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ABSTRACT

Context. The so-called “dippers” are young stellar objects that exhibit dimming episodes in their optical light curves. The common
interpretation for the occurrence of these dips is that dusty regions periodically or quasi-periodically cross the line of sight toward the
object.

Aims. We develop a model where we assume that these regions are located at the intersection of the magnetospheric stream with the
disk. The stream is fed by gas and dust coming from the disk. As the material follows the magnetic field lines above the disk plane, it
forms an opaque screen that partially blocks the stellar emission. The amount of extinction caused by the material crossing the line of
sight depends on the abundance and location of the dust along the stream, which depends on the degree of dust evaporation due to the
heating by the star.

Methods. We run hydrodynamical simulations of dusty accretion streams to produce synthetic dipper light curves for a sample of
low-mass young stars still accreting from their disk according to evolutionary models. We compare the distribution of the light curve
amplitudes between the synthetic sample and observed samples of dippers from various star-forming regions.

Results. Dust evaporation along the accretion column drives the distribution of photometric amplitudes. Our results suggest that most
of the observed dippers correspond to systems seen at high inclination. However, dust survival within accretion columns may also
produce dippers at lower inclination, down to about 45°. We find that the dust temperature arising from stellar irradiation should be
increased by a factor 1.6 to find consistency between the fraction of dippers our model predicts in star-forming regions and the observed
fraction of 20-30%.

Conclusions. Transient dust survival in accretion columns appear as an alternative (or complementary) mechanism to inner disk warp

occultation in order to account for low-inclination dippers in star-forming regions.

Key words. circumstellar matter — stars: pre-main sequence

1. Introduction

Optical photometric surveys in several star-forming regions
(Herbig 1998; Cohen et al. 2004; Cody et al. 2014; Stauffer
et al. 2015) identify dipper objects, defined as systems that inter-
mittently (periodically or aperiodically) decrease their intrinsic
flux. The straightforward explanation is that dusty circumstellar
material crosses the line of sight. Because the material surround-
ing the star is in a rotating disk, periodic light curves (lcs)
can be explained by long-lived structures located at a radius
consistent with the timescale of the variability. Following the
analysis of Ics of AA Tau by Bouvier et al. (1999), various works
(e.g., Fonseca et al. 2014; Nagel & Bouvier 2019) invoked a dusty
warp located at the inner edge of the disk as being the occult-
ing structure responsible for periodic dippers with periods of a
few days. This mechanism is relevant to systems with disks seen
at an inclination larger than 55° (McGinnis et al. 2015). How-
ever, there exists dippers with lower inclination (inc) estimates,
as low as 4-6° in p Oph and Upper Sco (Cody & Hillenbrand
2018), or 27-29° in Taurus (Roggero et al. 2021) as well as
in NGC 2264. (McGinnis et al. 2015). Disk inclination esti-
mates usually rely on the large scales (10s of au) investigated by
ALMA, and evidence exists for inner-outer disks misalignment

(Bohn et al. 2022) that could possibly account for low-inclination
dippers (e.g. J1604, Sicilia-Aguilar et al. 2020; LkCa 15,
Alencar et al. 2018).

Nagel & Bouvier (2020) explored an alternative scenario,
starting with a system consistent with an inner disk warp result-
ing from the interaction of the inner edge of the disk with an
inclined stellar magnetosphere at the truncation radius (Rt), as
in Bouvier et al. (1999). The warp is at the base of an accre-
tion stream that follows the magnetic field lines toward the stellar
surface. The model of Nagel & Bouvier (2020) evolves the size
of the grains as they evaporate along its trajectory towards the
star. If the magnetospheric stream were completely filled with
dust, then every object would be catalogued as a dipper, indepen-
dent of its inclination. However, because at the high temperatures
within the accretion column, dust dynamically evaporates along
the stream. The grain size decreases from the top to the base
of the column, being eventually totally evaporated close to the
star. The opacity dependence on the grain size and the amount
of evaporation both define the inclination-dependent behavior of
the lc amplitude. Modeling the dust evaporation process along
the accretion column allows us to estimate the fraction of dip-
pers expected in a stellar sample with a random distribution of
inclination.
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The aim of this work is twofold. The first aim is to compare
the fraction of dippers observed in samples of Classical T Tauri
Stars (CTTS) with the fraction we obtained from a grid of dusty
accretion funnel models ran for parameters relevant to a young
stellar population. The second aim is to quantify the amplitude
of dipper Ics in terms of inclination and derive the inclination
threshold at which the dipper phenomenon appears. This char-
acterization is relevant to identify a restricted parameter space
where models are consistent with the observations. As an exam-
ple, the modeling of V715 Persei by Nagel & Bouvier (2020)
provided a consistent set of solutions with different grain sizes
(10 and 100 pm) able to account for its dipper lc. We intend
here to generalize the modeling by exploring a large parameter
space and applying it to a full synthetic sample of young objects
representative of the observed samples.

The paper is organized as follows. Section 2 reviews the
number of dippers observed in various star-forming regions as
well as their inclination estimates. Section 3 presents the physi-
cal bases of the dusty funnel flow model used to interpret optical
Ics of young stellar objects (YSOs), along with the description
of the code. In Sect. 4, we run the code to produce a sample
of synthetic Ics for stars with masses from 0.17 to 1.07 M, and
use the distribution of amplitudes as a function of inclination to
compare with observations. Section 5 summarizes our findings
and conclusions.

