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ABSTRACT

Context. RX J1604.3-2130A is a young, dipper-type, variable star in the Upper Scorpius association, suspected to have an inclined
inner disk with respect to its face-on outer disk.

Aims. We study the eclipses to constrain the inner disk properties.

Methods. We use time-resolved photometry from the Rapid Eye Mount telescope and Kepler 2 data to study the multi-wavelength
variability, and archival optical and IR data to track accretion, rotation, and changes in disk structure.

Results. The observations reveal details of the structure and matter transport through the inner disk. The eclipses show 5d quasi-
periodicity, with the phase drifting in time and some periods showing increased/decreased eclipse depth and frequency. Dips are
consistent with extinction by slightly processed dust grains in an inclined, irregularly-shaped inner disk locked to the star through two
relatively stable accretion structures. The grains are located near the dust sublimation radius (~0.09 au) at the corotation radius, and
can explain the shadows observed in the outer disk. The total mass (gas and dust) required to produce the eclipses and shadows is a few
% of a Ceres mass. Such amount of mass is accreted/replenished by accretion in days to weeks, which explains the variability from
period to period. Spitzer and WISE variability reveal variations in the dust content in the innermost disk on a few years timescale,
which is consistent with small imbalances (compared to the stellar accretion rate) in the matter transport from the outer to the inner
disk. A decrease in the accretion rate is observed at the times of less eclipsing variability and low mid-IR fluxes, confirming this
picture. The vsini=16 km/s confirms that the star cannot be aligned with the outer disk, but is likely close to equator-on and to be
aligned with the inner disk. This anomalous orientation is a challenge for standard theories of protoplanetary disk formation.
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i 1. Introduction

Dippers, also called AA Tau-type stars, are young stars with
lightcurves characterized by aperiodic dimmings or eclipsing
= events consistent with variable extinction by circumstellar ma-
terial (Bouvier et al. 1999). Dippers are particularly interesting
sources because the occultations of the star by the disk material
offer an opportunity to explore the structure and composition of
the innermost disk (Schneider et al. 2018) that are inaccessible
for most other sources.

RX J1604.3-2130A! is a solar-type star in the 5-11 Myr
old Upper Scorpius Association (Preibisch & Zinnecker 1999;
Pecaut et al. 2012; Pecaut, & Mamajek 2016) that has been iden-
tified as a dipper (Ansdell et al. 2016). It possesses one of the
brightest disks detected in the region, which also has a large
inner cavity (Carpenter et al. 2006, 2009; Dahm, & Carpenter
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* Based on observations made with the REM Telescope, INAF Chile,
Program ID 37902.
I Also known as 2MASS J16042165-2130284, EPIC 204638512.

2009; Mathews et al. 2012; Carpenter et al. 2014; Zhang et al.
2014; Dong et al. 2017), being considered as a transition disk.
The resolved outer disk is nearly face-on, with an estimated in-
clination of 6 deg (Zhang et al. 2014; Dong et al. 2017). The
disk contains a substantial amount of gas (Mathews et al. 2013),
although the cavity shows significant CO depletion (Dong et al.
2017; Mayama et al. 2018).

The disk gap could be the result of planetary formation or
of the presence of a yet-undetected stellar companion. A low-
mass (M2) companion, which is itself a binary with a stel-
lar companion at 0.082 arcsec (Kohler et al. 2000), is found
at 16" (RX J1604.3-2130B). Considering the Gaia DR2 paral-
lax (6.662+0.057 arcsec; Gaia Collaboration et al. 2016, 2018)
available through VizieR (Gaia Collaboration 2018), its distance
is 150+1 pc, which implies that the potential companions are lo-
cated at about 2400 au and 12 au (from B), respectively. Nearby
companions of RX J1604.3-2130A at >22 au have been excluded
down to 2-3 M; (Kraus et al. 2008; Canovas et al. 2017), but
there is no record of objects in the innermost region of the gap.
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The disk was observed with VLT/SPHERE, revealing a
close-to-face-on ring in scattered light about 65au in radius
(Pinilla et al. 2015, 2018). Dark dents on the scattered light
image of the disk rim suggested shadows cast by a highly mis-
aligned inner disk (as it has been observed in other systems;
Marino et al. 2015; Benisty et al. 2017, 2018). The origin of the
shadows in an inclined inner disk has been recently confirmed by
multi-epoch scattered light observations between 2016-2017 that
show that the position angle of the dips varies only slightly (with
PA~83.7+13.7° and PA~265.9+13.0°, respectively Pinilla et al.
2018), although the morphology of the shadows is quite variable
on timescales of days. The presence of a misaligned disk has
been also suggested from ALMA gas observations (Mayama et
al. 2018) and are also in good agreement with the eclipsing activ-
ity observed, but a classsical, smooth inner disk cannot explain
the optical and scattered light variability observed.

In this paper, we use ground-based optical and near-IR pho-
tometry from REM/La Silla, together with K2 data and archival
photometry and spectroscopy of RX J1604.3-2130A, to explore
the causes behind the observed eclipses, and to constrain the
structure of the innermost disk and its variability timescales. Ob-
servations are presented in Section 2. The periodicity of the
lightcurves and variability causes in terms of eclipses, accretion,
rotation, and variations in the inner disk structure are analyzed
in Section 3. The discussion and conclusions are presented in
Sections 4 and 5.

2. Observations and data reduction
2.1. REM g’ri’z’ JHK observations

RX J1604.3-2130A was observed with the Rapid Eye Mount
(REM) 60cm telescope? in La Silla, as part of a DDT proposal.
With its two instruments, ROS2 and REMIR, REM can obtain
nearly-simultaneous images in the Sloan g’,r’.i’,z’ and the IR
JHK filters over a 10x10 arcmin?® field. The observations took
place at irregular intervals during approximately 5 months, from
2018 May 09 to 2018 October 01 (MJD 58247.21 - 58392.08).
The observations were repeated at intervals between half an hour
and few days, with a period of high-cadence on 58255.09 (2018
May 16-17) during which the images were taken about every 2
min. For the optical bands, a total of 338 images were obtained,
among which 168 of them belong to the high-cadence dataset.
The total exposure time for the optical images was 5s. Data re-
duction was performed with the automated REM pipeline, and
the images were aligned using Astrometry.net. The IR observa-
tions were obtained during the same epochs, but due to technical
issues, only 42 datasets were completed for J, 43 for K, and 142
for H. Typically, a total of 5 dithered 3s exposures were taken in
each case, although some of them have less dithers if the imaging
failed (especially in bad nights). Sky images were also acquired,
although some of the final images have less dithers due to lack of
quality of some of them. The images were reduced, combined,
sky-subtracted and aligned using the automated REM pipeline,
and aligned using Astrometry.net.

Aperture photometry was performed using iraf task
noao.digiphot.apphot. For the optical data, a relative calibration
was performed for each filter by comparing all observations to
the data taken on MJD 58346.021 (one of the best nights, based
on seeing/FWHM). An iterative process based on the median and
standard deviation of the magnitude difference (Sicilia-Aguilar
et al. 2008, 2017) was used on all stars in the field to identify

2 http://www.rem.inaf.it/
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the non-variable comparison stars. The main issue is that there
are few comparison stars in the field, and all of them are fainter
than the target star. This is due to RX J1604.3-2130A bright-
ness (Gaia G 11.87 mag) requiring low exposure times to avoid
saturation. We thus imposed quality limits on the calibration, re-
jecting all those for which 4 or less comparison stars were iden-
tified and those where the calibration had magnitude-dependent
offsets or very large errors. Typically, we found between 5 and
15 comparison stars for g’ and r’, and between 10 and 27 com-
parison stars for i’ and z’, spanning a range of 2-4 magnitudes
around (but mostly fainter than) the object. The nights for which
the calibration fails are typically those with poor seeing and poor
weather conditions that make it hard to detect enough field stars.
This results in 205 dates for which all four optical filters are com-
plete. The final data (relative magnitudes) are listed in Table 1
with the complete table given in Appendix A. The uncertainties
provided in the tables and figures include the photometric uncer-
tainty and the uncertainty in the relative calibration. In general,
the uncertainty in the relative calibration dominates the value in
cases with few comparison stars.

The absolute calibration of the g’'r’i’z’ data was done us-
ing griz data from PAN-STARRS® (Chambers et al. 2016;
Flewelling et al. 2016; Magnier et al. 2016). The procedure for
the absolute calibration was similar to the relative calibration,
comparing the data from MJD 58346.021 with those of PAN-
STARRS. The g’r’ calibration is quite robust (2% and 4% un-
certainties, respectively), but for i’ there is a large amount of
scatter and for z’ only 4 reference stars could be identified. In
addition, we find that there are color terms for all filters ex-
cept g’. The color terms are particularly large for i° and z’.
Since there are no stars as bright as RX J1604.3-2130A in the
field and very few non-variable stars in any magnitude range,
the absolute calibration is very uncertain and the errors could be
>50% in 1’ and z’. The magnitudes in the reference night MJD
58346.021 are thus g’=12.47+0.02 mag, r’=11.01+0.04: mag,
i’=11.7: mag, and z’=11.0: mag. Because the magnitudesin1’,i’,
and z’ are estimated from much fainter stars, we label them as
uncertain () and treat them as merely indicative, and we focus
the discussion on relative REM magnitudes and relative color
variations. In total, there are 261 datapoints in g’, r’ and i, and
270 in 1’ observations.

For the JHK data, we followed a similar procedure. The data
were calibrated against those of MJD 58363.04 (one of the best
nights for which all three IR filters were obtained), which was
also calibrated against 2MASS data (Skrutskie et al. 2006). The
REM and 2MASS JH filters are essentially identical, while the
relation between the standard Johnson K filter and the 2MASS
K is K=K+0.044 mag (Bessell 2005). The systematic errors in
the absolute calibration are 4% for J and H and 2% for K. There
are no evident color terms between the 2MASS and REM fil-
ters, but because the data quality of the JHK images is in general
worse than in the optical, there are fewer stars for comparison.
Following the same quality criteria, we only have complete JHK
data on 10 epochs, although the H lightcurve is much more com-
plete (73 points) while J and K have only 8. The final results are
listed in Table 2 (complete table in Appendix A).

The final REM ligthcurve is displayed in Figure 1. The op-
tical data show the typical dimming events described in Ansdell
et al. (2016). The JHK data follows the behavior observed in
the optical, although they are more scarce. The high-cadence
data reveals the star emerging from one of the eclipses. We find
that the eclipses observed by REM are deeper than previously

3 Note that the field is not included in the Sloan Digital Sky Survey.
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Fig. 1.

REM lightcurve for RX J1604.3-2130A. The upper panel shows the full lightcurve observed, while the lower panel is a zoom in the

high-cadence data. All the magnitudes shown are relative magnitudes evaluated with respect to the o-clipped average magnitude of all datapoints

in each band, marked as zero point with a dotted line.

Table 1. Example of REM optical data. All magnitudes are given relative to those of 58346.021046.

MIJD Ag’ Ar’ AV A7’

(d) (mag) (mag) (mag) (mag)
58247.213152  1.031+0.051 0.782+0.015 0.774+0.025  0.658+0.044
58247.217176  1.076+0.038 0.794+0.066 0.790+0.025 0.813+0.065
58249.213074  0.505+0.037 0.340+0.019 0.343+0.021 0.218+0.034
58249.214534  0.457+0.023 0.328+0.016 0.398+0.018 0.361+0.035
58249.215942  0.464+0.028 0.330+0.015 0.327+0.016  0.382+0.036
58250.226890  0.184+0.019 0.080+0.010 0.168+0.011 0.145+0.016
58250.228301 0.164+0.017 0.089+0.008 0.159+0.013  0.084+0.030
58250.229714  0.091+0.017 0.077+0.013  0.165+0.013  0.182+0.034
58251.278677 0.599+0.020 0.447+0.013 0.499+0.011 0.606+0.021
58251.280120  0.579+0.024 0.500+0.024 0.536+0.012  0.681+0.039

Notes. The complete table is given in the online appendix (Table A.1).

reported (0.57 mag based on K2 data; Ansdell et al. 2016). Even
though our filters are significantly narrower than the K2 filter,
the maximum depth varies between 0.4-1.8 mag in g’, 0.3-1.5
mag in r’, 0.3-1.5 mag in i’, and 0.2-1.2 mag in z’. The varia-
tions in H (the only IR filter for which we have enough eclipse
data) are up to 0.2-0.7 mag. There are also smaller variability
events, but we detect at least 10 deep eclipses during our obser-
vations (all of which are recovered in multiple bands), in addi-
tion to other shallower ones similar to those reported by Ansdell
et al. (2016). The decrease in depth with increasing wavelength
suggests extinction events, which we will explore in Section 3.

2.2. Other optical lightcurves: K2 and CSS

RX J1604.3-2130A was observed by K2 as part of the Eclip-
tic Plane Input Catalog (EPIC; Huber et al. 2016) as source

EPIC 204638512. The K2 data was obtained from the Mikul-
ski Archive for Space Telescopes (MAST?) at the Space Tele-
scope Science Institute®. Although some K2 data are affected
by interlopers, for RX J1604.3-2130A the MAST K2SFF public
lightcurves have been validated so that there is no need of fur-
ther corrections (Ansdell et al. 2016). The data were acquired
between 2014 August 23 - 2014 November 10 (MJD 56892.78
- 56971.55, thus about 4 years before the REM data. The K2
data are essentially uniformly sampled, with a sampling period
of 30 min, and are presented as relative fluxes, thus having val-
ues around 1 out of eclipse. Figure 2 displays the complete K2
lightcurve, which shows the irregularly-shaped dimming events

4 https://archive.stsci.edu/missions/k2/lightcurves/c2/204600000/
38000/ktw0204638512-c02_llc.fits

5 The full data used in this
https://doi.org/10.17909/t9-ap7q-e405

work can be accessed at
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Fig. 2. Top: K2 lightcurve for RX J1604.3-2130. The typical uncertainties are smaller than the dots. Bottom: Catalina Survey DR2 lightcurve.
Since the Catalina data covers the epochs of the Spitzer, WISE and HIRES spectroscopy observations, we have marked them in the figure as
vertical lines (see text). In both cases, the average flux (magnitude) is shown as a dotted line.

