteristic observational signa-

ture associated with accretion shocks. Numerical sim-

ulations of accretion shocks predict rapid variability in

the shock (e.g., Orlando et al. 2010). The small-scale

variability occurs when shocks form at the base of the

accretion column where hotspots are located. We there-

fore expect to see an increased occurrence of small-scale

variability when the hotspots are in view. The observa-

tions are in agreement with this model.

Additionally, the timescales by which the flux varia-

tions occur agree with what we can expect for the hot

spot response time, which in this case is approximately

the sound-crossing time, tcross. If the spot is of linear

scale, then for a hot spot that is ∼10 degrees in width,

we can estimate tcross by

tcross ∼
πR?
18

√
mp

kBTs
, (1)

where R? is the stellar radius, kB is the Boltzmann con-

stant, mp is the mass of a proton, and Ts is the post-

shock temperature, defined as

Ts =
2mp

kB

γ − 1

(γ + 1)2
v2

acc. (2)

Here, vacc is the velocity of the accreting material, which

moves at approximately the free-fall speed (∼430 km/s),

and γ is the polytropic index (γ = 5
3 ). We calculate Ts ∼

106 K, resulting in tcross ∼ 30 min, consistent with our

observations. The resulting temperature also predicts

time-correlated variations in X-ray emission, a possible

motivator for high energy small satellite missions.

Evidence of rapid, small-amplitude changes in rates of

accretion on a timescale of minutes to hours have been

observed in spectra of CTTS (Costigan et al. 2014).
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Figure 4. Left Column: The variance curves calculated using the sliding window size associated with the respective peak
periods identified in the two-dimensional Lomb-Scargle periodogram. Center Column: Cross-cuts of the two-dimensional Lomb-
Scargle periodogram corresponding to the window size used to calculate its respective variance curve. Right Column: Correlation
between the variance curve and the average flux of the GP model within the sliding window.

Short-period, rapid changes in the accretion rate onto

CTTS form as a result of variable density in the in-

ner disk (Robinson et al. 2017). One source of den-

sity variations at the inner edge of the disk is turbu-

lence (e.g., Fromang & Papaloizou 2006), which is likely

to occur stochastically. Magnetorotational instabilities

can cause turbulence, which can affect the amount of

material available for accretion (Romanova et al. 2012).

Another source of density changes includes massive col-

lections of matter within the inner edge of the disk,

which can perturb the density and stimulate turbulence.

For example, a massive planet can perturb the density

via planet-disk interactions (Biddle et al. 2018). A hot

Jupiter like the one detected around CI Tau (Johns-

Krull et al. 2016) could trigger pulsed accretion at the

inner edge of the disk (Teyssandier et al. 2019). The

existence of a hot Jupiter in this system is supported

by independent RV measurements producing an orbital

period of ∼9.0 d (Johns-Krull et al. 2016) as well as a

recent detection of CO at the velocity corresponding to

the RV period (Flagg et al. 2019), indicating the pres-

ence of a structure orbiting near the star’s co-rotation

radius.

Our period search analysis also reveals the occurrence

of other periodic signals in the amplitude of the small-

scale variability. The peak at ∼6.6 d is consistent with

the reported rotation period of the star by Biddle et al.

(2018). It is expected that accretion hot spots show

some level of periodicity in line with the star’s rotation

because accreting material at the co-rotation radius or-

bits at the same rate. Material accreting from the co-

rotation radius should fall on the same location on the

stellar surface, even as it rotates. Recently, Donati et al.

(2020) presented spectropolarimetric data that point to

the ∼9.0 d signal as the star’s rotation. They find a

∼9.0 d periodic variation in the Narrow Core He I D3
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line complex, which they also attribute to a periodic

accretion signature. Rotational modulation is also de-

tected via cool spots on the stellar surface when they

come into and out of view as the star rotates. However

in the case of young stars, cool spots are not known to

change on rapid timescales like those identified in the

small-amplitude variability; instead, they can remain

relatively constant for decades at a time (Stelzer et al.