2. Dippers in star-forming regions

2.1. The frequency occurrence of dippers in star-forming
regions

Photometric variability is an ubiquitous feature of YSOs
as revealed by large-scale surveys of star-forming regions
(Morales-Calderén et al. 2011; Stauffer et al. 2014, 2015; Cody
et al. 2014). Alencar et al. (2010) presented a characterization
of this variability in NGC 2264 (2-3 Myr old) using optical lcs
coming from CoRoT observations in 2008. They use information
of the UV excess and the H, width to select 83 CTTSs out of
301 observed cluster members in order to connect the observed
variability with the presence of material surrounding the star.
The whole sample of CTTSs present some level of variability in
their Ics. They define two categories for periodical variability:
the spot-like Ics has 28 members and the AA Tau-like Ics, i.e.,
periodic dippers, has 23 members. The irregular variability
category has 32 members. Using these numbers, 27.7% (23/83)
of the CTTSs present in NGC 2264 are periodically extincted.
Cody et al. (2014) extended the sample of CTTSs (162 members)
with the analysis of the Ics from a CoRoT survey of this region in
2011. The complete sample was cataloged in seven classes. The
periodic dippers (17/162) and aperiodic dippers (18/162) add to
21.6% of the complete sample. Simultaneous to the observa-
tions by CoRoT in 2011, Spitzer observed 29 objects with AA
Tau-like lcs. McGinnis et al. (2015) explained the optical Ics of
the dippers with the model of a disk warp periodically occult-
ing sections of the stellar surface, as originally proposed by
Bouvier et al. (1999). Stauffer et al. (2015) subsequently reported
a “narrow-dip” group consisting of nine sources, and suggested
narrow dips are produced by clumps of material located at or
near the inner edge of the disk, a scenario consistent with the
model we present in Sect. 3.

The stellar forming regions p Oph (1Myr) and Upper Sco
(10 Myr) is analyzed by Ansdell et al. (2016a) using 13 344 Ics
coming from the Kepler mission. They filter them by eye,
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extracting 100 sources showing quasi-periodic or aperiodic dim-
ming events. Out of this subsample they identify ten dippers with
10-20 dips during an 80-day observing campaign with widths
ranging between 0.5 and 2 days and depths of up to 40%. A step
forward was done by Hedges et al. (2018) where a large sam-
ple of objects included in the K2 Campaign was analyzed using
supervised machine learning. The result is a sample of 95 dip-
pers divided as follows: 42 systems in Upper Sco, 22 systems
in p Ophiuchus and 31 dippers with an unknown membership.
The dipper fraction out of the subsample of CTTSs is 21.8% for
Upper Sco and 20.1% for p Ophiuchus. A statistical analysis of
Ics of the K2 mission by Cody & Hillenbrand (2018) established
variability categories on the basis of periodicity and symmetry.
Aperiodic dippers amount to to 9% in Oph and 8% in Sco, and
the combined sample to 16%. Quasi-periodic dippers amount to
to 14% in Oph and 18% in Sco, and the combined sample to 17%.

The Taurus star-forming region was also monitored by K2
in 2015 and 2017. Rebull et al. (2020) analyzed the sample and
found periodicity in 81% out of 156 members. The focus of
their work was the estimation of rotation periods. Roggero et al.
(2021) identify 34 dippers out of 101 detected CTTSs, leading
to a dipper fraction of 31%. As a complement, Rodriguez et al.
(2017) presented observations of 56 target stars identified in the
Campaign 13 of K2 with the Kilodegree Extremely Little Tele-
scope (KELT) survey. From these data, they identify six dippers,
with five being unknown.

These wide-scale surveys thus indicate that the fraction
of dippers in the CTTSs sample usually lies between 20 and
30% in star-forming regions. In Sect. 4, we calculate Ics from
a set of models computed for stellar samples representative
of star-forming regions, allowing us to derive the expected
fraction of dippers that we compare with these observational
results.

2.2. Distribution of inclination for dippers in star-forming
regions

Since the dipper phenomenon is expected to strongly depend
on the viewing angle of the system, we present in this section
estimates of inclination for the observed samples of dippers in
several star-forming regions.

For NGC 2264, we take the estimates listed in McGinnis
et al. (2015) or from Stauffer et al. (2015) for objects not included
in the former sample. We estimate inclination for the Stauffer
et al. (2015) sample using the temperature scale for T by Pecaut
& Mamajek (2013). We list the 24 inclination estimates for this
region in Table A.1. For the p Oph and Upper Sco samples of
Cody & Hillenbrand (2018), we take the inclination estimates
from Barenfeld et al. (2017) when available. In the sample of
Ansdell et al. (2016a), three out of ten objects are included in
Barenfeld et al. (2017)’s sample, and we add the remaining seven
to our list. Finally, we also add the estimates of two objects in
Ansdell et al. (2016b) not present in the previous samples. We
present the 22 inclination estimates for this region in Table A.1.
For Taurus, we start with Roggero et al. (2021) and add two
objects from Rodriguez et al. (2017), amounting to the 13 esti-
mates listed in Table A.l. In Table A.l, we divide the sample
in bins according to a uniform sin i distribution, as seen by the
observer (Gaige 1993).

According to the ranges presented in Table A.l, the num-
ber of dippers increases with inclination. This tendency is shown
in Fig. 1 where the cumulative distribution of the inclination of
observed dippers in the three forming regions and the total cumu-
lative distribution (all the regions) are shown. The modeling of
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Fig. 1. Cumulative distribution of the sini of observed dippers in three
star-forming regions: NGC 2264 (purple line), p Oph + Upper Sco
(green line) and Taurus (blue line). Also the total cumulative distribu-
tion (all) is shown as a yellow line.

the CoRoT Ics by McGinnis et al. (2015) using an inner disk
warp is consistent with values of inclination down to 59°, i.e.,
with 36 out of 59 objects (61%). Unless the inner and outer disks
are misaligned, the modeling of the remaining objects require
another physical mechanism.