Table 2. Example of JHK REM observations.

MID J H K
(d) (mag) (mag) (mag)
58250.227 8.920+0.020 8.205+0.007 7.895+0.012
58253.213 8.974+0.016 8.388+0.015 8.133+0.029
58272.150 9.365+0.014 8.256+0.041 8.152+0.026
58276.156 9.122+0.022 8.287+0.007 7.916+0.011
58286.128 9.145+0.018 8.135+0.023 7.938+0.024
58288.245 9.055+0.013 8.307+0.025 7.720+0.009
58309.989 9.042+0.028 8.438+0.009 7.812+0.047
58363.042 9.229+0.012 8.431+0.007 8.054+0.009

Notes. The complete table, including nights with only partial data (one
or two filters) is given in the online appendix (Table A.2). Here we only
list the datapoints for which all three JHK magnitudes are available.
Note that because the JHK exposures are not fully simultaneous, the
MJD indicated is the one of the J-band observation. The data are cali-
brated using 2MASS. The uncertainties shown are those resulting from
the relative calibration, and do not contain an extra 2-4% uncertainty
due to the absolute calibration (see text).

up to 0.57 mag reported by Ansdell et al. (2016). We also note
that, besides the dips, there are several cases where a sudden
brigthness increase is observed. These may be stellar flares and
are discussed in Appendix B.

RX J1604.3-2130A has been observed by the Catalina Sky
Survey (CSS; Drake et al. 2009), Data Release 20, The CSS

® http://nesssi.cacr.caltech.edu/DataRelease/

Article number, page 4 of 26

archive contains 293 photometry points distributed over nearly
8 years, from 2005-08-01 to 2013-07-22 (MJD 53583.454 -
56495.535; see Figure 2). The object ID in the survey is
SSS_J160421.7-213028. The sampling is very sparse compared
to the relevant timescales, but it shows the same behavior de-
tected in the REM and K2 data, with sudden dimmings that in
some cases go down by nearly 1.4 magnitudes in V and some
periods of relative stability. Some of the data are very close to
the saturation limit (11 mag), so that the highest magnitudes may
be uncertain, but the eclipse data are well below saturation. Al-
though no further information can be obtained from these data
regarding periodicity, they essentially confirm the behavior ob-
served and the fact that the eclipse depths are highly variable and
persistent. Note that the Catalina V filter has a non-negligible
color term’. The color term is stronger for very red objects, so it
is likely affecting the eclipse depth. Considering the color vari-
ations observed with REM and the typical colors for a K3-type
star (Kenyon & Hartmann 1995), the maximum eclipse depth in
V (Cousins system) may be shallower by up to 0.3-0.4 mag with
respect to the value observed in the CSS lightcurve.

2.3. Archival optical spectroscopy

With the aim to understand the causes of variability, we also need
to constrain rotation and accretion, which are two of the ma-
jor causes leading to magnitude fluctuations observed in young
stars. We thus study archival high-resolution spectroscopy in
the analysis. RX J1604.3-2130A was observed 6 times with

7 http://nesssi.cacr.caltech.edu/DataRelease/FAQ2.html#reference
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Table 3. HIRES/Keck spectroscopy summary, including wavelength
coverage and resolution (R).

MID Exp.Time Coverage R
(d) (s) A)
53902.275 30 4775-9200 35800
53902.278 300 4775-9200 35800
54642.417 600 4700-9200 47700
54689.304 500 3800-8000 47700
55256.556 500 3800-8000 47700
55287.614 900 4300-8500 47700

Notes. Coverage is not continuous, there are gaps between orders.

the High Resolution Echelle Spectrometer (HIRES; Vogt et al.
1994) between June 2006 and April 2010, available through the
Keck Observatory Archive (KOA®). Exposure times, coverage,
and resolution varied and are listed in Table 3. The data were
reduced using the automated MAKEE pipeline’. The automated
reduction includes bias and flat field correction and calibration
using a ThAr lamp. The long-slit data were used to extract and
subtract the sky spectrum. The spectra were extracted in vacuum
wavelength and subsequently transformed using Py Astronomy'’
routine vactoair2. No flux calibration was performed.

Besides looking for variability signatures, the spectrum with
the best S/N (MJD 55287.614) was also used to confirm the
projected rotational velocity (vsini) of the object. We selected
the region between 5500-5800A, which is relatively devoided of
both accretion- and activity-related emission lines and telluric
lines (Curcio et al. 1964) and measured the rotational and radial
velocity by cross-correlating the object spectrum with 3 different
rotational standards with similar spectral types'! that had been
observed with Keck under similar conditions. These included
HD 114386 (K3, also used by Dahm et al. 2012), HD 10780
(K0), and HD 151541 (K1).

PyAstronomy task rotBroad was used to create artificially
broadened templates, and crosscorRV was used to obtain the
cross-correlation. The location of the cross-correlation peak was
used to determine the radial velocity (v,4s), and the width of the
cross-correlation function was compared with that of the broad-
ened templates to obtain the rotational velocity vsini. We ob-
tained v,,4=-6.8+0.1 km/s and vsini=16.2+0.6 km/s. Both are
in good agreement with Dahm et al. (2012), and confirm that
the star is a relatively fast rotator compared to young stars with
similar spectral types (e.g. Sicilia-Aguilar et al. 2005; Weise et
al. 2010), especially if we take into account that the system is
accreting (Dahm et al. 2012). Although the rest of datasets are
significantly worse in quality, the results derived are consistent
(see a summary in Appendix C).

2.4. Further archival data and stellar parameters

RX J1604.3-2130A has been repeatedly observed in the mid-IR
by WISE and Spitzer (Carpenter et al. 2006; Luhman & Mama-
jek 2012; Esplin et al. 2018). The star has some signs of in-
triguing mid-IR variability, changing from photospheric colors
as observed with Spitzer on MJD 53820, to clear mid-IR excess
as observed with WISE after MJD 55249 (Luhman & Mamajek
2012). We thus include the Spitzer and WISE data in the discus-

8 http://koa.ipac.caltech.edu/

o http://www.astro.caltech.edu/ tb/makee/

10" https://github.com/sczesla/Py Astronomy

1" Taken from: http://obswww.unige.ch/%7Eudry/std/stdnew.dat

sion, taking the IRAC photometry values reported by Carpenter
et al. (2006) and the available AIIWISE Multiepoch Photome-
try'? (Wright et al. 2010) lightcurve data provided by IRSA'3.

To examine the disk structure and behavior, we use the
multiwavelength data available within VizieR to construct the
spectral energy distribution (SED'*#; see Table D.1 for wave-
lengths, fluxes and references). The available data includes
SDSS, Gaia, POSS-II, Hipparcos, and SkyMapper optical data;
2MASS, POSS-II, UKIDSS, and Vista near-IR data; and Spitzer,
Akari, IRAS and IRAS mid- and far-IR data, together with the
880um datapoint from ALMA. The magnitude data are con-
verted to fluxes using the same calibrations as VizieR (Bessell
& Brett 1988; Fukugita et al. 1996; Cohen et al. 2003).

Finally, in the whole discussion we use the most recent es-
timates of the stellar parameters derived from X-Shooter spec-
troscopy (see Manara et al. in prep), which give a K3 spectral
type, Terr=4730K, L,=0.90 Lol5 (so the stellar radius is R,=1.4
Rp), and M..=1.24 M, (using the spectral type calibration and
tracks from Luhman et al. 2003; Baraffe et al. 2015, respectively)
and estimates an accretion rate of 3e-11 Mg/yr at a time when
the star was in a relatively bright state. Note that the accretion
rate is on the limit of what can be detected with X-Shooter (the
object is classified as a potential accretor by Dahm et al. 2012,
based on its weak accretion features), which adds uncertainty to
the measured value, although the line profiles seen with HIRES
show clear accretion. Using these stellar parameters, we can also
estimate that the dust sublimation radius (for T=1500-1000 K)
is located at about 0.06-0.15 au (~10-22 R,,).

3. Analysis
3.1. Periodicity analysis

A period of about 5d (albeit very uncertain) has been suggested
as the rotational period of RX J1604.3-2130A from K2 data
(Ansdell et al. 2016; Rebull et al. 2018). Here we revisit the
periodicity in the K2 lightcurve to examine whether it is most
likely due to rotation, or related to the obscuration events. The
lightcurve is extremely irregular, suggesting variations in both
the phase, the period, and the amplitude of the modulations and
the presence of correlated, non-Gaussian noise. Therefore, we
take two approaches to search for periodical signatures: general-
ized Lomb-Scargle periodograms (GLSP; Scargle 1982; Horne
& Baliunas 1986; Zechmeister, & Kiirster 2009) and wavelet
analysis (Torrence, & Compo 1998; Liu et al. 2007).

Simple GLSP fail when applied to quasi-periods, so for the
first approach we use stacked GLSP (SGLSP; Mortier & Col-
lier Cameron 2017), where the data are filtered around each
single date to study periodicity only over a limited number of
days. Repeating the exercise over time, changes in the pe-
riod and phase can be tracked. Since the data distribution is
highly non-Gaussian and strongly correlated, a red noise model
is needed to assess the significance of the signatures. The red
noise model was derived from the correlation between consec-
utive datapoints, parametrized by «, the slope of the correla-
tion between one datapoint and the next. For K2 data, we find
a=0.98. We then simulated data following a similar distribution

12
3
14
15

http://wise2.ipac.caltech.edu/docs/release/allwise/
https://irsa.ipac.caltech.edu/Missions/wise.html
http://vizier.u-strasbg.fr/vizier/sed/

These stellar parameters are not singificantly different from previous
estimates, e.g. from Preibisch & Zinnecker (1999), except for the fact
that the star now appears to be more luminous, maybe because of having
been previously measured during eclipse.
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Fig. 3.  Top: GLSP for the complete K2 dataset. Bottom: GLSP
for the o-clipped dataset (out-of-eclipse data). The significance levels
are estimated according to a red-noise model with correlation parameter
a=0.98 and the same uncertainty distribution and sampling as observed
in the data (see text), so that the observed peaks are not significant.
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Fig. 4. Histogram of the K2 data by magnitude. Note that there is no
clear separation between the "on-eclipse" and "off-eclipse" parts, except
for very deep eclipses (relative flux<0.75, green line). The red dotted
line marks the separation from the o-clipping filter. Selecting down to
a different level (e.g. 0.983, orange line, where the distribution appears
to slightly flatten out) does not introduce any significant change.

where each value depends on the previous one (as given by «)
plus an stochastic component with values drawn from random
numbers following the standard deviation of the observed data.
For each K2 (S)GLSP, we computed 1000 red-noise simulations
with the same number of datapoints, the same sampling rate, and
the same red-noise model but without any periodic signature and
used their periodograms to derive the confidence intervals.

Article number, page 6 of 26

A GLSP including all the available data suggests some sig-
nals with periods 2.5d (which could correspond to half the 5d
period), 5d, and 9d, but none of them is highly significant (see
Figure 3). The 5d periodic signature is reported in the literature
as a rotational period, so we first examined the data belonging
to the out-of-eclipse phase and the data belonging to the eclipses
separatedly. Defining the "out-of-eclipse phase" is not easy in a
lightcurve that does not show a clear difference between the "in-
eclipse" vs "off-eclipse" parts (see Figure 4). We thus cleaned
the data using a o-clipping algorithm to calculate the mean and
standard deviation, and then removed all points that are beyond
30 from this value. The analysis of the off-eclipse data revealed
that the periodic signatures are stronger when the full dataset is
considered, and thus the (quasi-)periodicity is strongly linked to
the eclipses, and not only to rotation.

We then stacked the data for different numbers of days
around each point, and calculated SGLSP in intervals of +10d,
+20d, £30d, and +40d. The number of days was selected to
be large enough to detect the potential periods observed in the
full collection of data, up to the limit of +40d that includes es-
sentially the whole dataset and tends to the full-data GLSP. Fig-
ure 5 displays the results. The data reveals a 5d period in the
stacked +10d and +20d diagrams, which progressively dilutes
when more data are added. The period is not always present, and
the peak changes between 4.8-5.5d, which makes it more plausi-
bly a quasi-period related to a rapidly variable phenomenon than
a typical rotational period, even if both may be connected. The
2.5d period is also present, although it has a lower significance
except during the time of increased eclipse activity (approxi-
mately, from mission day 2085 to 2105), when eclipses occur at
a higher rate. The 9d period is very broad and not well-defined.

For the second periodicity estimate, we use wavelet analysis
based on a Morlet function with wp=6, which typically offers
the best results for complex datasets (Torrence, & Compo 1998).
The Morlet wavelet ¥(r7) (Grinsted et al. 2004) is very similar to
a sinusoidal function tappered by a Gaussian, written as

elwon
71-1/4

W) = ——e T2, (1)

Here, the time dependency is wrapped in the dimensionless pa-
rameter 77, which takes values that are multiple of powers of 2
assigned through the dimensionless time series'®. In essence,
the SGLSP and wavelet analysis are quite similar, with the main
difference being that SGLSP uses a square passband to filter the
data around a certain date, plus a collection of sinusoidal func-
tions, while for wavelet analysis the wavelet functions (Eq. 1)
play the role both the filter and the (complex) periodic function.

