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ARTICLE INFO ABSTRACT
Keywords: The Lixiaohua collisional family lies in the Outer Main Belt, close to the well characterized Themis primitive
Asteroids class family. It is one of the only three families that host two active asteroids that present cometary-like

activity: 313P/Gibbs and 358P/PANSTARRS (P/2012 T1). As a part of the PRIMitive Asteroid Spectroscopy
Survey (PRIMASS), we present the results of a spectroscopic program where we acquired 36 objects in visible
wavelengths, using the 4.1 m SOAR, and, 17 objects in the near-infrared, using the 3.58 m Telescopio Nazionale
Galileo, which provided the characterization of 43 out of the 756 identified Lixiaohua family members. We
observed asteroids members of the Lixiaohua family with the aim of: (1) determining the spectral class and
spectroscopic properties of the family, (2) estimating the presence of hydrated minerals on their surfaces
by studying the 0.7 pm absorption band and the UV drop of reflectance below 0.5 pm, (3) analyzing if
active asteroids 358P and 313P are probable family members. Our results show that the Lixiaohua family
is consistently redder families than the Themis family and present a wide variety of slopes. We have not found
an unambiguous trace of aqueous alteration in the spectra of the family members, at the observed wavelengths.
Finally, we conclude that the Lixiaohua family is the probable source of the Main-Belt Comets 313P/Gibbs
and 358P/PANSTARRS.

1. Introduction and Earth formation models. These objects can help constrain the

thermal and dynamical history of the Solar System, and where primitive

Active Asteroids (AAs) are small bodies with orbits typical of as- asteroids were actually formed. Also, there are modern theories that

teroids (7; > 3.00) that exhibit cometary activity. There are several propose that Earth’s water were accreted from collisions with volatile-

mechanisms that can trigger activity in an asteroid (Jewitt, 2012), such rich bodies, most likely originating from the asteroid belt (Morbidelli
as an impact, rotational break-up, thermal fracturing or sublimation of et al., 2000).

volatiles. Objects in the Main-Belt, in which the activity is believed
to be driven by sublimation of ices are also referred to as Main-Belt
Comets (MBC) (Jewitt, 2012; Jewitt et al., 2015b). This latter group
has attracted considerable attention in the last years, since they are
believed to have formed close to their in-situ location (Haghighipour,

2009; Hsieh and Haghighipour, 2016) and can be considered a probe Themis familv. b hieh .. d inclinati N ,
to the volatile content hidden in the Main-Belt. emis family, but at higher eccentricity and inclination (Nesvorny

The discovery of water ice in the main-belt, indirectly through et al., 2015). Recent works have attributed two Active Asteroids (AAs)
MBC, and directly in the surface of (24) Themis, (65) Cybele and (1) as members of the family: 313P/Gibbs and 358P/PANSTARRS (P/2012
Ceres (Campins et al., 2010; Rivkin and Emery, 2010; Licandro et al., T1) (Hsieh et al., 2013, 2018b). In addition, the work of Hsieh et al.
2011; Platz et al., 2016) are specially interesting for Solar System (2018b) provides possible links for another AAs belonging to other

The relation of AAs with collisional families is not considered to be
uncommon. In fact, there are three AAs related to the old Themis fam-
ily. In addition, a fourth object, 238P/Read, could be a escaped Themis
family member (Haghighipour, 2009). The Lixiaohua family lies in the
outer main belt, at semi-major axis ~ 3.11 au, close to the well studied
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families, most of them located in the outer main-belt. In this context,
the study of the collisional families that host Main Belt Comets is of
fundamental importance to understand their activation mechanisms
and the abundance of water in the parental bodies.

The object 358P/PANSTARRS (hereafter 358P) was originally dis-
covered active in October of 2012, while 313P/Gibbs (hereafter 313P)
was discovered in September 2014. Follow up observations showed that
the slow brightness variation and coma morphology of these objects
were probably caused by a prolonged activity rather than by a single
event, compatible with a sublimation driven activity (Moreno et al.,
2013; Hsieh et al., 2013; Jewitt et al., 2015a; Hsieh et al., 2015).