3. Description of the dusty funnel flow model

The paradigm explaining the few day periodicity of dippers is
based on the explanation of the Ic for the prototypical object AA
Tau. The physical mechanism proposed by Bouvier et al. (1999)
and used by many subsequent studies is that a dusty warp at the
base of the magnetospheric stream periodically occults a sec-
tion of the stellar surface. This phenomenon accounts for dipper
Ics in high-inc systems. However, there exists a subsample of
low-inc dippers that cannot be easily explained by this process.
We propose here an alternative model to explain low-inclination
dippers, namely dusty accreting funnel flows.

The main source of emission in the optical is the star. Peri-
odic dips in the optical Ic on a timescale of a few days can be
interpreted as dusty structures located at the inner disk edge
blocking part of the stellar radiation. The interpretation of the
AA Tau Ic (Bouvier et al. 1999) is based on this mechanism,
where the occulting structure is a warp at the base of the mag-
netospheric stream connecting the dusty disk and the star. This
geometrical model is used in McGinnis et al. (2015) and Nagel
& Bouvier (2020) to interpret a set of variable objects in the
star-forming region NGC 2264. Bouvier et al. (1999); McGinnis
et al. (2015) and others consider an optically thick warp that com-
pletely blocks some fraction of the stellar surface. Instead, Nagel
& Bouvier (2020) compute the extinction component due to an
evaporating dusty stream located between the disk and a hot spot
formed in the stellar surface. The spot radiates the energy dissi-
pated in a shock as the free-falling material in the stream hits the
stellar surface. Dust survival within the accretion stream is rel-
evant to interpret lcs of objects seen at a lower inclination than
the high inclination required by the disk warp model. An argu-
ment in favor of this alternative or complementary mechanism is
the existence of several objects with low inclination that display
dipper Ics.

The physical model we develop to generate synthetic Ics is
the partial occultation of the stellar surface by dust in the mag-
netospheric streams. The streams result from material accreted
from the disk that travels towards the magnetic poles at the stel-
lar surface along the stellar magnetic field (B, )-lines. We assume
this scenario because a dominant dipolar configuration for By is
common among YSOs (Gregory et al. 2010; Donati et al. 2011,
2020). The formation of these structures occurs in a stable state
corresponding to a mass accretion rate below some critical value
(Kulkarni & Romanova 2009) while the signature of the unstable
state is the formation of “tongues” of material around the equa-
torial plane, penetrating the B,-lines (Kulkarni & Romanova
2008). We assume a stable state where the rotation of the star
and comoving magnetosphere periodically modulates the visi-
bility of the accretion stream attached to the magnetic pole in
the upper hemisphere, as seen by the observer. The effect is a
dip periodically appearing in the optical light curve due to the
extinction of the dusty funnel flow as it crosses the line of sight.
The amplitude of the dip is strongly related to the geometry and
the amount of dust around the star.

Li et al. (2022) present a model for the formation of plan-
etesimals very close to the star by dust coagulation and frag-
mentation. The distribution of grain sizes delivered at the base
of the accretion stream depends on these physical processes. We
assume that small grains easily follow the fluid but large grains
are not dragged by the gas. The critical size () below which
the grains are dragged away is calculated by equating the drag
force with the vertical stellar gravity. Li et al. (2022) found that

3posH
4p

, ey

Ferit =

where the scale height of the disk H = ¢,/Qg, Qk is the kep-

lerian angular velocity in the disk, ¢ = +/yKT/m is the sound
velocity with y = 7/5 as the adiabatic index, K is the Boltzmann
constant, m = 2.34m, is the mean molecular weight with m,
the proton mass, and T is the temperature. The average material
density of silicate grains is p = 2.3 gcm™>, and p; is the gas den-
sity at the disk launching height of the funnel flow. The value
of reit is taken as the maximum size of the grains at the base of
the stream in the models presented in Sect. 4.3. From this initial
value, the size decreases as the particles evaporate during their
approach to the star.

The gas density is related to the mass accretion rate M
through the equations,

M =327RdR, and, X, ~ 205Cs, 2)

where X is the rate at which material characterized with a sur-
face density feeds the stream, and the factor of 2 in Eq. (2) means
that the disk loses material toward the magnetic poles at both the
upper and lower hemispheres. We assume that the width of the
ring participating in this process is dR/R ~ 0.03 (Li et al. 2022).

The formation of the streams occurs where the disk is trun-
cated by the stellar magnetic field (Konigl 2011), which is given

by:
1/7
s, 0

where B, is the equatorial value of the dipolar component of the
magnetic field at the stellar surface. The hydrodynamical inter-
action of the disk and the star through the magnetic field locates

e 5
GM, M?
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Table 1. Models of pre-main sequence accreting stars from Baraffe et al. (2017; see text) used to produce the synthetic Ics.