The wavelet analysis was performed using the Python Py-
CWT spectral analysis module'” (based on Torrence, & Compo
1998; Grinsted et al. 2004; Liu et al. 2007). The procedure re-
quires the data to be uniformly sampled, which is the case for
K2 observations. The few small gaps and inhomogeneities in the
data were filled by interpolation. While this may have an effect
on the shortest timescales sampled, it does not affect the final
significant periods, which are in the range of days. The signifi-
cance was estimated considering a model for red noise estimated
through a Lag-1 autocorrelation of the original data (Torrence,
& Compo 1998; Liu et al. 2007). The results of the wavelet
analysis are plotted in Figure 6. The wavelet analysis recovers

16 Since the data are equally-spaced, the analysis is done considering
their order number rather than the physical time.
17" https://pycwt.readthedocs.io/en/latest/
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Fig. 5. Stacked GLSP for the full K2 data (top three panels, stacking at intervals of +£10d, +£20d, +30d) and the o-clipped data (out-of-eclipse
data; bottom two panels, stacking at intervals of £10d and +20d). The most significant periods detected in the individiual GLSP are marked with
vertical lines (see text for discussion). In each panel, the x axis shows the periods and the y axis shows the date (in K2 mission days) around which
we consider the time interval to estimate the SGLSP. Dates for which no data are available are left blank. The color scale is set such that purple

is equivalent to 95% significance and dark blue is equivalent to 90% significance for a red-noise model with the same number of points, similarly
distributed (see text).
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Fig. 6. Wavelet power spectrum for the K2 data on RX J1604.3-2130. The left panel shows the wavelet spectrum in time. The color scale is
set between minimum and maximum power, and the global significance limits are marked as thick black (95% confidence) and thin black (90%
confidence) contours, calculated for a red noise data model with @=0.98. The regions where edge effects could be significant are masked out.
Horizontal lines mark the positions of the GLSP peaks found with K2 and REM (at 8.9d, 5.5d, 5.0d, 4.9d, 2.59d, 2.39d). The right panel shows
the global wavelet power together with the significance, the noise spectrum, and the scaled GLSP for comparison.

the results of the SGLSP and shows the same trends of quasi-
periodicity, with significant signatures in the range of 2.4-2.6d,
4.9-5.5d, and, to a lesser extent, 9d. As for the SGLSP analysis,
not all the periods are recovered on all epochs and there is a drift
in phase and periodicity that suggests changes in the structure
that causes the eclipses.

To help visualizing the periodicity, we phase-wrapped the
data for the various potential periods. This exercise reveals a
clear modulation for a period of 5.02+0.12 d (corresponding to

the main peak of the GLSP, see Figure 7) and, to a lesser extent,
for a period of half this value. Any other period fails the visual
check or appears to be spurious (e.g. being an integer multiple of
the sampling rate). The overall shape of the curve suggests a 5d
quasi-periodicity for the eclipses, and at the same time reveals a
clear but rapidly changing modulation in the flux observed out
of eclipse. The tip of the phased lightcurve has a "M" shape that
could be consistent with rotational modulation in a star with two
non-identical cold spots (see Figure 7 top right). Nevertheless,
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we also observe that the modulation suffers significant changes
from one period to the next, which is unfeasible for typical long-
lived, cold stellar spots. The eclipses are clearly associated to
this 5d period, although they also change in depth from period
to period and show a drift in phase during the observed epochs
(Figure 7 bottom). The epochs of increased eclipse activity cor-
respond to the times when the 2.5d period is stronger. Having
ruled out relatively stable structures (e.g. spots) for the variabil-
ity, the observed lightcurve requires something that changes on
the timescale of the rotational period, such as significant varia-
tions in the obscuring material in the innermost disk. The various
possibilities will be discussed in the following sections.

The REM data do not offer the same kind of time cover-
age and photometric stability, and thus the periodicity that can
be inferred from them has low-significance. Moreover, the cor-
related errors in the REM magnitude are very complex as the
"redness" of the noise strongly depends on the observed cadence
and the magnitude (given the typical cadence, it is unlikely to
find many consecutive points on eclipse so that low magnitudes
tend to be followed by quite uncorrelated ones, while "out-of-
eclipse” points are often followed by a measurement with very
similar value). This makes it very hard to assess the significance
of the GLSP and makes a wavelet analysis impossible. Never-
theless, the same rough behavior is observed, and wrapping the
lightcurve reveals a dominant periodicity around 4.9d that ap-
pears correlated with the extinction events (see Figure 8). There
is no high-cadence periodic signature.
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3.2. REM data, extinction, and the inner disk structure

The multi-band REM data allows us to study the color variation
during the eclipses for the first time. The JHK data could pro-
vide a good insight about the properties of the obscuring matter,
but the only dates for which we have complete data do not reveal
substantial variability, and the only filter for which we cover a
significant number of points and shows variability is H. The op-
tical data taken around the same dates as JK reveal that the ob-
ject was essentially out of eclipse. The observed JHK colors are
consistent with the colors of a pre-main-sequence star without
significant near-IR excess (Kenyon & Hartmann 1995).

We thus concentrate on examining the optical and H-band
data. Figure 9 shows the color variation as a function of the
magnitude variation for several combinations of bands. Consid-
ering the standard interstellar extinction laws (Ry=3.1-5.5, see
for instance Schlegel et al. 1998; Stoughton et al. 2002; Cardelli
et al. 1989), the slopes of the color variations up to Ag’~1 mag
are quite consistent with the standard extinction vectors. There
are some places where the color variation becomes suddenly
smaller, for instance around Ag’~1 mag and (especially in the g’
vs r'—z’ diagram), around Ag’~0.2 mag. These could be due to
scattering shifting the colors towards bluer regions as the eclipse
progresses (as has been observed in UXors, e.g. Grinin 1988).
There are further changes in the slope as the eclipse progresses,
with the deeper eclipses being better fitted with an extinction law
with higher Ry (which is in general attributed to high extinction
clouds with more processed material; Cardelli et al. 1989) and
the very deep eclipses having an offset with respect to the stan-
dard trend and showing a flatter reddening curve.
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The color variation towards flatter reddening curves is only
observed for eclipses with Ag’~0.9-1.1 mag. In those cases,
the reddening continues into the deepest eclipses (for which
Ag’>0.9) with a slope that cannot be explained with the stan-
dard Ry=3.1-5.5. The slope variation is likely related to strongly
processed dust grains, although the change is different in differ-
ent filters, maybe indicating an effect of grain size (Eiroa et al.
2002). Higher density or differences in dust properties and/or
scattering within the clumpy material of the disk could also con-
tribute.

There are also some shifts parallel to the extinction vectors
visible at about all magnitudes. Small variations in the stellar
luminosity (e.g. due to accretion) and/or scattering on longer
timescales may also contribute to shift some of the data taken
on different dates parallel to the standard extinction vectors as
seen in Figure 9, even though small stellar luminosity and accre-
tion changes are not expected to produce a significant change in
the observed colors. Note that a large fraction of the shallower
eclipse points belong to the high-cadence observations and thus
were taken very close in time, so that their variation is smooth.

Leaving aside the UXor behavior towards bluer color, the
changes in the color slope consistent with reddening could be
caused by extinction by more opaque material in the deepest
parts of the eclipse and variations in the sizes of the grains de-
pending on the height in the innermost disk (e.g. McGinnis et al.
2015), due for instance to differential settling (e.g. D’ Alessio et
al. 2006; Laibe et al. 2014). The dust content around a star is
constrained by the dust sublimation temperature (~1500 K, with
some variations in the 1000-2000 K range depending on disk
structure, density, and composition; Isella & Natta 2005; Kama
et al. 2009), and typical observations can be well-fitted with in-
ner rims at T=800-1200 K (McClure et al. 2013). Significant
grain processing happens already at these (and much lower) tem-
peratures (Tielens et al. 2005), so that the grains are likely dif-

ferent from plain ISM silicates. Grain growth is also generalized
in disks, and larger grains tend to produce grey extinction with a
lower color dependency at optical and near-IR bands (Miyake &
Nakagawa 1993; Eiroa et al. 2002), and large grains are often in-
volved in the best-fitting models for inner disk walls (McClure et
al. 2013). In addition, there are other effects such as a dusty wind
(e.g. as observed in RW Aur; Bozhinova et al. 2016) that could
also cause obscurations. The Ha profile of RX J1604.3-2130A
shows some blueshifted absorption (Manara et al. in prep., see
also Section 3.3), but since the accretion rate is low, accretion-
related winds are expected to be weak and carry significantly less
mass than the accretion flows.

The high-cadence data offers us a chance to explore what
happens during a single eclipse on a timescale where ther vari-
ations (accretion, luminosity) are likely negligible (Figure 11).
The data show a smooth transition from eclipse to maximum,
although the high-cadence eclipse does not go as deep as those
where a significant color offset is observed. The high-cadence
data are fully consistent with a mild UXor behavior around
Ag’~0.2 mag, plus increasing dust extinction with standard ex-
tinction laws for thin ISM dust (Ry=3.3). For the rest of the
eclipses, including those happening at half of the period, the
coverage is very scarce, but wrapping the data does not reveal
a significant difference between the colors of different eclipses,
nor between the colors of the full-period vs half-period eclipses
(see Figure 8 bottom), other than the differences observed be-
tween shallow and deep eclipses.

We can then use the observed extinction to estimate the
amount of material needed to produce the eclipses. The typical
depth of the extinction event in g’ is 1.2 mag. Assuming standard
interstellar extinction (Schlegel et al. 1998), this is equivalent
to Ay=1 mag, or Ny=1.8e21 cm™? (Predehl & Schmitt 1995).
For an average particle weight of 1.36 my (for solar metallic-
ity neutral gas, e.g. see Mihalas 1978), we obtain 0.004 g cm™2.
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Note that because the metal vs hydrogen content in the inner disk
may be different (either higher or lower, e.g. Pani¢ et al. 2009;
Riviere-Marichalar et al. 2013), there is some uncertainty in this
parameter. The stellar parameters suggest a dust destruction ra-
dius at 0.06-0.15 au. If this mass were distributed in a ring of
radius 0.06 au (0.15 au) and height comparable to the stellar ra-
dius, the total mass associated to the structure would be about
2e-3 (5e-3) Mceres, including gas and dust. Nevertheless, we can
derive a better estimate of the thickness of the structure from the
observed shadows in the outer disk, that span about 20 deg in
average (see sketch in Figure 10). For an obscuring structure at
0.06 au (0.15 au) distance, this would mean a size about 0.02 au
(0.05 au) or 3R, (8R,) as a function of the stellar radius. The to-
tal as plus dust mass would be in the range 1-6% of the mass of
Ceres. This means that the innermost disk ring does not need to
be very massive in order to reproduce the observed behavior. An
extinction law for dark nebulae would result in a slightly larger
mass, although for reasonable values the main uncertainty in our
estimate remains the uncertainty in the size of the innermost disk
and the gas to dust ratio.

Pinilla et al. (2018) revealed flux variations in the scattered
light J-band observations up to 0.4-0.6 with respect to the non-
obscured flux. Standard extinction laws suggest A, ~2.6-4.3
mag, about a factor of 1.4-2.3 higher than in the deepest op-
tical eclipses, which would result in a similarly larger mass.
There are several possibilities to explain this difference. Dif-
ferences in alignment between the star-inner disk and the inner
disk-outer disk could result in different column densities viewed
on each line of sight (see Figure 10). In addition, the fact that
the shadow observations and the optical photometry are not si-
multaneous and the dust content is known to be variable, plus
the possibility that the dust does not follow a standard extinc-
tion law, especially in the deepest eclipses, may also play a role.
Other possibility would be if the inner disk does not cover the
full stellar disk along our line-of-sight, or if the disk does not
generally covers the surface of the star but a localized warp or
blob on it does. In fact, the observed differences in extinction
(observed from the lightcurve A, ~0.4-1.8 mag, expected from
shadows A; ~2.6-4.3 mag) can be explained with a variable stel-
lar disk coverage by the eclipsing material. Considering the den-
sity estimated from the extinction a variation in coverage ranging
from 0% out of eclipse, to between 30% for shallow eclipses,
down to 100% at the deepest ones could explain the observed

Article number, page 10 of 26

observer
shadow
K inner disk
3 (0.09 au)
vA %

‘shadow

Fig. 10. Not-to-scale sketch showing the inferred structure of the sys-
tem. The star and its magnetosphere are displayed in the center, the red
arrow indicates the rotation axis of the star, magnetosphere, and coro-
tating inner disk. The inner disk is deformed in the regions where the
magnetosphere is joining in, which causes warps that cross our line-of-
sight when the disk rotates. The outer and inner disk are highly inclined
with respect to each other, so that there are always shadows along the
line where the plane of the inner disk and the plane of the outer disk
cross. Note that the inner disk is expected to be more wobbly and irreg-
ular than shown here.

lightcurve. Note that the optical variability depends on various
poorly-constrained parameters, such as the relation between in-
frared and optical extinction (i.e., dust properties), whether the
disk is occulting the star towards the equator or towards the
poles (due to limb darkening), and whether the star has addi-
tional causes of variability (e.g. hot and cold spots).

The observed small changes and displacements of the shad-
ows are consistent with a "wavy" or warped disk (Pinilla et al.
2018), which is also consistent with other observations (Grinin
et al. 2008; McGinnis et al. 2015), models of self-shadowed
UXor disks (Dullemond et al. 2003), and the non-axisymmetric
or clumpy structures observed in gas and dust in the inner disks
of some young stars (e.g. Sicilia-Aguilar et al. 2012; Siwak et
al. 2014; Scholz et al. 2019). A warp at the point where the disk
and the star are connected at the basis of the accretion column
(see e.g. the models of Alencar et al. 2012, 2018; McGinnis et
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data. Note that the eclipse is not deep enough to show significant varia-
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especially ini’-z’.

al. 2015; Bodman et al. 2017) could also explain the observa-
tions, as shown in the cartoon in Figure 10. The variations of
the position of the shadows (~20 deg in average; Pinilla et al.
2018) together with the estimated radius of the disk suggest that
the innermost disk is as wavy as it is thick. A wavy/warped disk
that deviates from a flat structure in vertical scale by about a
third of the disk radius (to account for the angle variation of the
shadows) would also explain why the star is not always eclipsed,
while the shadows on the outer disk are nearly ubiquitous despite
variability.