2003; Carvalho et al. Submitted 2020). The strength of

the ∼6.6 d and ∼9.0 d periods identified in the ampli-

tude of the small-scale variability lightcurve (Figure 4)

is comparable to that seen in the large-scale variability

(Figure 1), which may signify that, in the case of CI

Tau, the effect of hotspots on the photometric rotation

signal may dominate rotational modulation compared

to the effect of cool spots. Alternatively, this may in-

dicate that hotspots occur where cool spots don’t; the

presence of cool spots decreases the total brightness of

the stellar disk which increases the apparent contrast of

the hotspot accretion shocks.

Periods beyond 9 d

There are also peaks in both periodograms that cor-

respond to neither the star’s rotation (∼6.6 d) nor the

planet’s orbit (∼9.0 d). These peaks also do not corre-

spond with integer factors of the star’s rotation period

and planet’s orbital period, suggesting that there are

other mechanisms affecting the observed periodicity in

accretion signatures. These peaks are located at ∼11.5

d, ∼14.2 d, and ∼20.0-24.4 d. The strongest peak is

located in the range of ∼20.0-24.4 d. Despite its strong

power, this period covers a large fraction of the dura-

tion of observations, barely cycling 3 full periods. We

tested the possibility of this being the synodic period of

any combination of the other signals and it does agree

with the synodic period of the ∼6.6 d and ∼9.0 d sig-

nals, and the ∼14.2 d and ∼9.0 d signals. However tests

of combined sine functions with 6.6 and 9.0 d periods

as well as 14.2 and 9.0 d periods with identical sam-

pling to the K2 data did not produce a similar peak as

the ∼20.0-24.4 d one seen in CI Tau. This is likely not

the synodic period. The weakest peak corresponds to

a period of ∼11.5 d. This period lies within half the

20.0-24.4 d period range, likely explaining it as an alias,

rather than a true period detection. The ∼14.2 d period

does not appear to be an alias in the periodogram and

there are no known K2 systematics occur periodically

on these timescales.

One possible physical explanation for these signals

may originate from pulsed accretion by a planetary

body, much like CI Tau b. Main sequence stars with

a hot Jupiter are not observed to host additional plan-

ets with periods within a factor of a few times that of

the hot Jupiter (Steffen et al. 2012); however, it is pos-

sible that young stars may exhibit different planetary

architectures compared to mature systems (e.g., planets

may be undergoing active migration).

4. SUMMARY

Our analysis of the small-amplitude variability in the

K2 lightcurve of CI Tau shows that although the bright-

ness fluctuations are stochastic, the strength of the am-

plitude of these fluctuations varies periodically in time.

We isolate the small-scale photometric variability in the

K2 photometry by applying a Gaussian Process model

to capture the large-scale variability. Our period-search

of the time-dependent variance of the scatter of the

residuals reveals peaks at the same periods identified

in the large-scale variability. This is likely the cause of

a stochastic bursting effect which can happen as a re-

sult of density changes at the inner edge of the disk on

timescales of about a day Robinson et al. (2017). Such

density perturbations may be induced by dense, inhomo-

geneous regions orbiting the star. CI Tau is known to

host a hot Jupiter near the inner-edge of the disk (Johns-

Krull et al. 2016; Flagg et al. 2019) and Teyssandier &

Lai (2019) show that a hot Jupiter similar to CI Tau

b can affect the density of the disk material where it

orbits (and therefore the accretion rate), causing pulsed

accretion detectable in time-series photometry as was

observed by Biddle et al. (2018). The rotation period of

the star also appears in the periodogram of the small-

scale variability, possibly suggesting that in the case of

CI Tau, hotspots at the foot of accretion streams that

are magnetically locked with the disk may dominate the

contribution of rotation modulation over cool spots. Pe-

riodic signals corresponding to Keplerian distances be-

yond the orbit of the known planet also appear in the

time-dependent amplitude of the small-scale variability.