Models M, (Mo) Ry (Ro) Ti(K) M Moyr™) Meui (Moyr™) B.(G) Rr (R
1 0.165 0.950 3129 3.29x 1077 1.774 x 1078 1571 9.71
2 0.178 0.944 3139 1.18 x 107 7.103 x 107° 1021 10.02
3 0.202 1.033 3201 1.70 x 1070 8.66 x 1077 1040 9.55
4 0.236 0.953 3244 2.51x107° 2.033x 1078 1832 10.91
5 0.237 1.127 3252 2.59x 107 1.172 x 1078 1129 9.24
6 0.288 1.318 3381 1.14x 1078 3.744 x 1078 1742 8.43
7 0.348 1.370 3407  4.67x107° 1.669 x 1078 1162 8.63
8 0.459 1.530 3493 1.75x 107 5.86 x 10~ 643 8.48
9 0.534 1.827 3579  4.83x107° 1.039 x 1078 712 7.47
10 0.556 1.791 3603 2.33%x 1078 5.635x 1078 1717 7.72
11 0.614 1.873 3739 2.57% 1078 5.969 x 1078 1713 7.63
12 0.708 1.940 3721 2.15% 1078 5216 x 1078 1588 1.73
13 0.715 1.783 3689 6.08 x 107~° 2.002 x 1078 1096 8.43
14 0.832 1.689 4088 7.30x 1070 3.472x 1078 1604 9.37
15 0.923 2.251 4045 2.57x 1078 5.047 x 1078 1386 7.27
16 1.072 2.255 4187 4.20x 1078 9.756 x 1078 1996 7.63

Rt very close to the corotation radius R, given by:

GM., 1/3
%o~ (irr) v

where P,y is the rotational period of the star. We assume Ry =
R, such that M can be extracted from

M

T GM R\ P

B2RS (27 \'
e ( 77) (5)

rot

The presence of dust at the inner edge of the disk is an unavoid-
able requirement because the high opacity of the grains is by far
the largest contributor to the stellar extinction. For dippers, the
estimate of the dust temperature (7) at this location is below the
evaporation temperature (7yap) associated to the typical range of
densities in this region. The dust temperature is calculated as in
Nagel & Bouvier (2020) assuming an optically thin environment
with heating from the stellar radiation.

The physical characteristics of the stream changes as the dust
moves towards the star, and the stream can be divided in three
regions: a non-evaporating layer defined by Tgq < Teyap, a dynam-
ically evaporating layer with Ty > Teyap, and an inner dust-free
region. The density in the stream is defined by the amount of
material falling to the star, assuming that the material follows
the B,-lines. We use the accretion model of Hartmann et al.
(1994) for a dipolar magnetic structure, which is consistent with
magnetic surface maps of young accreting stars (Donati et al.
2011, 2020; Gregory et al. 2012). Because, Teyqp Weakly depends
on density, the boundaries of the three regions strongly depend
on the value of T4. Hartmann et al. (1994) assumes that Alfven
waves formed at the hot spot are dissipated along the stream and
heat the material to temperatures larger than 6000 K for most
of the magnetosphere, steeply decreasing with radius close to
Ry. At these temperatures, the rate of evaporation, that is how
fast the grain size decreases, is so large that the dust instanta-
neously dissipates. In the model presented below, we assume
that T4 results from an equilibrium between the absorbed stel-
lar radiation and the emission by the grains in an optically thin
environment, corresponding to weakly extincted YSOs.

A61, page 4 of 11

4. Synthetic dipper light curves simulating
a star-forming region

4.1. The accreting stellar models

Nagel & Bouvier (2020) presented a model using a dusty mag-
netosphere as the occulting structure to explain the periodically
extincted lc of the dipper V715 Persei. We aim here at explor-
ing a wider parameter space in order to produce a full sample of
synthetic light curves for young stellar objects covering a stel-
lar mass range consistent with low-mass stars in star-forming
regions. We thus define a sample of low-mass stars from Baraffe
et al. (2017) pre-main sequence models of accreting stars, where
the stellar parameters for each model are attached to a single
value of M. Baraffe et al. (2017) self-consistent evolutionary
models of accreting objects couple numerical hydrodynamics
simulations of collapsing pre-stellar cores and stellar evolu-
tion models. They analyze two scenarios: the cold accretion
model where all the accretion energy is radiated away and the
hybrid accretion model in which some of the accretion energy is
absorbed by the protostar. We focus on the hybrid model because
we expect that some of the energy should be absorbed by the
forming star. We support this choice with the fact that this model
is able to explain the luminosity dispersion of young stellar
objects in the Collinder 69 and the Orion Nebula clusters (Jensen
& Haugbolle 2018). A set of 30 models are provided for accret-
ing stars in the mass range from 0.06 to 1.69 My with values of
M at an age of 2 Myr that are consistent with a stable state in the
hydrodynamical simulations of Kulkarni & Romanova (2009).
The Baraffe et al. (2017)’s models are also consistent with the
estimate of log(M) (-9 and —7.5) for a subset of dippers in the
sample presented by Roggero et al. (2021). The stellar parame-
ters combined with the value of M determine B, through Eq. (5).
We estimate B, for the hybrid model sample at 2 Myr and further
limit the sample to the 16 models within the mass range from 0.17
to 1.07 M, that yield B, < 2 kG in order to be consistent with
observations (Donati et al. 2011, 2020). Table 1 lists the param-
eters associated to each stellar model as well as B, as derived
from Eq. (5) and the threshold value of M such that M < M
corresponds to a stable accretion regime according to Kulkarni
& Romanova (2008).
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Fig. 2. Boundaries of the evaporating layer: (R, plus signs connected
in purple and Ry, crosses connected in green) for Case A (fiducial
case). We present the 16 stars of the hybrid model at 2 Myr by Baraffe
et al. (2017). The dust is not evaporating where R > Ry, and the dust-
free region is located at R < Rpy,. Also we present an estimate of the
lower threshold of inc where we expect models producing dips for each
of the stars in the sample.