A 5d orbital period corresponds roughly to the distance
where the disk would have a temperature around 1270 K (~0.09
au or 13.5 R,). The precise location and temperature depend
strongly on the dust properties, on the structure of the inner disk
rim, and on the stellar parameters (especially, the stellar mass de-
rived from evolutionary tracks). But in any case, the corotation
radius is compatible with the dust sublimation radius. With this
in mind, the quasi-periodicity of the eclipses discussed before
suggests that the structure causing them is rapidly changing on
timescales comparable to the Keplerian period of the material in
the innermost disk (days), so that even consecutive eclipses have
different depths and lightcurve profiles. Disk precession may al-
ter the inclination of the inner disk in time, but their timescales
are typically much longer. For the general relativistic precession,
the timescale is proportional to (c/vk)?* times the orbital period,
where c is the speed of light and v is the Keplerian orbital veloc-
ity. Kozai or secular resonances may also cause precession, but
they are usually weaker than the relativistic effect (Kozai 1962;
Ford et al. 2000) and require very massive and close-in compan-
ions that would have been spectroscopically detected .

The quasiperiodicity on short timescales and color varia-
tions suggest that the disk is highy asymmetric, with warps or
clumps that are denser than the rest. It is also likely being ex-
ternally modified/fed due to viscous matter transport, which can
explain the sudden periods of intense dimming and concatenated
eclipses, such as the one observed between days 2085 and 2105
in the K2 data (see Figure 2). Taking into account the accre-
tion rate ~3e-11 Mg/yr and assuming that the rate of transport of
matter in the inner disk is similar, the mass of the innermost disk
required by the eclipses is comparable to what accretion trans-
port could provide in between two weeks to two months time.
This means that the inner disk is filling up (and draining) on
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Fig. 12.  Photosphere-subtracted He (top) and HB (bottom) spectra

observed with HIRES/Keck (for various epochs) and X-Shooter (corre-
sponding to the time when the accretion rate and the stellar properties
were estimated; Manara et al. in prep). The zero level for flux and radial
velocity are marked by dotted lines. A rotationally-broadened template
photosphere has been subtracted to show the absorption and emission
features.

relatively short timescales, so that significant changes could be
observed on 5d timescales.

To summarize this section, the color variability confirms that
the eclipses are consistent with extinction by dust with properties
ranging from ISM dust to more processed grains, located in an
irregular, warped disk at the corotation radius. The total mass
depends on the dust properties and on the size of the disk, but
~1% Mces Of total mass (including gas and dust) is enough to
explain the observations. Considering the accretion rate, it is
not unexpected that the dust distribution in the innermost disk
changes on short timescales, since a significant fraction of the
obscuring matter in the innermost disk will be fed to the star
(or drained from the innermost disk) on each rotational period,
explaining the rapid variability.

3.3. Rotation, accretion, and variability in the inner disk

Rotation rates suggested a very high inclination for the disk sys-
tem around RX J1604.3-2130A (Davies 2019), despite its outer
disk being nearly face-on (6 deg; Zhang et al. 2014; Dong et al.
2017). If the 5d modulation observed was caused by rotation,
we can use the observed rotational velocity (16.2+0.6 km/s) to
infer the inclination of the system. The maximum period that
this velocity range allows is 4.2-4.5d. A 5d period would require
a stellar radius ~10-15% larger than estimated, or larger uncer-
tainties in the vsini (e.g. due to differences in limb darkening).
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In any case, the star cannot be aligned with the outer disk be-
cause it would rotate at breakup velocity, but should be closer to
equator-on and thus rather aligned with the inner disk. If the 2.4-
2.5 d period were a rotation period, the inclination angle would
be about 38 degrees (still far from aligned with the outer disk).
Nevertheless, such a low angle would be inconsistent with the
lower limit of 61 degrees of Davies (2019), besides the fact that
the shape of the lightcurve agrees rather with a 5d rotational pe-
riod in a star with two asymmetric eclipsing structures, rather
than with a 2.5d period.

Constructing a model for the out-of-eclipse lightcurve is
complicated, because the sampling of the REM photometry is
not high enough to show the detailed color variation during a
single rotational period and there are significant changes on a
few-days basis (see Figure 8). A cold spot model is not suffi-
cient since spot-related variability is usually of the order of 0.1
mag (Grankin et al. 2007) and can by no means explain the ob-
served eclipses nor shadows, but it could explain the M-shaped
part of the K2 data. The flux modulation at phase ~0.5 (see
Figure 7) can be obtained with spots 200-500 K cooler than the
stellar photosphere and spot coverages between 0.03 and 0.36
(as in e.g. Bozhinova et al. 2016), all of them reasonable param-
eters, but the rapid variability from period to period is hard to
explain. For instance, a smaller-scale eclipse could also produce
the same effect, and since the amount of matter responsible for
this would be very small compared to what is observed to flow
around the star from its accretion rate, rapid variations are more
plausible. In addition, there is more evidence of the disk-star
connection being dynamic and rapidly variable than in the case
of stellar spots (e.g. Fonseca et al. 2014), and the color variations
(Figures 8, 9, and 11) suggest that occultations are the dominant
process.

All the datasets (CSS, K2, and REM) show brief periods of
increased eclipsing activity on timescales shorter than 5d (usu-
ally, about 2.5d). These could be times at which an increased ac-
cretion rate throughout the disk triggers accretion onto the other
side of the star and feeds a secondary warp, causing additional
extinction events. Modeling this situation would require, at a
minimum, simultaneous high-cadence multi-color photometry
and spectroscopy and it is thus beyond the scope of this paper.

The archival HIRES data are consistent with the low accre-
tion rate estimates from X-Shooter spectra (Manara et al. in
prep), not showing the emission lines characteristic of strong ac-
cretors (Hamann & Persson 1992, for instance, no He I emission
and Ca Il IR narrow emission lines in the center of strong absorp-
tion components). There is also no evidence of spectroscopic bi-
narity (see Appendix C). Ha and HB have strongly variable in-
tensity and line profiles, with timescales of months to years. The
features are better viewed after photospheric subtraction, using
a photospheric template derived from the standards HD 114386
(which has been observed in the HB region) and HD 151541 (for
which the available data covers the Ha region; see Figure 12).
After photospheric subtraction, HB emission becomes evident,
together with evidence of both redshifted and (in Ha) blueshifted
absorption components. Photospheric subtraction also reveal
further complex absorption profiles in other lines, such as Na
I D. Since there is no detailed day-to-day high-resolution spec-
troscopic followup, it is hard to assess whether the variations
in the line profile are due to variations in the accretion rate or
changes in the orientation of the accretion flows with respect to
the observer. Nevertheless, the changes in equivalent width and
10% velocities suggest that the accretion rate is variable, with up
to 2 orders of magnitude variability between the maximum and
the minimum width (using the 10% Ha width; Natta et al. 2004),
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with the 3e-11 Mg/yr value from Manara et al. in prep. being
an intermediate rate. Accretion is very weak (consistent with no
accretion) in the spectra from MJD 53902.

For both the Ha and Hg lines, the redshifted absorption fea-
tures are dominant, and on two of the dates (MJD 54642 and
MID 55287) show a YY Ori or inverse PCygni profile (IPC) with
an absorption component that goes below the continuum. This
suggests that the accretion column must have been very close to
viewed along the line-of-sight on these dates. Accreting along
the line-of-sight could also mean that the gaseous material could
be also obscuring the star (as has been suggested in other ob-
jects, e.g. TW Hya; Siwak et al. 2014). Obscuration by dust
could happen in a warp induced in the place where the accretion
column is attached to the disk (McGinnis et al. 2015; Alencar et
al. 2018) although unfortunately none of the spectra has simul-
taneous photometry. The spectrum taken on MJD 54642, which
shows a mild IPC profile in He, is the one closest to a pho-
tometric datapoint from CSS corresponding to a deep eclipse.
However, the HIRES data were taken 24h after the photometry,
and since typical eclipses last less than 24h, it is not possible
to assume that the star would have been in eclipse. Moreover,
phase shifts are expected between the very-close-in gas emitting
He and eclipses associated to dust at the corotation radius. On
MIJD 55287, the IPC is clearly visible in Ha and very strong in
Hp, a typical signature of highly inclined system (Alencar et al.
2012,2018; Donati et al. 2019). This, together with the observed
eclipses, is a sign that RX J1604.3-2130A may be very similar
to other highly-inclined systems such as Lk Cal5, AA Tau, and
V354 Mon (Bouvier et al. 2007; Alencar et al. 2018; Donati et
al. 2019; Fonseca et al. 2014).

Since the analysis of the extinction suggests an inner disk
that is routinely drained on a short timescale due to accretion,
we explore whether the rate at which the magnitude varies dur-
ing the eclipse is consistent with material transported due to ac-
cretion. A change in magnitude vs time is equivalent to a change
in column density over time, using the conversion between ex-
tinction and column density as in Section 3.2. Assuming that this
extinction event covers the stellar surface uniformly, the obscur-
ing mass involved per time can be obtained by multiplying by the
area of the stellar disk. This value can be then transformed into a
approximate "projected" accretion rate that can be compared to
the accretion rate measured by spectroscopy. Because the REM
data has only very scarce coverage of each dip, we need to do the
exercise with the K2 data, although one of the main limitations
is the lack of color information.

For K2, we calculate the change in magnitude between each
two points i and i+ 1 using the flux ratio between these two points
to estimate the variation in magnitude as —2.5logo(fi+1/ f;)- Di-
viding by the time interval we can obtain the change in magni-
tude vs time (Figure 13) and transform it into an approximate
accretion rate as explained above. Using the conversion between
K2 extinction and Ay (Ay=0.4 Ag,'®; Rodrigues et al. 2014) we
obtain a typical change of 1 mag/day. With the relation between
Ay and column density (Predehl & Schmitt 1995), we derive an
approximate accretion rate of 6e-12 My/yr. The large majority
(99.1%) of the observed points fall between the (-5,45) mag/day
interval, and these would correspond to accretion rates up to 3e-
11Mg/yr, fully consistent with the accretion rate estimates from
X-Shooter observations (Manara et al. in prep). Note that these
"changes" do not need to be accretion rate variations, since we
are only taking into account matter along the line-of-sight, and

'8 Note the value is approximate as it depends strongly on the color of
the source.
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Fig. 13. Time variation for the K2 observations. The upper left panel shows the change in magnitude per day as a function of the observing date

Grey lines mark the cases in which the K2 relative flux drops below 0.

94 (the limiting value for eclipses considered, see text). The upper right

panel is a histogram of the same plot. The lower panels are a zoom-in of the magnitude change vs time for several of the eclipses.

that the estimates are also subject to the same uncertainties than
the inner disk mass estimates, namely dust properties and gas to
dust fraction. It is also important to keep in mind that the ob-
scuring matter contains dust and must then be located at least at
the dust destruction radius near the star-disk connection, while
what is observed in He corresponds to hot gas likely closer to
the stellar photosphere. Because of this, changes in the dust are
not expected to be observed as immediate changes in He, and
a phase delay is very likely to occur, as it is also observed be-
tween accretion-related emission lines with different energetics
(Sicilia-Aguilar et al. 2015), or between veiling and line emis-
sion, or optical and X-ray accretion signatures (Dupree et al.
2012).

3.4. The long-term variability of the inner disk

The disk around RX J1604.3-2130A has been classified as tran-
sitional (Carpenter et al. 2006; Mathews et al. 2012; Esplin et
al. 2018). Luhman & Mamajek (2012) pointed out that the mid-
IR observations with Spitzer/IRAC were consistent with a bare
photosphere, while WISE data revealed a clear IR excess. Con-
sidering the fluxes provided by Carpenter et al. (2006) and the
IRAC zeropoints'®, we find that the source changed by about
1.47 mag at 4.5um between the Spitzer and the WISE observa-

19 See IRAC Handbook, https://irsa.ipac.caltech.edu/data/SPITZER/
docs/irac/iracinstrumenthandbook/17/

tions?’, which are roughly separated by 4 years time (from MJD
53820 to MJD 55249). The AIIWISE lightcurve, on the other
hand, reveals only mild mid-IR variability (as expected if the
cause is extinction) during the half a year interval during which
RXJ1604.3-2130A was observed by WISE (see Figure 14), with
amplitudes of 0.17 mag (W1), 0.13 mag (W2), 0.07 mag (W3)
and 0.24 mag (W4). It is interesting that while W1, W2 and
W3 roughly follow the same pattern and vary in parallel, W4 be-
haves differently, although the uncertainties are also larger. At
longer wavelengths, the extinction becomes negligible, so large
changes in the flux are most likely related to changes in the disk
structure. Wavelengths around 22um trace material at consider-
ably larger distances, and could be dominated by the emission
of the outer disk, less variable on short timescales. Note that the
dramatic (>1 mag) IR variability affects only the IRAC bands,
since W4 and MIPS 24um roughly agree despite being observed
at times where there is substantial difference for the 3-10um
fluxes. Therefore, although the strong variability in the near-IR
is reminiscent of the "seesaw" behavior observed in some disks
(e.g. Espaillat et al. 2011; Flaherty et al. 2012), we note that
the situation here is quite different, because the mid-IR fluxes
are not variable. While seesaw behavior in (usually, pretransi-
tional) disks can be explained by changes in the vertical scale
without much modification to the contents of the disk, here the

20" Spitzer IRAC2 and IRAC4 magnitudes are 8.64 and 8.38 mag, re-
spectively.
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observed near-IR photospheric colors need a very strong deple-
tion of warm dust.