The origin of these periodic signals is unclear, though

it remains possible that they could also be a result of

pulsed accretion by other planet-mass companions, in-

dicative possibly of dense planet-packing in unstable,

young system architectures.
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Yu, L., Donati, J. F., Hébrard, E. M., et al. 2017, MNRAS,

467, 1342, doi: 10.1093/mnras/stx009

Zechmeister, M., & Kürster, M. 2009, A&A, 496, 577,

doi: 10.1051/0004-6361:200811296

http://doi.org/10.1051/0004-6361:20011308
http://doi.org/10.3847/1538-4357/aa671f
http://doi.org/10.1111/j.1365-2966.2011.20055.x
http://doi.org/10.1086/174364
http://doi.org/10.1073/pnas.1120970109
http://doi.org/10.1051/0004-6361:20031414
https://arxiv.org/abs/1911.08492
http://doi.org/10.1093/mnras/stz1011
http://doi.org/10.1117/12.856798
http://doi.org/10.1093/mnras/stx009
http://doi.org/10.1051/0004-6361:200811296


10 Biddle et al.

APPENDIX

A. APPENDIX

Foreman-Mackey et al. (2017) presented a framework for directly and accurately computing a specific type of GP

that scales linearly with the number of data points, i.e., as O(N). Known as celerite, the framework requires the

covariance function to be represented by a mixture of exponentials but does not require the data to be evenly spaced

or to be associated with uniform uncertainties.

The presence of starspots and other magnetic features such as faculae and plage on the stellar surface manifest as

quasi-periodic variability in the light curve. Typically, this variability is modeled using a pseudo-periodic covariance

function of the form

k(τ) = θ2
1 exp

−τ2

θ2
2

−
sin2

(
πτ
θ3

)
θ2

4

 , (A1)

where, θ1 is the amplitude of the GP, θ2 is the recurrence time-scale, θ3 is the decay time-scale, which is directly

related to the star spot lifetime, and θ4 is a smoothing-parameter (Aigrain et al. 2012; Haywood et al. 2014). To model

such variability with celerite, we have constructed a covariance function with the following form,

k(τ) = e−cτ [a cos(d τ) + b sin(d τ) + e cos(2d τ) + f sin(2d τ) + g] , (A2)

or equivalently,

k(τ) =
1

2

[
(a+ ib)e−(c+id)τ + (a− ib)e−(c−id)τ

]
+

1

2

[
(e+ if)e−(c+2id)τ + (e− if)e−(c−2id)τ

]
+ ge−cτ . (A3)

To solve for the coefficients (a, b, c, d, e, f, g), we impose the following constraints on k(τ): k(0) = 1, k(π/d) = 0, k′(0) =

0, k′(π/d) = 0, k′(2π/d) = 0. These constraints allow us to solve for the coefficients in terms of the physically meaningful

quantities: light curve amplitude (A), spot lifetime (τspot), and rotation period (Prot):

a =
A

2
, b =

A

2

c

d
, c = 1/τspot, d = 2π/Prot, e =

A

8
, f =

A

4

c

d
, g = εA,

where, ε is a small perturbation. Figure 5 shows a comparison between the traditional pseudo-periodic GP kernel

(Equation A2) and our celerite kernel (Equation A3) for a star with Prot = 5 days, τspot = 10 × Prot, and A = 1.

The covariance function maintains the properties of the pseudo-periodic GP, peaking near the stellar rotation period

(similar longitudes on the stellar surface), and is 0 at multiples of half of the stellar rotation period (i.e., the opposite

side of the star).
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Figure 5. Our celerite kernel captures the structure of a pseudo-periodic Gaussian Process kernel and is computationally quick
and efficient, enabling us to execute it on many K2 light curves.
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