The dust abundance at the base of the stream defines the
range of amplitudes of the synthetic models and we assume a
typical gas-to-dust ratio {g = 0.01 (Pollack 1994). The stellar
rotational period (Py,) of young accreting stars ranges between 2
and 10 days with little dependence on stellar mass above 0.2 M,
(Rebull et al. 2018). We fix P at 8 days in the set of Ics pre-
sented below and explore shorter periods in Appendix B. For
very low mass objects (M, < 0.2 M), there is a correlation
between M, and P, (Rebull et al. 2018, 2020, 2022). Among
the 16 stellar models considered here, only two have such low
masses. We explore the effect of shorter periods for lower mass
objects in Appendix C and conclude that the main features in the
distribution of lc amplitudes do not change.

With this set of accreting stellar models, the inclination
remains the main parameter that drives the lc amplitude and
the frequency occurrence of dippers, two quantities that can be
directly compared to observations (see Sect. 2). We thus produce
80 synthetic Ics from the 16 models in Table 1, each one seen at
five inclinations: i = 15, 30, 45, 60, 75°. These values are taken
as typical for the last five bins of Table A.1. We do not consider
very low values since all the dust is evaporated along the line
of sight towards the star nor very large values as the optically
thick part of the disk would completely occults the star, such
that 15 < i < 75°.

4.2. An optically thick funnel flow?

Using the models described above, we can now derive the
radial boundaries of the dynamically evaporating dusty layer that
determines the range of inclination over which the dipper phe-
nomenon can be detected. The evaporation rate depends on Ty, as
mentioned in Sect. 3, which is calculated as in Nagel & Bouvier
(2020) assuming heating by the stellar radiation in an optically
thin environment.

In order to quantify this process, we present in Fig. 2 the
radii associated to the boundaries of the evaporating layer for all
the objects in the sample. We refer to this model as the fidu-
cial case, Case A, where the dust temperature results from stellar
irradiation alone. We follow a streamline starting at Rt in the
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Fig. 3. Boundaries of the evaporating layer as in Fig. 2 but each model
is recalculated with an increment of the temperature by a factor of 1.2,
Case B.

midplane of the disk to identify Rp,x, the radius where the grains
begin to evaporate and Ry, the radius where they complete this
process. We assume the evaporation model of Xu et al. (2018)
as described and implemented in Nagel & Bouvier (2020). The
evaporation process starts where the saturation pressure (Pgy) is
larger than the gas pressure (Pg) and terminates where the oppo-
site inequality holds. Py, depends on T4 while Py depends on
the density of the gas in the stream which is connected to the
density in the disk, in turn related to M. The value of Ty where
the equality holds corresponds to Teyap. For example, in Case A
and model 1, Teyap = 2092 K and for model 9, Teyqp = 1965 K.

Following this scheme we can estimate a lower threshold for
inclination above which dipper light curves may be expected (see
Fig. 2). The threshold value corresponds to the inclination of the
line of sight connecting the lower part of the projected stellar
surface (i.e. where the star starts to be occulted) and R,;,. The
evaporating layer does not intersect the lines of sight inclined
below this threshold, such that in this case the stellar extinction
is not relevant. The radial extent of the layer changes accord-
ing to the object’s parameters. The layer has a tendency to move
toward larger radii when M, increases. For each object, the val-
ues associated to Ryin, and Ry.x not only depend on the stellar
parameters but also on the disk parameters, mainly M, because
Tevap depends on the density. For this reason, Ry, and Rpax
do not show monotonic behavior in terms of M,. The radial
extent of the layer (Rmax — Rmin) changes between 0.023 and
0.14 Rt. Note that the inclination threshold decreases when R,
decreases and this tendency of R, is found if M, decreases.
From this we can conclude that low luminosity objects are prone
to behave as low-inclined dippers.

In Sect. 3 we mention that the dust temperature, T4, esti-
mated using the stellar heating can be underestimated because
there is energy available coming from Alfven waves formed in
the hotspot at the tip of the magnetospheric stream (Hartmann
et al. 1994; Tessore et al. 2023). In order to analyze the effect of a
higher dust temperature, we ran additional sets of models with an
arbitrary increase of T4 by a factor of 1.2 (Case B), 1.4 (Case C),
and 1.6 (Case D). These are illustrated in Figs. 3, 4, and 5, respec-
tively. The behavior of Ry, and Ry« as T4 increases can be seen
in the sequence of cases starting with Case A as reference, fol-
lowed by Cases B, C, and D, respectively. Figures 3—5 shows
that the evaporating layer moves to larger radii as the tempera-
tures increases compared to Fig. 2. From this we can conclude
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Fig. 4. Boundaries of the evaporating layer as in Fig. 2 but each model

is recalculated with an increment of the temperature by a factor of 1.4,
Case C.
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Fig. 5. Boundaries of the evaporating layer as in Fig. 2 but each model
is recalculated with an increment of the temperature by a factor of 1.6,
Case D.

that the lower threshold of inclination to produce synthetic dip-
pers increases when Ty increases. The frequency occurrence of
synthetic dippers in term of inclination for the various cases is
presented in Sect. 4.3.