The CSS data reveal decreased eclipse activity soon after the
Spitzer observations were obtained, which points towards the in-
triguing possibility that the inner disk may have been depleted of
dust around that date. The CSS data closer in time to the Spitzer
observations (56 datapoints in total within 10-20 days) do not
show any eclipse, although there are no observations for nearly
half a year before the Spitzer observations and the first data point
was taken more than 40 days after Spitzer. The sparse sampling
may have missed the eclipses, since the CSS observations were
obtained at irregular intervals of a few days during 2 months.
However, with the sampling frequency and given that, altogether,
35% of the CSS observations appear to have been taken during
eclipses, it is significant that not a single eclipse would have oc-
curred near the time of the Spitzer observations, suggesting that
the eclipse activity may have indeed been lower at the time. In
addition, the HIRES spectra taken during the CSS stable phase
after the Spitzer observations show a significantly weaker Ha
feature, consistent with decreased accretion and maybe an addi-
tional signature of lack of material in the innermost disk.

The strong Spitzer vs WISE mid-IR variability is very simi-
lar to what has been observed for GW Ori, a triple stellar system
with a circumtriple disk and an unstable or "leaky" dust filter that
leads to remarkable changes in the SED due to variations in the
innermost disk dust content on timescales of decades (Fang et
al. 2014). Similarly to GW Ori, we can make an order of mag-
nitude estimate of the amount of dust needed in the inner disk to
account for the mid-IR variability. This can be compared with
the accretion rate and with the feeding rate needed to support the
variability of the innermost disk structure deduced from the ex-
tinction events, assuming matter flows through the disk in a sta-
ble way. Nevertheless, studying the SED of RX J1604.3-2130A
is more complicated because the data are non-simultaneous and,
unlike GW Ori, the star is highly variable in the optical. To con-
strain the disk properties, we need to disentangle what is caused
by extinction from what may be caused from variations in the
innermost disk structure. We construct the SED using VizieR
multiwavelength data (see Appendix D) plus our REM photom-
etry. We consider as stellar photosphere (out-of-eclipse data)
the brightest magnitudes observed in each optical filter. The
out-of-eclipse data are corrected for Ay=1 mag (Preibisch &
Zinnecker 1999) using standard color relations (Cardelli et al.
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for the filters with negligible color terms. The blue dots show the se-
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Ay=1.0 mag (Preibisch & Zinnecker 1999). Three very simple models
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could be associated to inner disk emission (see text for details): Two
constructed using RADMC radiative transfer code, and two assume a
grey body model for material located in a ring with temperature 850
K and dust mass 0.003 Mc,.,, and temperature 1270 K, dust mass 4e-
4Meres, TESPEcCtively.

1989; Stoughton et al. 2002; Bessell 2005). The data fainter
than the out-of-eclipse values are not corrected for extinction
and not used for the luminosity fit. The SED reveals that the
JHK archival data were likely taken during one of the obscu-
ration episodes (see Figure 15), so that our REM observations
are brighter than previous ones and more consistent with a K3
photosphere. The CSS observations suggest that the star was in
a bright state near the Spitzer observations, and the WISE ob-
servations do not seem seriously affected by the strong optical
variability at the time. Thus it is reasonable to assume that the
main changes at wavelengths >4um are caused by variations in
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the disk structure, and thus a model can be constructed assuming
the disk illuminated by the non-extincted stellar photosphere.

A very simple inner disk model (not taking the outer disk
into account) can be constructed to estimate a lower-limit to the
disk mass. Assuming that the innermost disk is optically thin in
the IR and dominated by a single temperature, the flux observed
at a given frequency v, F,, can be written as

F, = QBV(Tring)kVZ, (2)

where Q is the solid angle subtended by the structure, B, (T}i,g)
is the black body function evaluated for the dominant ring tem-
perature T, ky is the dust mass absorption coefficient (cm?/g)
and X is the surface density of the ring. Since Q depends on the
area of the disk (with an inclination factor included), this means
that F, is proportional to the mass of the ring. Taking k, to be a
power law of the frequency with exponent f=1.9 and k7, =118
cm?g~! (for small interstellar grains without ice mantles; Roc-
catagliata et al. 2013), we find that the mid-IR emission can be
relatively well fitted with a dominant ring temperature of 850K
and a dust mass of 3e-3 Mc,.s. Considering the corotation tem-
perature, 1270 K, the amount of dust required would decrease to
4e-4 Mc,res- If the gas-to-dust ratio takes the usual value of 100,
this would mean a mass between 4-30% Mc,,.s including gas
and dust. The result is strongly dependent on the ring temper-
ature, and because a single temperature cannot fit equally well
all the observed datapoints, we expect the inner disk to cover a
range of temperatures. Further variations in the dust properties
(highly processed silicates or large grains will have a different
emissivity), and whether the disk is optically thin (the mass is
a lower limit) will also play a role here. Nevertheless, this ex-
ercise reveals that, as for GW Ori (Fang et al. 2014), a small
change in the dust content of the inner disk can be responsible
for a very remarkable change in the mid-IR fluxes. For the ob-
served accretion rate, this amount of mass is comparable to what
can be accreted in half a year to a few years, so piling up the
extra material in ~4 years time could be done with a mismatch
between disk accretion and stellar accretion happening at some
place between the outer disk and the stellar magnetosphere.
Since the assumptions of optically thin inner disk and con-
stant temperature are a poor approximation for a relatively dense
and likely extended protoplanetary disk, we also modeled the
disk using the radiative transfer code RADMC-2D (Dullemond
& Dominik 2004; Dullemond 2011). Because the SED is so
uncertain in terms of extinction and variability, we just aim to
estimate how much mass would be needed to reproduce the vari-
ability in the innermost disk, and the misinclination of the disks
is not taken into account. As a photospheric model, we use a
MARCS photosphere (Gustafsson et al. 2008) scaled to the ob-
served luminosity. We explored various dust distributions within
the nearly-cleared inner hole of the disk, and set up the scattered
light ring as the maximum outer disk inner radius. The total
mass needed depends on the grain properties. We assume stan-
dard amorphous silicates and carbon (in a proportion 3:1) with
typical sizes between 0.1 um to 1cm (following a collisional dis-
tribution with exponent -3.5), with opacities derived from the
Jena database (Jager et al. 2003). Adding a dust surface density
of the order of 1e-8 g/cm2 at 0.06 au, decreasing with the disk ra-
dius as r~2 or steeper (so that most of the mass is concentrated in
the innermost few au), is enough to go from photospheric fluxes
to the observed ones, and the total mass involved would be of
the order of 3-5%107> Mc,es if We assume a gas-to-dust ratio
of 100. Note that the RADMC model underestimates the near-
IR fluxes, so an inner wall (not included in the current model)
and thus a larger mass are likely. As a final point, although the

far-IR part of the SED is highly uncertain due to the large beam
and unknown variability, these simple models also reveal that the
22-24um flux is dominated by the outer disk inner wall, which
explains the lack of variability between W4 and MIPS 24um.

The model confirms that the innermost disk structural
changes required to alter the IR SED appearance as observed
could be caused by small accretion variations between the outer
and the inner disk, without needing any more dramatic pro-
cesses. Although the SED can be fitted with an inner disk that
is clearly devoided of matter compared to the outer disk, there
has to be enough material close to the star to support the ob-
served accretion, although the present data does not allow us to
set further constraints.

From this exercise, despite all uncertainties involved in the
analysis of the non-simultaneous SED of a highly variable ob-
ject, the conclusion we reach is that the variability observed
in the innermost disk is consistent with matter transport at
rates similar to the observed accretion rate onto the star. The
timescales of the variations (~4 years) imply that the material
cannot be located much further away than a couple of au from the
star. The mass in the inner disk would be in any case many orders
of magnitude lower than the disk mass, which is estimated to be
0.018 Mg, in the RADMC models to account for the 880um flux.
The time constraint imposed by the observed variability would
be consistent with the orbital time of an undetected companion
at a couple of au. Dusty material moving at few-au should def-
initely emit in the mid-IR, so that future time-resolved mid-IR
data over several years may help to explore this scenario.

4. Discussion

We now use all the previous information to trace a complete
picture of the RX J1604.3-2130A system and to investigate the
physical mechanism(s) behind the variability observed. The
lightcurve presents dramatic changes on very short timescales,
including phase shifts, lightcurve profile variations from period
to period, and sort-lived period drifts, even if the system even-
tually reverts to the 5d period. Such changes are too rapid to be
explained by long-lived, cold stellar spots. Moreover, the dusty
composition of the occulting material requires the structures to
be located beyond the dust destruction radius, for instance, in
a clumpy or warped disk. The eclipsing material would be lo-
cated at the inner disk at the corotation radius, where star-disk
interactions are expected to be highly dynamical (Fonseca et al.
2014; McGinnis et al. 2015), although current stellar parame-
ters can be only reconciled with a rotational period if the radius
is increased by ~10-15%. The observations are consistent with
one major and one minor warps on a dusty disk that is highly
inclined with respect to the outer disk. The warps may be associ-
ated to quasi-stable accretion columns (as in Alencar et al. 2012;
Bodman et al. 2017; Alencar et al. 2018). This highly inclined,
wobbly/warped disk can also explain the shadows observed in
the outer disk (Pinilla et al. 2018). The dust observations are in
agreement with ALMA gas observations suggesting that the in-
nermost gaseous disk is also misaligned with respect to the outer
disk (Mayama et al. 2018).

Magneto hydro-dynamic (MHD) models usually distinguish
between two accretion scenarios: stable (with accretion columns
that are fixed to the star for at least several rotational periods)
and unstable (where accretion proceeds through several rapidly-
changing fingers due to e.g. Rayleigh-Taylor instability between
the innermost disk and the star, see Kurosawa, & Romanova
2013). Unstable accretion can explain quick changes from one
rotational period to the next. Nevertheless, although we observe
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a drift in phase along the K2 observations, the timing of the
eclipses is not chaotic (Figure 7) but rather consistent with two
structures on either side of the star. These structures do change
from one rotation period to the next, but they are more stable
than Rayleigh-Taylor fingers distributed over the stellar surface.
The well-defined redshifted absorption features in some of the
Ha and Hp spectra are also characteristic of a system with stable
accretion columns viewed close to along the line-of-sight. Thus
one possibility would be RX J1604.3-2130A having intermedi-
ate characteristics between stable and unstable accretion, such
as relatively stable accretion structures attached to a particular
longitude and latitude on the stellar surface (e.g. due to a lo-
calized, dipolar magnetic field) but locally unstable (e.g. due
to Rayleigh-Taylor instability as proposed by Kurosawa, & Ro-
manova 2013, or any other localized instability). If the accretion
columns are relatively stable and locked to the disk at corota-
tion, the most intense eclipses would be related to the rotational
period. Unstable accretion along an otherwise-well-defined col-
umn could produce changes from one rotational period to the
next and changes in the vertical structure of the inner disk.

The period of increased eclipsing activity (from approxi-
mately mission day 2085 to 2105) is consistent with the picture
of relatively unstable accretion through two well-defined struc-
tures. The periodicity is dominated by the 2.5d signature during
this epoch (see Figures 5 and 6). This suggests that a change
in the inner disk mass (deeper and more frequent eclipses) re-
sults in accretion instability on the side of the star that is usually
quiescent. Triggering accretion by Rayleigh-Taylor instability
does not need a change in the stellar magnetic field, but could
result from a change on the viscosity and/or disk accretion rate
(Kurosawa, & Romanova 2013). Additional material flowing in-
wards from the outer disk could increase the mass and density of
the inner disk from time to time. Some of the eclipses observed
during this time are particularly deep, which would be also in
agreement with an increased amount of matter in the inner disk.

Irregular feeding of the innermost disk could be a way to trig-
ger thus both the 2.5d eclipses and to keep the star in an unstable
state where Rayleigh-Taylor instability changes the properties of
the accretion columns on timescales of days. It is likely that the
accretion rate will be higher if the star is accreting through both
sides. Nevertheless, an increase in accretion by a factor of few in
a star that does not have a particularly high accretion rate (so the
accretion luminosity is small compared to the stellar luminos-
ity) and that has complex extinction is hard to measure, besides
the two spots cannot be observed simultaneously in a star that
is nearly equator-on. Detailed time-resolved spectroscopy could
help to disentangle rotational modulations from the effect of in-
creased accretion (Sicilia-Aguilar et al. 2015).

Most of the line profile variations observed with HIRES can
be reproduced by rotational modulations, although both the Ha
variability and the periods of increased eclipsing activity suggest
that the accretion rate is variable on longer timescales. More-
over, the times at which the star was observed to have photo-
spheric mid-IR colors are also coincident with the times at which
Ha is weakest, suggesting lower accretion in agreement with the
picture that the time-variability observed in the inner disk de-
pends on the mass transport on a larger radial scale. Future ob-
servations of similar events are required for confirmation.

Massive bodies in the inner disk could be responsible for
small variations in the matter flow that could increase the pres-
sure over the stellar magnetosphere and promote accretion along
the two magnetically-active regions on both sides of the star. A
highly asymmetric magnetic field distributed over the surface of
the star may be also taking part of the regulation so that accre-
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tion only proceeds through intense magnetic field regions where
the star can efficiently lock into the innermost disk, not neces-
sarily matching the rate of accretion through the disk and onto
the star. If the corotation radius is located at the distance where
the Keplerian period is 5d, the magnetosphere will be quite large
(~13-14 R,) compared to what is usually assumed for young
stars. This may be an additional signature of a strong magnetic
field, maybe similar to LkCa 15 (Donati et al. 2019).

Despite the rough agreement between the accretion rate
needed to transport matter through the inner disk and the mass
required to produce the shadows and eclipses, an important prob-
lem remains: dealing with the angular momentum transport
when matter from a face-on outer disk is transferred to a nearly
edge-on inner disk. Companions between the outer and inner
disk may help in the process, but accretion of angular momen-
tum from the outer disk would also tend to change the orien-
tation of the very low-mass inner disk. A strong stellar mag-
netic field ensuring disk locking may force the material in a
particular orientation, but probably only very close-in. There-
fore, the structure of the inner disk and of the material in the
cavity may be tridimensional, highly complex, and highly dy-
namic, including bridges and streamers as it has been suggested
for another dipper, AA Tau (Loomis et al. 2017). Near- and mid-
IR observations following the object during several years could
help to constrain the structure and matter flow within the cav-
ity. Due to the location of the outer disk, a companion aligned
with the outer disk could help to explain the formation history
of the system, but it would not help with the change in angular
momentum for material that is transported from outer to inner
disk. Nevertheless, massive companions (>2-3 M;) at >22 au
have been ruled out (Kraus et al. 2008; Canovas et al. 2017),
which may be a problem to connect the outer with the inner
disk. RX J1604.3-2130B appears to be located too far away
from the disk (Kohler et al. 2000) to have a significant effect,
unless it has a highly eccentric orbit. The Gaia DR2 paralax and
proper motions for RX J1604.3-2130A (@=6.662+0.057 mas,
-12.33+0.10 mas/yr and -23.83+0.05 mas/yr) and RX J1604.3-
2130B (w=6.79+0.10, -12.64+0.18 mas/yr and -24.73+0.09
mas/yr) are consistent with a common origin, but do not con-
strain the orbital properties. A complex formation history, with
two different protostellar collapse and accretion episodes (one
originating the inner disk plus the star, and the second produc-
ing the outer disk), could explain the formation. Studying such
formation scenarios, as well as the transfer of matter from the
outer to the inner disk, would require a better knowledge of the
detailed disk structure and companions, in addition to hydrody-
namical simulations.

5. Summary and conclusions

This study reveals the power of time-resolve data together with
years of archival multi-wavelength data in the task of disen-
tangling the properties of very complex systems such as RX
J1603.4-2130A. Our main results are summarized below:

— The observed eclipses have a quasi-periodicity of 5d, con-
sistent with the rotational period of the star, and can be ex-
plained as extinction by dusty structures, probably warps at

the points where the accretion columns leave the disk.
— The eclipsing dust is located at the dust destruction radius in

corotation with the star. The corotation radius is of the order

of 13-14 R,, suggesting a very extended magnetosphere.
— The location of the warps suggests that the star is accreting

on a relatively stable regime, although occasional instabili-
ties, maybe induced by variations in the amount of matter



Sicilia-Aguilar et al.: Eclipses and unstable accretion in RX J1604.3-2130

in the inner disk, may trigger enhanced accretion through a
secondary spot, also resulting in more frequent eclipses.

— The amount of material required to produce the optical
eclipses (of the order of few percent of M¢,,.s, including gas
and dust) is comparable to what is brought in by accretion in
few days to few weeks (depending on the inner disk struc-
ture and gas to dust ratio, and on the variable accretion rate),
which explains the rapid variability. Leaving aside the uncer-
tainties in dust properties, structure shape, and inclination,
the amount of material needed to produce the IR shadows is
also roughly consistent with the mass needed to reproduce
the optical eclipses and rapid variability.

— As observed for GW Ori (Fang et al. 2014), the dusty (and
likely gaseous) contents of the inner disk are variable in
timescales of years. These long-term variations could be pro-
duced by small mismatches of the accretion rate between the
outer and the inner disk, and can explain the lack of eclips-
ing activity that coincides with the lack of near-IR excess ob-
served in the past. Future simultaneous optical and mid-IR
data would be required to confirm the transport of material
throughout the inner disk. In particular, simultaneous time-
resolved photometry and spectroscopy may help us to pin
down potential phase shifts between Ha (close to the star)
and the eclipses (close to the dust destruction radius) that
can reveal the innermost disk and magnetosphere structure.
Longer-term followup (years) in the optical and IR could be
used to understand transport from the outer to the inner disk.

— Together, the time-resolved photometry and spectroscopy
also confirm that the star is not aligned with the outer disk,
but highly inclined and rather aligned with the low-mass,
highly variable, inner disk. Systems with highly inclined
disks with respect to the stellar rotation also pose a problem
to the standard picture of protostellar collapse and disk for-
mation mechanisms, so a deeper understanding of them may
help us to understand the angular momentum transfer and the
effect of initial conditions at protostar or cluster levels on the
formation and subsequent evolution of protoplanetary disks.
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Appendix A: Data tables

This section contains the full REM observational data.

Table A.1. REM optical data. All magnitudes are given relative to those

of 58346.021046 (marked in the table with *) for which g’=12.47+0.02 mag,
r’'=11.01+£0.04 mag, i’=11.72+0.08: mag, and z’=11.01+0.08: mag. Note that
g’ is the only one for which the color terms are negligible, so that the absolute

LRI}

calibration is highly uncertain for r’i’z’.

MID Ag’ Ar’ AT Az’

(d) (mag) (mag) (mag) (mag)
58247.213152 1.031+0.051 0.782+0.015 0.774+0.025 0.658+0.044
58247.217176  1.076+0.038  0.794+0.066  0.790+0.025  0.813+0.065
58249.213074  0.505+0.037  0.340+0.019  0.343+0.021 0.218+0.034
58249.214534  0.457+0.023 0.328+0.016 0.398+0.018 0.361+0.035
58249.215942  0.464+0.028  0.330+0.015 0.327+0.016  0.382+0.036
58250.226890 0.184+0.019  0.080+0.010  0.168+0.011 0.145+0.016
58250.228301 0.164+0.017 0.089+0.008 0.159+0.013 0.084+0.030
58250.229714  0.091+0.017  0.077+0.013  0.165+0.013  0.182+0.034
58251.278677 0.599+0.020 0.447+0.013  0.499+0.011 0.606+0.021
58251.280120 0.579+0.024  0.500+0.024 0.536+0.012 0.681+0.039
58251.281533  0.328+0.033  0.288+0.017  0.258+0.017  0.227+0.031
58253.214545 0.151+0.024  0.080+0.011 0.191+£0.018  0.104+0.017
58253.215956  0.094+0.023 0.008+0.021 0.115+0.021 0.060+0.016
58254.971876  1.055+0.026  0.485+0.015  0.369+0.018  0.189+0.018
58254.974112  0.956+0.029  0.530+0.012 0.364+0.018  0.247+0.021
58254.975229  0.939+0.031 0.490+0.010  0.297+0.015 0.182+0.017
58254.976738  0.921+0.021 0.501+0.008  0.335+0.015  0.192+0.025
58254.977855 0.867+0.016  0.420+0.011 0.292+0.013  0.218+0.020
58254978971 0.791+0.020  0.402+0.011 0.267+0.015 0.134+0.024
58254980089 0.844+0.018 0.433+0.012  0.277+0.015  0.098+0.024
58254.981751 0.817+0.032  0.390+0.010 0.291+0.012  0.196+0.019
58254.982867 0.757+0.022  0.338+0.014 0.290+0.009 0.203+0.025
58254983983  0.695+0.025 0.331+0.010 0.277+0.013  0.138+0.021
58254.985100 0.708+0.026  0.339+0.010  0.300+0.011 0.235+0.027
58254.986513 0.701+0.022  0.326+0.011 0.260+0.010 0.232+0.028
58254987629 0.702+0.028  0.298+0.010  0.238+0.009  0.148+0.033
58254.988746  0.636+0.017  0.272+0.008  0.225+0.012  0.246+0.018
58254.989866 0.587+0.017 0.265+0.010  0.240+0.011 0.151+0.025
58254.991300 0.572+0.022  0.259+0.008  0.226+0.019  0.179+0.017
58254.992419 0.567+0.027  0.215+0.011 0.210+0.020  0.179+0.031
58254.993537  0.593+0.025 0.236+0.009 0.200+0.012 0.224+0.022
58254.994654  0.548+0.015 0.201+0.008  0.185+0.013  0.226+0.018
58254.996089 0.514+0.019  0.240+0.010 0.230+0.016  0.152+0.024
58254.997206  0.532+0.019 0.179+0.007 0.169+0.010 0.096+0.023
58254.998324 0.461+0.026  0.181+0.008  0.155+0.012  0.137+0.019
58254.999440 0.488+0.024  0.183+0.009 0.169+0.013  0.127+0.025
58255.000876  0.510+0.020  0.175+0.009 0.160+0.009 0.138+0.019
58255.001993  0.504+0.021 0.171£0.010  0.155+0.017  0.130+0.018
58255.003114 0.463+0.017  0.130+0.010 0.151+0.010  0.149+0.019
58255.004232  0.450+0.024  0.138+0.011 0.173+0.008 0.198+0.019
58255.005641 0.439+0.018  0.135+0.009  0.174+0.009  0.073+0.023
58255.006758 0.397+0.023  0.143+0.009  0.120+0.010  0.093+0.021
58255.007876  0.389+0.021 0.117+0.009 0.166+0.012 0.153+0.015
58255.008993  0.336+0.018  0.108+0.009  0.098+0.012  0.103+0.017
58255.011542  0.386+0.021 0.072+0.008 0.120+0.013 0.120+0.017
58255.012660 0.394+0.017 0.081+0.009 0.102+0.015 0.156+0.017
58255.013780 0.362+0.019  0.102+0.008  0.139+0.009  0.073+0.016
58255.015190 0.246+0.021 0.044+0.012 0.114+0.013 0.088+0.026
58255.016306  0.296+0.018 0.060+0.008 0.113+0.011 0.078+0.015
58255.017428  0.296+0.019  0.060+0.007  0.108+0.008  0.046+0.019
58255.018546  0.258+0.020  0.032+0.008  0.102+0.010  0.030+0.023
58255.019980 0.258+0.017 0.062+0.007 0.084+0.009 0.026+0.017
58255.021096  0.242+0.020  0.000+0.009  0.049+0.011 0.079+0.019
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Table A.1. Continued.

MID Ag’ Ar’ A1’ Az’

(d) (mag) (mag) (mag) (mag)
58255.022214  0.190+0.017  0.029+0.007  0.086+0.010  0.057+0.020
58255.023331 0.248+0.019 0.027+0.010  0.068+0.010 0.077+0.018
58255.024760  0.209+0.015  0.010+0.007  0.103+0.011 0.106+£0.019
58255.025879  0.199+0.016  0.017+0.008  0.072+0.016  0.092+0.018
58255.026997 0.221+0.017 -0.007+0.006  0.070+0.010 0.032+0.017
58255.028114  0.265+0.020 -0.008+0.009  0.080+0.008  0.079+0.023
58255.029525 0.187+0.017 -0.024+0.009 0.048+0.009  0.056+0.014
58255.030648 0.210+0.016 0.022+0.009 0.089+0.012 0.053+0.022
58255.031773 0.191+0.023  0.014+0.008  0.087+0.007  0.044+0.015
58255.032889  0.186+0.017  0.016+0.010 0.089+0.012  0.096+0.016
58255.034298 0.194+0.018 -0.002+0.008 0.104+0.014 0.018+0.017
58255.035414  0.134+0.020 -0.036+0.009 0.048+0.014 -0.005+0.019
58255.036532 0.163+0.017 -0.002+0.007  0.055+0.007  0.057+0.017
58255.037653  0.179+0.012  -0.007+0.011  0.031+0.008 0.009+0.017
58255.039090 0.136+0.017 -0.030+0.009 0.053+0.009 -0.023+0.016
58255.040207 0.168+0.018 -0.026+0.007 0.053+0.009  0.004+0.022
58255.041325 0.174+0.015 -0.038+0.010  0.050+0.009 -0.014+0.022
58255.042445 0.117+0.013  -0.061+£0.009 0.063+0.008 -0.029+0.015
58255.043857 0.126+0.015 -0.051+0.008 0.043+0.010 -0.042+0.015
58255.044974  0.115+0.014 -0.041+0.008 0.041+0.011 -0.036%0.016
58255.046095 0.138+0.017 -0.054+0.011 0.050+0.010 -0.072+0.021
58255.047221 0.100+0.015 -0.055+0.009 0.024+0.008 -0.068+0.019
58255.048632  0.105+0.033  -0.079+0.012 0.015+0.009 -0.025+0.022
58255.049753  0.075+0.019  -0.080+0.009 0.035+0.011 -0.039+0.020
58255.050870 0.078+0.016  -0.077+0.010 0.012+0.009 -0.107+0.019
58255.051987 0.064+0.015 -0.068+0.009 0.003+0.009 -0.049+0.014
58255.053401 -0.122+0.023 -0.103+0.010 0.032+0.010 -0.070+0.014
58255.054519 0.041+0.012  -0.063+0.010 0.016+0.008 -0.061+0.015
58255.055635 0.030+0.017 -0.088+0.008 -0.008+0.017 -0.044+0.014
58255.056752  0.050+0.015 -0.084+0.010 0.023+0.010 -0.021+0.017
58255.058162  0.056+0.014 -0.076+0.011 0.021+0.008 -0.042+0.016
58255.059282  0.048+0.020 -0.081+0.010 0.037+0.015 -0.045+0.015
58255.060398  0.028+0.014  -0.094+0.011 0.011+0.009 -0.075+0.013
58255.061516  0.032+0.013  -0.076+0.008 0.011+0.008 -0.104+0.015
58255.062924  0.022+0.016  -0.087+0.010 -0.002+0.008 -0.039+0.013
58255.064041 0.008+0.017 -0.110+0.010 -0.011+0.009 -0.052+0.018
58255.065158 0.019+0.014 -0.129+0.013 -0.009+0.011 -0.097+0.015
58255.066277 -0.018+0.020 -0.097+0.009 -0.041+£0.007 -0.055+0.014
58255.067685 0.008+0.017 -0.106+0.008 0.019+0.010 -0.071+0.019
58255.068803  0.000+0.013  -0.104+0.010 -0.002+0.012 -0.089+0.017
58255.069920 0.004+0.013  -0.093+0.008 0.016+0.018 -0.078+0.016
58255.071039 -0.021+0.015 -0.130+0.009 -0.018+0.009 -0.082+0.022
58255.072482  -0.023+0.016 -0.090+0.009 0.010+0.008 -0.021+0.014
58255.073599 -0.030+0.012 -0.119+0.009 -0.009+0.010 -0.042+0.014
58255.074718 0.038+0.014  -0.120+0.008 -0.014+0.011 -0.046+0.016
58255.075838 -0.021+0.015 -0.130+0.010 0.028+0.014 0.029+0.018
58255.077269  0.003+0.016 -0.107+0.011  0.036+0.017 -0.090+0.019
58255.078388 -0.006+0.013 -0.138+0.010 -0.006+0.051 -0.054+0.023
58255.079504 0.018+0.014 -0.126+0.009 0.015+0.016 -0.006+0.017
58255.080623 -0.022+0.014 -0.139+0.010 -0.022+0.013 -0.012+0.017
58255.082033 -0.037+0.015 -0.133+0.011 0.008+0.013  -0.089+0.016
58255.083149 -0.056+0.014 -0.156+0.010 0.001+0.013  -0.003+0.020
58255.084266 -0.057+0.014 -0.143+0.012 0.008+0.015 -0.022+0.024
58255.085385 -0.036+0.015 -0.145+0.010 -0.021+0.015 -0.064+0.039
58255.086793 -0.049+0.014 -0.142+0.010 -0.049+0.015 -0.057+0.012
58255.087914 -0.050+0.012 -0.155+0.010 -0.008+0.012 -0.070+0.020
58255.089031 -0.070+0.014 -0.155+0.010 0.009+0.015 -0.068+0.102
58255.090150 -0.042+0.012 -0.146+0.011 -0.024+0.014 -0.061+0.018
58255.091557 -0.071+0.011 -0.179+0.011 -0.049+0.011 -0.090+0.017
58255.092673 -0.041+0.013 -0.157+0.011 -0.013+0.015 -0.052+0.015
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Table A.1. Continued.