The main parameter defining the location of the evaporating
layer is the radial profile of 7. As an example, we show the dust
temperature profile within the funnel flow for stellar Model 1
and Model 9 in Fig. 6. Model 1 represents the star with the low-
est luminosity; the case with the largest dust survival chances.
The second model is a star with parameters closest to the typi-
cal star used in Tessore et al. (2023) (M, = 0.5My, R, = 2 R,

= 4000K) to do the analysis of line emission in the mag-
netosphere. The largest value of Ty is around 2300 K, i.e., only
slightly larger than the evaporation temperature, Teyap ~ 1500
2000 K, and in this case the dust is not completely evaporated.
For a short time span the dust can survive at a temperature larger
than Teyqp. The free fall time scale (#g) is around 10 h and accord-
ing to the evaporation model used here, the evaporation occurs
within this time span.

In Model 1, the dust reaches very close to the star, and this
radius increases as the heating increases as can be seen in Fig. 6.
The dust in Model 9 compared to Model 1 survives only at larger
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Fig. 6. Radial profile of the dust temperature 7, in the accretion stream
for the stellar Model 1 (lowest M,) and Model 9 (M, = 0.534 M,,) for
Case A and D (see text).
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Fig. 7. Grain opacity multiplied by their abundance along the accretion
stream is shown for the stellar Model 2 with M, = 0.178 M and Model
14 with M, = 0.832 M. The color scale represent the opacity in units
of cm? g~!

distances. This clearly illustrates that a low-inclination dipper
can be produced only for low-luminosity objects.

4.3. The distribution of synthetic dipper light curve amplitudes

In Sect. 4.2, we described the size of the evaporating layer for
the members of the sample. In order to complete the picture, we
need to compute the opacity and abundance of the grains being
evaporated. The largest size of the grains before the evaporation
is given by 7. (see Sect. 3). The grain population is integrated
along all lines of sight intersecting the star to calculate the Ic
amplitude. We use the code presented in Nagel & Bouvier (2020)
with a magnetic obliquity of 5° to derive the lcs amplitudes. We
choose a lower mass (M, = 0.178 M) and a larger mass object
(M, = 0.832 M) from the sample to illustrate in Fig. 7 the grain
opacity multiplied by their abundance along the stream. A 2D cut
along the accreting structure allows us to identify the differences
in extinction in terms of the inclination, for two objects with dif-
ferent luminosity. A larger luminosity increases the evaporation
such that the opacity increases due to grains with smaller sizes,
while the abundance decreases, resulting in an overall reduction
of the total extinction.

The amplitudes obtained for the 16 objects of the hybrid sam-
ple at 2 Myr (Baraffe et al. 2017) for Case A is presented in Fig. 8
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Fig. 8. Case A distribution of the light curve amplitudes for the stellar
sample. The assumed system’s inclination is indicated in each panel.
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Fig. 9. Case B distribution of the light curve amplitudes for the stel-
lar sample, as in Fig. 8 but with a factor 1.2 increment of the dust
temperature.

for six values of inclination. At the lowest inclination (inc =
15°) the light curve amplitudes are well above the observational
detection threshold (~0.05 mag, Roggero et al. 2021). The rea-
son is that the contribution of the evaporation is not enough
to counteract the contribution of the opacity increment due to
the smaller grain sizes. Besides, the larger amplitude increases
from Amp,,, ~ 1.5 mag at inc = 15° to Amp,,,, ~ 7.8 mag
at inc = 75°. The distribution of amplitudes in the sample of
dippers in Taurus (Amp,,,, = 1.30 mag, Roggero et al. 2021) is
well below the values associated to Case A. From this particular
case, we can argue that in order to fit the observations we require
an additional heating mechanism, as the dissipation of Alfvén
waves coming from the hot spot as mentioned in Sect. 4.2.

The effect of an increment in the dust temperature is pre-
sented in Figs. 9-11 where we present the stellar models in
Table 1 for Cases B, C, and D, respectively. The larger heating in

Case C
inc=15 inc=30
0.1 A 0.1 A
0.0 -7 T T T T 0.0-
0.0 0.5 1.0 1.5 2.0 2
inc=45 inc= 60
0.1 4 0.1
0.0 - 0.0 -
0 1 2 3 4 2
inc=75 inc= aII
0.1 A
0.1 A
0.0 - 0.0 -
0 5 10

Amplltude(mag)

Fig. 10. Case C distribution of the light curve amplitudes for the stel-
lar sample, as in Fig. 8 but with a factor 1.4 increment of the dust
temperature.
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Fig. 11. Case D distribution of the light curve amplitudes for the stellar
sample, as in Fig. 8 but with a factor 1.6 increment of the dust tempera-
ture.

Case B (see Fig. 9) results in a general decrement in the ampli-
tudes. Also, the number of objects with detectable amplitudes
at lower inc decreases. This means that the additional heating
is able to remove all the dust close to the star for many cases.
This behavior is further enhanced in Case C (see Fig. 9) where
the larger heating rate decreases the number of synthetic dippers
at low inc as well as the photometric amplitudes. The largest
amplitude (Amp,,,,) at inc = 15/75° is 1.0/7.8 mag in Case B
and 0.1/6.8 mag in Case C. The mean amplitudes (Amp,,.,,)
for all the models are 1.9 mag and 2.0 mag for Cases B and C,
respectively. These values can be compared with the sample of
dippers in NGC 2264 (McGinnis et al. 2015) and the sample in
Taurus (Roggero et al. 2021). In NGC 2264, Amp,,,, ~ 1.0 mag
and Amp,,..,, ~ 0.5 mag and in Taurus, Amp,,,, = 1.30 mag and
Amp,,.,, = 0.41 mag. Neither Case B nor C are able to fit to the
observed samples. For Case D, there are no dippers at inc = 15°
and inc = 30°, thus, Amp,,,,, = 0.0/5.9 mag atinc = 15/75°. For
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Table 2. Fraction of expected dippers with an inclination larger than the
inclination threshold inc for Cases A, B, C, and D.