MID Ag’ Ar’ A1’ Az’

(d) (mag) (mag) (mag) (mag)
58255.093793 -0.070+0.014 -0.183+0.011 -0.049+0.012 -0.047+0.037
58255.094909 -0.087+0.010 -0.182+0.009 -0.033+0.013 -0.083+0.018
58255.096342 -0.076+0.014 -0.167+0.010 -0.072+0.012 -0.016+0.018
58255.097462 -0.068+0.017 -0.164+0.010 -0.049+0.011 0.002+0.019
58255.098579 -0.059+0.012 -0.140+0.010 -0.038+0.012 -0.074+0.030
58255.099697 -0.086+0.015 -0.182+0.009 -0.044+0.015 -0.088+0.019
58255.101130 -0.064+0.015 -0.167+0.011 -0.001+0.013 -0.048+0.014
58255.102256 -0.043+0.012 -0.157+0.009 -0.015+0.011 -0.076+0.013
58255.103372 -0.106+0.012 -0.159+0.012 -0.020+0.011 -0.055+0.023
58255.104488 -0.049+0.013 -0.154+0.009 -0.030+0.018 -0.041+0.025
58255.105897 -0.077+0.011 -0.173+0.010 -0.018+0.012 -0.078+0.015
58255.107012 -0.103+0.012 -0.155+0.010 -0.033+0.011 -0.095+0.013
58255.108131 -0.078+0.009 -0.169+0.009 -0.027+0.009 -0.066+0.017
58255.109247 -0.040+0.013 -0.166+0.011 -0.016+0.013 -0.022+0.026
58255.110681 -0.086+0.010 -0.162+0.010 0.000+0.021 -0.046+0.013
58255.110681 -0.086+0.010 -0.162+0.010 0.000+0.021 -0.046+0.013
58255.111799 -0.074+0.013 -0.170+£0.010 -0.017+0.014 -0.062+0.013
58255.112916  -0.090+0.013 -0.157+0.007 -0.044+0.012 -0.077+0.016
58255.114032 -0.086+0.015 -0.153+0.010 -0.017+0.012 -0.011+0.022
58255.115441 -0.090+0.010 -0.150+0.010 -0.032+0.012 0.017+0.018
58255.116558 -0.048+0.012 -0.146+0.011 -0.013+0.018 -0.051+0.022
58255.117675 -0.056+0.012 -0.138+0.013 -0.049+0.010 -0.039+0.012
58255.118791 -0.074+0.012 -0.163+0.011 -0.027+0.011 -0.044+0.014
58255.120225 -0.084+0.014 -0.173+0.010 -0.067+0.014 -0.039+0.019
58255.121343 -0.096+0.011 -0.179+0.009 -0.032+0.011 -0.038+0.024
58255.122462 -0.106+0.015 -0.162+0.008 0.003+0.011  -0.040+0.014
58255.123582 -0.082+0.016 -0.161+0.008 -0.036+0.012 -0.092+0.017
58255.125016 -0.082+0.013 -0.131+0.010 0.004+0.015 -0.034+0.015
58255.126135 -0.095+0.010 -0.166+0.008 -0.017+0.013 -0.032+0.016
58255.126135 -0.095+0.010 -0.166+0.008 -0.017+0.013 -0.032+0.016
58255.128367 -0.090+0.013 -0.173+0.009 -0.010+0.010 -0.035+0.014
58255.129776  -0.105+0.010 -0.180+0.011 -0.007+0.013 -0.047+0.016
58255.130893 -0.107+0.013  -0.149+0.009 -0.041+0.011 -0.040+0.015
58255.132013 -0.085+0.014 -0.145+0.010 -0.020+0.014 0.013+0.014
58255.133130 -0.080+0.010 -0.148+0.010 -0.015+0.014 -0.038+0.023
58255.134565 -0.081+0.011 -0.154+0.010 -0.053+0.010 -0.053+0.013
58255.134565 -0.081+0.011 -0.154+0.010 -0.053+0.010 -0.053+0.013
58255.135685 -0.055+0.014 -0.152+0.007 0.010+£0.013  -0.016%0.013
58255.136801 -0.097+0.010 -0.151+0.010 -0.010+0.009 -0.064+0.013
58255.139330 -0.046+0.012 -0.147+0.009 -0.024+0.012 -0.095+0.013
58255.140447 -0.083+0.014 -0.132+0.010 -0.013+0.009 -0.026+0.013
58255.141564 -0.076+0.010 -0.141+0.007 -0.034+0.012 -0.052+0.014
58255.142683 -0.076+0.013 -0.145+0.009 -0.010+0.010 -0.046+0.013
58255.144092 -0.085+0.012 -0.137+0.010 -0.036+0.008 -0.036+0.013
58255.145210 -0.085+0.012 -0.134+0.009 -0.020+0.009 -0.048+0.013
58255.146326 -0.058+0.014 -0.119+0.010 -0.027+0.011 -0.100+0.013
58255.148852  -0.050+0.012 -0.117+0.009 0.001+0.013  -0.076%0.013
58255.149970 -0.028+0.014 -0.135+0.009 0.003+0.012  -0.030+0.020
58255.151087 -0.060+0.012 -0.115+0.007 -0.023+0.010 -0.086+0.013
58255.152206 -0.071+0.014 -0.112+0.010 -0.014+0.010 -0.107+0.014
58255.153642 -0.072+0.012 -0.108+0.010 -0.004+0.013 -0.058+0.014
58255.153642 -0.072+0.012 -0.108+0.010 -0.004+0.013 -0.058+0.014
58255.155882  -0.072+0.011 -0.124+0.010 -0.033+0.010 -0.084+0.016
58255.156998 -0.058+0.018 -0.119+0.009 0.011+0.013 -0.040+0.016
58255.159553 -0.042+0.013 -0.112+0.007 0.009+0.010 -0.028+0.018
58255.160673 -0.060+0.016 -0.135+0.009 -0.017+0.013  0.022+0.014
58255.161790 -0.040+0.014 -0.115+0.009  0.008+0.009 -0.045+0.014
58255.163198 -0.048+0.013 -0.118+0.010 0.000+0.008 0.010+0.014
58255.164317 -0.074+0.013 -0.108+0.008  0.002+0.009 -0.014%0.013
58255.166563 -0.052+0.014 -0.110+0.010 0.007+0.010 -0.011+0.014
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Table A.1. Continued.

MJD Ag’ Ar AV Az’

(d (mag) (mag) (mag) (mag)
58255.167997 -0.035+0.014 -0.104+0.008 -0.025+0.012  0.000+0.013
58255.169113  -0.054+0.010 -0.123+0.010 0.016+0.013  -0.034+0.024
58255.171349  -0.038+0.015 -0.116+0.009  0.008+0.009  -0.014+0.015
58255.172761  0.016+0.017  -0.092+0.007 0.021+£0.013  0.036+0.016
58255.174994  -0.085+£0.011 -0.091+0.009 0.011+£0.010  0.006+0.015
58255.176117 -0.081+0.013  -0.102+0.009  0.018+0.013  0.016+0.013
58255.177524  -0.070+0.014 -0.117+0.009 0.011+0.011 -0.031+0.015
58255.178643  -0.012+0.015 -0.118+0.009  0.003+0.009  0.036+0.013
58255.179761 -0.061+0.011 -0.083+0.010  0.039+0.011  0.007+0.013
58255.179761 -0.061+0.011 -0.083+0.010 0.039+0.011  0.007+0.013
58255.180879  -0.068+0.013 -0.111+0.008 -0.013+0.011 -0.014+0.014
58255.182287  0.002+0.014  -0.088+0.008 -0.018+0.008 -0.046+0.015
58255.183405 -0.075+0.014 -0.116+0.010 0.018+0.011 -0.063+0.013
58255.184524  -0.021+0.015 -0.117+0.010  0.048+0.010  0.020+0.014
58255.185645 -0.048+0.015 -0.092+0.010  0.009+0.013  -0.021+0.014
58260.214717  1.141+£0.030  1.003+0.014  1.047+0.017  0.913+0.025
58264.214959  0.241+0.033  0.117+0.018  0.146+0.017  0.067+0.027
58264.216367  0.137+0.025  0.078+0.010  0.120+0.015  0.005+0.026
58272.149714  0.027+0.026 — 0.018+0.027  -0.056+0.021
58272.151123  0.284+0.024 — 0.323+0.024  0.309+0.029
58272.152533  -0.113+0.025 — -0.021+£0.028  -0.045+0.029
58274.152662 -0.144+0.019 -0.156+0.010 -0.069+0.023 -0.272+0.015
58274.155485 -0.173+0.023  -0.126+0.011 -0.063+0.022 -0.227+0.014
58276.156968  0.365+0.027  0.253+0.018  0.230+0.014  0.101+0.043
58276.158401  0.411+0.027  0.231+0.017  0.212+0.018  0.285+0.038
58284.125002  0.091+0.024  0.082+0.015  0.105+0.016  0.140+0.029
58284.126414  0.128+0.023  0.105+0.027  0.091+0.013  0.128+0.026
58284.127833  0.146+0.023  0.065+0.027  0.058+0.009  0.122+0.035
58286.130757  0.504+0.034  0.420+0.028  0.324+0.015  0.418+0.041
58288.244378  0.204+0.029  0.137+0.009  0.180+0.018  0.122+0.024
58288.245788  0.190+0.031  0.135+0.015  0.198+0.025  0.168+0.017
58288.247220  0.161+0.029  0.111+0.012  0.133+0.023  0.103+0.022
58290.267568  0.451+0.020  0.312+0.011  0.258+0.012  0.187+0.016
58290.268978  0.517+0.021  0.404+0.013  0.323+0.018  0.194+0.019
58292.296937  0.955+0.046  0.676+0.018  0.603+0.032  0.491+0.041
58295.324367 — 0.432+0.036 — —
58298.086531 — 0.453+0.022 — —
58298.089355 — 0.407+0.016 — —
58307.240206  0.078+0.030  -0.020+0.009  0.019+0.013  -0.047+0.019
58307.241641  0.109+0.023  0.008+0.012  0.004+0.015  -0.052+0.039
58307.243051  0.125+0.023  0.022+0.012  0.032+0.013  -0.007+0.028
58309.988264  0.371+0.025 0.164+0.018  0.207+0.009  0.238+0.025
58309.989678  0.298+0.035  0.186+0.013  0.233+0.020  0.262+0.023
58309.991112  0.324+0.036  0.174+0.021  0.298+0.009  0.332+0.029
58311.995172  -0.056+0.013  -0.106+0.009  0.008+0.014  0.073+0.019
58311.996584 -0.108+0.018 -0.132+0.009 0.013+0.018  0.000+0.021
58311.998017 -0.127+0.016  -0.132+0.009  0.014+0.014  -0.006+0.017
58314.002261 -0.041+0.014 -0.017+0.009 -0.045+0.010 -0.111+0.028
58314.002261 -0.041+0.014 -0.017+0.009 -0.045+0.010 -0.111+0.028
58314.005102 -0.027+0.013  -0.013+0.007 -0.054+0.014 -0.075+0.033
58321.001459 -0.173+0.041 -0.183+0.012 -0.175+0.016 -0.206+0.028
58321.002866 -0.228+0.043 -0.180+0.013 -0.156+0.022 -0.118+0.029
58323.007004 — 0.086+0.022 — —
58323.008441 — 0.077+0.016 — —
58323.009849 — 0.081+0.015 — —
58331.969675 -0.019+0.039  0.027+0.016  -0.011+0.022 -0.188+0.023
58336.225620  1.551+£0.040  1.007+0.015  0.720+£0.017  0.458+0.042
58336.227028  1.665+0.028  1.057+0.014  0.809+0.018  0.380+0.037
58338.989608  0.321+0.015  0.329+0.023  0.262+0.033  0.418+0.038
58341.220383  0.990+0.023  0.578+0.009  0.366+0.013  0.210+0.019
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Table A.1. Continued.

MJD Ag’ Ar AV Az’

@ (mag) (mag) (mag) (mag)
58341.223253  1.081+0.032  0.583+0.009  0.343+0.013  0.086+0.036
58346.018229 -0.035+0.011 -0.018+0.007  0.010+0.007  -0.025+0.012
58346.019638  0.008+0.011 -0.014+0.008 0.018+0.011  -0.035+0.018
58346.021046  0.000+0.009  0.000+0.005  0.000+£0.005  0.000+0.012
58348.048129  0.051+0.020  0.046+0.011  0.064+0.011  0.024+0.018
58348.049538  0.020+0.019  0.033+0.013  0.016+0.011  0.030+0.019
58348.049538  0.020+0.019  0.033+0.013  0.016+0.011  0.030+0.019
58348.050946  0.027+0.019  0.013+0.011  0.064+0.010  -0.024+0.016
58352.085858 — 1.306+0.014 — —
58352.087294 — 1.584+0.028 — —
58354.088806  0.907+0.045  0.650+0.013  0.528+0.021  0.503+0.027
58354.090241  0.849+0.021  0.696+0.016  0.569+0.016  0.449+0.025
58356.092827  0.157+0.025  0.065+0.009  0.072+0.017  0.024+0.021
58356.094261  0.145+0.018  0.062+0.008  0.044+0.019  0.018+0.027
58356.095671  0.192+0.015  0.080+0.007  0.052+0.019  0.015+0.026
58358.095785 — 0.139+0.013 — —
58358.097195 — 0.128+0.016 — —
58358.098627 — 0.100+0.019 — —
58360.149775  0.662+0.033  0.315+0.010  0.238+0.024  0.071+0.024
58360.152597  0.698+0.024  0.359+0.015  0.315+0.017  0.183+0.027
58363.042069  0.226+0.012  0.130+0.007  0.169+0.016  0.059+0.041
58363.042069  0.226+0.012  0.130+0.007  0.169+0.016  0.059+0.041
58367.136894  0.757+0.022  0.439+0.009  0.191+0.016  0.078+0.022
58367.138303  0.776+0.021  0.438+0.009  0.196+0.020  0.094+0.021
58367.139736  0.792+0.018  0.419+0.008  0.253+0.020  0.136+0.020
58370.007730  0.892+0.048  0.732+0.021  0.732+0.033  0.550+0.063
58370.009142  0.894+0.056  0.763+0.015  0.724+0.027  0.508+0.043
58370.009142  0.894+0.056  0.763+0.015  0.724+0.027  0.509+0.043
58373.115563  0.885+0.023  0.537+0.017  0.345+0.018  0.107+0.015
58373.117020  0.943+0.025  0.549+0.018  0.351+0.023  0.080+0.021
58378.074571  0.502+0.022  0.336+0.012  0.242+0.013  0.230+0.020
58381.045817 — 1.010+0.030 — —
58383.090142  0.720+0.026  0.406+0.012  0.218+0.011  0.152+0.018
58383.091578  0.773+0.033  0.419+0.013  0.220+0.016  0.002+0.024
58383.092990  0.796+0.042  0.447+0.011  0.224+0.022  0.053+0.017
58390.071665 1.373+0.026  0.996+0.028  0.799+0.019  0.657+0.018
58392.074662  0.785+0.036  0.396+0.019  0.247+0.014  -0.002+0.042
58392.076100  0.839+0.016  0.384+0.013  0.271+0.025  0.050+0.020

Table A.2. REM near-IR data. Note that because the JHK exposures are not
totally simultaneous, the MJD indicated is the one of the shortest wavelength
observation available. All magnitudes are calibrated using 2MASS data, with
calibration errors 2-4% not included.

MID J H K

(d) (mag) (mag) (mag)
58249.213255 9.132+0.025 — 8.000+0.015
58250.227253 8.920+0.020 8.205+0.007 7.895+0.012
58253.213406 8.974+0.016 8.388+0.015 8.133+0.029
58370.006668 9.350+0.020 — —
58247.217478 — 8.528+0.013 —
58254.991590 — 8.391+0.013 —
58254.992182 — 8.399+0.019 —
58254.993962 — 8.260+0.014 —
58254.994560 — 8.234+0.019 —
58255.006540 — 8.287+0.014 —
58255.007138 — 8.323+0.027 —
58255.008326 — 8.287+0.017 —
58255.021456 — 8.292+0.010 —
58255.022048 — 8.335+0.011 —
58255.023234 — 8.344+0.016 —
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Table A.2. Continued.

MID J H K
(d (mag) (mag) (mag)

58255.034590 — 8.281+0.011 —
58255.036384 — 8.215+0.014 —
58255.044760 — 8.231+0.009 —
58255.045948 — 8.204+0.027 —
58255.046552 — 8.250+0.009 —
58255.047156 — 8.344+0.008 —
58255.058474 — 8.219+0.011 —
58255.059066 — 8.274+0.016 —
58255.059658 — 8.333+0.010 —
58255.060250 — 8.219+0.015 —
58255.060852 — 8.241+0.015 —
58255.072776 — 8.269+0.011 —
58255.073370 — 8.307+0.014 —
58255.073962 — 8.245+0.009 —
58255.074554 — 8.227+0.013 —
58255.075144 — 8.269+0.029 —
58255.075754 — 8.298+0.010 —
58255.087110 — 8.269+0.012 —
58255.087708 — 8.246+0.010 —
58255.088302 — 8.205+0.014 —
58255.089492 — 8.313+0.011 —
58255.090094 — 8.209+0.012 —
58255.102022 — 8.276+0.007 —
58255.102622 — 8.310+£0.013 —
58255.103214 — 8.296+0.010 —
58255.103812 — 8.277+0.010 —
58255.104404 — 8.301+0.022 —
58255.112152 — 8.302+0.018 —
58255.112746 — 8.239+0.016 —
58255.113356 — 8.296+0.020 —
58255.113948 — 8.319+0.013 —
58255.125308 — 8.275+0.008 —
58255.125898 — 8.276+0.013 —
58255.128288 — 8.281+0.009 —
58255.140244 — 8.283+0.009 —
58255.140836 — 8.223+0.009 —
58255.142030 — 8.264+0.019 —
58255.142630 — 8.188+0.011 —
58255.154528 — 8.274+0.010 —
58255.155126 — 8.136+0.013 —
58255.155722 — 8.215+0.013 —
58255.156314 — 8.287+0.010 —
58255.156922 — 8.231+0.014 —
58255.168290 — 8.351+0.013 —
58255.168910 — 8.356+0.012 —
58255.169476 — 8.279+0.010 —
58255.170682 — 8.378+0.021 —
58255.171280 — 8.309+0.012 —
58255.179642 — 8.277+0.021 —
58255.180848 — 8.274+0.009 —
58260.215018 — 9.009+0.008 —
58270.148478 — 8.338+0.024 —
58272.150000 9.365+0.014 8.256+0.041  8.152+0.026
58276.155858  9.122+0.022  8.287+0.007 7.916+0.011
58284.126700 — 8.248+0.013 —
58286.128202 9.145+0.018 8.135+0.023  7.938+0.024
58288.244720  9.055+0.013  8.307+0.025 7.720+0.009
58292.295794 — 8.406+0.010 —
58298.088246 — 8.415+0.014 —
58307.241924 — 8.157+0.007 —
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Fig. B.1. Observed flares.
Table B.1. Flares deteted in the K2 data.
MID Strength ~ Duration  Notes
(d) (vs cont.) (h)
58973.147562 1.2 1.5 Weak
58983.935503 L5 L5 Possible tail up to 1.5h more
58985.406582 1.5 1.5 During eclipse, uncertain
58990.146722 1.2 2.5 Rise and fall observed
59000.117352 1.2 2.5 Messy, could be 2 flares
59001.997061 1.3 0.5: Single datapoint, uncertain
59015.502389 1.4 0.5: Single datapoint, uncertain
59021.611483 4.9 2.0 Very strong, 2 points
59023.082572 1.1 1.5 Weak, 2 points

Notes. The MJD is given for the first point that shows a significant increase in the flux. The strength is given as the ratio with respect to the local
continuum. The length reflects the time span until the flux is observed to be back to normal, and is limited by the 30 min K2 cadence.

Table A.2. Continued.

MID J H K
(d) (mag) (mag) (mag)

58309.988535  9.042+0.028 8.438+0.009 7.812+0.047
58314.003964 — 8.351+0.008 —
58325.060016 — 8.597+0.008 —
58331.971384 — 8.092+0.043 —
58350.071990 — 8.307+0.013 —
58358.097510 — 8.361+0.015 —
58375.119376 — 8.514+0.020 —
58375.119376 — 8.512+0.020 —
58381.044726 — 9.034+0.014 —
58392.076388 — 8.572+0.017 —
58251.281870 — — 8.380+0.024
58336.227364 — — 8.133+0.034
58363.042402 9.229+0.012  8.431+0.007  8.054+0.009
58370.009478 — — 8.084+0.041
58373.117348 — — 8.044+0.020
58378.077774 — — 8.155+0.037
58383.093367 — — 8.014+0.103

Appendix B: Flares observed in the K2 data

Despite the mild accretion, there are signatures of activity. There are several brief increases in brightness in the K2 data that could
be stellar flares (see Table B.1). In 5 cases, the increased flux is detected in at least 3 datapoints, revealing a profile consistent
with stellar flares (Doyle et al. 2018; Gershberg & Shakhovskaia 1983), with a sharp rise and slower decline and duration between
1-3h (see Figure B.1). Four more potential events are detected in less than 3 observations (consistent with short flares, Doyle et
al. 2018, but also harder to confirm) and/or are weaker. One among them happens during an eclipse, so their classification is more
uncertain. One of them (on MJD 59021.611483) has extreme intensity, although it does not show the usual flare profile (rapid rise,
slower decay), but rises over two observations and falls of from the peak within half an hour. The two largest flares happen at the
begining and at the end of the period between 2091-2010d when the star also presents concatenated eclipses, but more data would
be needed to tell whether this is significant. One of the flaring events may be composed of at least two consecutive flares, as it has
been observed in some M-type stars (Doyle et al. 2018). No flares are detected in the REM data, likely due to the sparse sampling.
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Table C.1. HIRES/Keck radial and rotational velocities.

MID Rad. Vel. vsini
(d) (km/s) (km/s)
53902.275 -6.6£0.6 16.7+0.4
53902.278 -6.8+0.4 16.6+0.7
54642417 -44+0.7 17.7+0.5
54689.304 -5.7+1.5* 18+2*
55256.556 -7.7+0.3" 11+£2*
55287.614 -6.8+0.1 16.2+0.6
Notes. Values marked with * are uncertain due to poorer S/N in the spectra.
Table D.1. Archival SED data during the out-of-eclipse phases.
A F, Survey Reference
A) dy)
0.350  0.0014+0.0001  SkyMapper u W18
0.387  0.0045+0.0004  SkyMapper v W18
0.420 0.0286 HIPPARCOS BT UO1
0.444 0.0171+0.0086  Johnson B H15
0.444 0.0188+0.0076  Johnson B H15
0.468 0.0215+0.0068 POSS-11J L08
0.482  0.026+0.012 SDSS g’ H15
0.497  0.0403+0.0027  SkyMapper g W18
0.505 0.0329+0.0015 GAIADR2Gbp D19
0.554  0.045+0.019 Johnson V H15
0.604  0.067+0.005 SkyMapper r W18
0.623  0.059+0.001 GAIA DR2 G D19
0.625 0.071+0.028 SDSS 1’ H15
0.763  0.105+0.044 SDSS 1 H15
0.772  0.110+0.004 GAIA DR2 Grp D19
0.784  0.123+0.039 POSS-1I'i L08
0.865 0.164 PAN-STARRS z  Cl16
3.35 0.293+0.006 WISE W1 C12
4.6 0.251+0.004 WISE W2 C12
11.6 0.0614+0.0008 WISE W3 C12
22.1 0.152+0.003 WISE W4 C12
23.7 0.173+0.006 Spitzer/MIPS 24 EI18
65 2.7 AKARI N60 Y10
90 3.15+0.25 AKARI WIDE-S Y10
134 5.3+1.0 AKARIWIDE-L Y10
160 2.62 AKARI N160 Y10
880 0.219+0.001 ALMA B16

Notes. References: B16 (Barenfeld et al. 2016); C12 (Cutri, & et al. 2012); C16 (Chambers et al. 2016); D19 (Damiani et al. 2019); E18 (Esplin
et al. 2018); LO8 (Lasker et al. 2008); UO1 (Urban et al. 2001); Y10 (Yamamura et al. 2010); W18 (Wolf et al. 2018); Z04 (Zacharias et al. 2004).
Note that some of the datapoints are provided without uncertainties in the original papers.

Appendix C: Summary of the kinematics from optical spectroscopy

Table C.1 lists the rotational and radial velocities derived for all the individual Keck spectra. The rotational and radial velocities
are consistent throughout all the spectra, although the quality of the data from MJD 55287.614 is better than the others. There is
no evidence of radial velocity variability within the observed errors. Constraining the possible radial velocity companions with
sparse-sampled data in an object with variable accretion and quasi-stable accretion columns along the line-of-sight would require a
detailed analysis to distinguish accretion and gas absorption from the disk from those of potential companions (e.g. see Mora et al.
2002; Sicilia-Aguilar et al. 2015) that is beyond the scope of this paper. Note that the spectra from 54689.304 and 55256.556 are
noisier than the rest in the regions used for the velocity estimates, and thus the results are highly uncertain.

Appendix D: Archival SED photometry

Table D.1 contains the archival photometry from VizieR that we selected as being most likely representative for the out-of-eclipse
SED. We chose the brightest magnitudes observed in each filter, adding also those that are unlikely to change due to extinction
and on short timescales (mid-IR and longer wavelengths). Due to the non-homogeneity of the sample and to the lack of detailed
knowledge of the full spectrum variability, some of the selected points may have been taken during eclipse phases.