inc”  Case A (%) CaseB (%) CaseC (%) CaseD (%)
75 100 100 100 62.5
60 100 100 96.8 62.5
45 100 100 85.4 419
30 100 98.4 75 35.9
15 100 91.2 63.7 28.7
0 83.33 76 53.1 23.9

all the Cases, at inc = 75°, the value of Amp,,,, corresponds to
a star being completely occulted. Note that the synthetic models
(see Table 1) assumes that the sample is composed of one star for
each mass. For a fair analysis, we should take into account that
in a real star-forming region, there are a larger number of stars
as the mass decreases. This will be included in a future paper
about the interpretation of Ics using this mechanism in different
star-forming regions.

4.4. The frequency occurrence of synthetic dippers

In the following we quantitatively compare the frequency occur-
rence of synthetic dippers with that of observed dippers as a
function of inclination, using the observed samples with incli-
nation estimates (see Table A.l). According to the physical
model, there are not dippers in the first bin of inclination. How-
ever, it is important to include the value of zero dippers in
this bin to estimate the fraction of dippers in Table 2. For the
last five bins, the number of observed dippers and its frac-
tion with respect to the total number of CTTSs in these bins
are: 0 (0%), 3 (5.3%), 9 (15.8%), 16 (28%), 29 (50.9%). The
same set of numbers for the synthetic sample are: Case A:
16 (20%), 16 (20%), 16 (20%), 16 (20%), 16 (20%); Case B:
10 (13.7%), 15 (20.6%), 16 (21.9%), 16 (21.9%), 16 (21.9%);
Case C: 3 (5.9%), 7 (13.7%), 10 (19.6%), 15 (29.4%), 16 (31.4%),
and Case D: 0 (0%), 0 (0%), 3 (13%), 10 (43.5%), 10 (43.5%),
respectively. This indicates that we require to increase the tem-
perature due to shock heating by a factor around 1.6 compared to
stellar irradiation heating to get a set of dipper fractions consis-
tent with the observed sample. A larger sample of young stellar
objects with estimated inclinations and a larger synthetic sam-
ple of objects consistent with the stellar mass distribution of
star-forming regions would be needed to strengthen this analysis.

In the previous calculations, we assumed that every low-
luminosity CTTS possess a dusty magnetospheric stream and
that the sample of stars used for the models is a reasonable rep-
resentation of a star-forming region. We also assumed that the
five values of inclination used to run the models are represen-
tative of the corresponding inclination bins used to characterize
the distribution of observed dippers in Table A.1. We can there-
fore proceed to extract the fraction of dippers expected for an
inclination higher than a given inclination threshold, incy. The
results are summarized in Table 2. According to Table 2, our best
fit model Case D predicts a total fraction of dippers of 23.9%,
assuming a random orientation of disk bearing stars in a par-
ticular star-forming region. This value should be compared with
the fraction of dippers observed in various star-forming regions:
Upper Sco (21.8%, Hedges et al. 2018), NGC 2264 (21.6%, Cody
et al. 2014) and p Ophiuchus (20.1%, Hedges et al. 2018). Our
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current modeling suggests that Case D is the most relevant com-
pared to observations. This comparison could be improved by
including the fact that the number of stars to be considered in
each mass bin should be consistent with the stellar mass func-
tion of star-forming regions. We leave a detailed tuning of other
parameters, such as {4, Py, among others, and a more thorough
statistical fit of the observed samples to a following paper.

McGinnis et al. (2015) estimated that an inner disk warp is
able to occult a section of the stellar surface when the system’s
inclination ranges from 59 and 73°. For our Case D models, dip-
pers occur at an inclination as low as 45°, and at even lower
inclinations for Cases A, B, and C. This result is highly relevant
when interpreting the observed Ics for systems exhibiting a large
range of inclinations.

Finally, we note that for Case D there exists a dust free
region for all the models inside a radius ~0.27 Ry, as shown in
Fig. 5. For a similar magnetospheric accretion model, assum-
ing a star with a magnetic obliquity of 5°, Tessore et al. (2023)
locates the Bry emission inside a radius of 0.9 Rr. The models of
Tessore et al. (2023) assume a temperature profile for the accre-
tion stream scaled to T,y, the largest temperature in the funnel
flow. Whether the dust temperature profile we derived to account
for the fraction of dippers in star-forming region is consistent
with the temperature profile of the gas in the funnel flow required
to account for the Bry line emission remains to be seen. The cou-
pling between these two type of models is beyond the scope of
this paper.

5. Conclusions

We presented a model where we assume that the dust located
within the magnetospheric accretion stream periodically appear-
ing along the line of sight toward the star is responsible for
producing dips in the optical Ics of dippers. We used the stel-
lar parameters of accreting pre-main sequence stellar models
(Baraffe et al. 2017) to model the dynamical dust evapora-
tion process along the magnetospheric accretion stream and
derive the distribution of photometric amplitudes for dippers,
for a range of system inclinations and assuming different heat-
ing rates for the dust grains. For a synthetic sample of low-
mass stars consistent with accreting evolutionary tracks, we
find that there is dust at the start of the accretion stream that
can survive over some radial distance as it travels toward the
star.

Our best fit model suggests a dust heating rate larger by a fac-
tor of about 1.6 than that produced by stellar irradiation alone. It
predicts a fraction of dippers as a function of inclination consis-
tent with observations. Notably, this model predicts the dipper
phenomenon may occur for inclinations as low as 45°, while the
inner disk warp model for dippers requires an inclination larger
than 59°. The dusty funnel flow model also yields an overall frac-
tion of dippers of order of 24% in star-forming regions, which
bodes well with observations.

We will expand this study in a forthcoming paper by con-
sidering larger synthetic stellar samples whose mass distribution
obeys that of star-forming regions and by exploring the impact
of model parameters, such as the gas-to-dust ratio and the
distribution of stellar rotational periods, on the statistical results.
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Appendix B: The distribution of optical light curve
amplitudes for stellar objects with P,,, = 5 and 3d

For the analysis presented in the main text of this paper, we
assumed P, = 8d, which we take as a typical value for the rota-
tional period of accreting young stars. This stands for solar-type
stars (e.g. AA Tau), but lower mass stars tend to rotate faster
in Taurus (Rebull et al. 2020) and other regions (Rebull et al.
2018, 2022). For the synthetic sample of objects used, R, is dis-
tributed between 7 and 11R,. Because, R, is proportional to

Prz(ff , R, ranges from 5.31 to 7.96R, for P, = 5d, and from
3.78 to 5.67R,, for Py, = 3d.

The remaining parameters are the same as in the models in
Sect. 4.3. For P, = 3d, the distribution of the light curve ampli-
tudes is presented in Fig.B1 for Case A (https://doi.org/
10.5281/zenodo.12193027), in Fig.B2 for Case B (https:
//doi.org/10.5281/zenodo.12193115), in Fig.B3 for Case
C (https://doi.org/10.5281/zenodo.12193135), and in
Fig.B4 for Case D (https://doi.org/10.5281/zenodo.
12193154). For Py = 5d, the distribution of the amplitudes
is presented in Fig.B5 for Case A (https://doi.org/10.
5281/zenodo.12207247), in Fig.B6 for Case B (https://
doi.org/10.5281/zenodo.12207274), in Fig.B7 for Case
C (https://doi.org/10.5281/zenodo.12207284) and in
Fig.B§8 for Case D (https://doi.org/10.5281/zenodo.
12207296). Each figure contains six histograms with the
assumed system’s inclination indicated in each panel.

These models represent systems with the dusty stream
being located closer to the star compared to the models that
assume P,,=8d, whose distribution of amplitudes is shown in
Figs. 8,9, 10 and 11. A comparison between the different models
indicates that the number of dippers decreases as Py, decreases.
The extreme is Case D with P, = 3d where the only two dippers
are seen at inc = 75°.

The fraction of dippers for an inclination larger than a given
threshold incy is listed for Cases A, B, C, and D is listed in
Table B.2 for P,,; = 3d and in Table B.1 for P, = 5d. These
values are notoriously lower than the values shown in Table 2
for P,y = 8d, a result consistent with the missing dippers due
to accretion streams being closer to the star, thus having higher
temperatures.

Table B.1. Fraction of dippers above the inclination threshold incy is
listed for Cases A, B, C, and D, assuming P,y = 5d.

incl” Case A (%) Case B (%) Case C (%) Case D (%)

75 100 100 62.5 375
60 100 100 62.5 31.2
45 100 91.6 54.1 20.8
30 100 84.3 453 15.6
15 100 76.2 36.2 12.5
0 83.33 63.5 30.2 10.4

L A&A, 688, A6l (2024)

Table B.2. Fraction of dippers above the inclination threshold inc is
listed for Cases A, B, C, and D, assuming P, = 3d.

incy’ Case A (%) Case B (%) Case C (%) Case D (%)

75 100 100 62.5 12.5
60 100 87.5 46.8 6.25
45 100 70.8 354 4.16
30 96.8 62.5 26.5 3.12
15 92.5 53.7 21.2 2.5
0 717.1 44.8 17.7 2.1

Appendix C: The distribution of optical light curve
amplitudes for stellar objects with P, = 3d and a
shorter P,,; for very low mass objects.

P,,, measurements reported from surveys in Upper Scorpius (8
Myr) (Rebull et al. 2018), Taurus (3 Myr) (Rebull et al. 2020) and
Upper Centaurus Lupus (16 Myr) with Lower Centaurus-Crux
(17 Myr) (Rebull et al. 2022) show that P, is distributed with a
large dispersion as a function of M, but can be assumed uniform
for objects with spectral type earlier than M4 (M, > 0.2M,,
Rebull et al. (2018)), while for objects with a spectral type later
than M4, P, decreases with M,. From our observed sample of
dippers with estimates of inc shown in Table A.l we see that
there are four objects in the samples of Ansdell et al. (2016a)
and Ansdell et al. (2016b) and two in the sample of Roggero
et al. (2021) that fall into the very low-mass category. From
our synthetic models used in this work (see Table 1) only two
models (models 1 and 2) belong to the same category. We there-
fore assigned a value for P,, for these two models using as a
reference the fit obtained for the sample of stars in Upper Scor-
pius (Rebull et al. 2018) using (V — K), as a proxy for M,.
This results in P,,; = 2.476d for Model 1 and P,,, = 2.73d for
Model 2. The resulting histograms of photometric amplitudes at
all inclinations are shown in Fig.C1 (https://doi.org/10.
5281/zenodo. 12207306) for Cases A, B, C, and D. Compared
to previous models with uniformly distributed P,,,=3d, we con-
clude that changing P,,, for models 1 and 2 produces minimal
differences.
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