A strong indicative of a sublimation-driven coma is the recurrent
activity when the objects are near to their perihelion. This behavior was
detected in both MBCs. The object 313P was observed active in precov-
ery images from 2003 of the Sloan Digital Sky Survey (SDSS) (Hsieh
et al.,, 2015; Hui and Jewitt, 2015). Agarwal and Mommert (2018)
observed 358P on July and August, 2017, at heliocentric distance
of ~ 2.741, seven months before the object reached perihelion, and
found that activity was not detectable at that distance. Recently, Hsieh
et al. (2018a) presented new images of 358P with recurrent active on
November, 2017, at heliocentric distance < 2.522.

There were several attempts to measure gas emission on 313P
and 358P, through spectroscopic observations at near-ultraviolet wave-
lengths (Hsieh et al., 2013; Jewitt et al., 2015a; Snodgrass et al., 2017;
O’Rourke et al., 2013). Although emission bands were never detected,
these works could establish upper limits for the gas production rate. At
present date, direct gas emission detection has not yet been identified
in any MBCs although, the limits established for the water vapor
production were found consistent with the observed amount of dust
that would be caused by a weak water ice sublimation.

So far, little is known about the Lixiaohua family. Novakovic et al.
(2010) performed a dynamical analysis of the family and concluded
that the evolution of the family is driven by a combination of the
Yarkovsky effect, close encounters by large asteroids (e.g. Ceres), and
several two- and three-body mean-motion resonances that crosses the
family region. These authors estimated the family age in 160 + 35
Myrs. The only member of the family with an observed spectrum is
the largest body, (3330) Gantrisch, classified as an X-type in the Bus
taxonomy (Lazzaro et al., 2007; Bus and Binzel, 2002). Masiero et al.
(2015), using the NEOWISE data (Mainzer et al., 2016), provided a
value of ~ 0.044 for the mean albedo, which suggests a primitive nature
for the family. Recently, Morate et al. (2018) performed an analysis
based on the near-infrared colors from the MOVIS database (Popescu
et al., 2016) of 13 Lixiaohua family members and report that they are
probably dominated by primitive asteroids.

In this work we investigate the spectral properties of the Lixiaohua
family and the possible link to the main belt comets 311P and 358P.
This work is a part of the PRIMitive Asteroid Spectroscopic Survey, an
effort to characterize primitive asteroids along the asteroid main-belt.
In Section 2, we describe the observation strategy and the sample. The
analysis methodology is described in Section 3 with the results for the
family spectroscopy presented in Section 4, where we also perform a
direct comparison of the investigated properties of the family with the
data available for the MBCs. Finally, in Sections 5 and 6, we present
the discussion and conclusions.

2. Observation and data reduction
2.1. Visible

We performed low-resolution spectroscopy of 36 asteroids members
of the Lixiaohua collisional family. The data was obtained through an
observational campaign of eight nights from the first semester 2017 to
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Fig. 1. Absolute Magnitudes of Lixiaohua family asteroids as a function of the semi-
major axis (gray circles). Blue triangles indicate members that were observed only in
visible wavelengths, while red diamonds indicate the ones obtained only in the near-IR.
Purple plus signs show objects observed in both regions. The black solid line represents
the Yarkovsky envelope Nesvorny et al. (2015). The brown and yellow stars are MBCS
358P and 313P, respectively, with estimated absolute magnitude obtained from JPL
(https://ssd.jpl.nasa.gov/).

the first semester of 2018 at the 4.1m SOAR telescope on Cerro-Pachén,
Chile.

We used the Goodman High Throughput Spectrograph (GTHS) with
a grating of 400 /ines/mm and a slit of 1.5, with no second order
blocking filter (Clemens et al., 2004), which provides a mean resolution
of 4000. All observations were made using parallactic angle, and with
an astronomical seeing smaller than the slit aperture. Each object was
observed in the mode 2 of the grating, which provides a spectrum
coverage of 0.5 to 0.9 pm. For the brightest objects (typically V' < 18.5
mag) on nights with good sky conditions we also observed in the
mode 1, which provides a spectrum coverage from 0.4 to 0.7 pm.
Hereafter, we will refer to mode 2 as “red-mode” and mode 1 as
“blue-mode”. This strategy was used because the CCD-camera (red-
cam) at the GTHS performs with better quantum efficiency at redder
wavelengths. Therefore, faint objects would require too long of an
exposure time in “blue-mode”. The observation of all objects acquired
in both modes were done in a subsequent manner, with the exception of
(3556) Lixiaohua that was observed in blue- and red-mode on different
nights.

We calibrated the spectra in wavelength using HgNeAr lamps. The
reflectance spectrum of the asteroids was obtained by dividing the in-
strumental flux of the objects with the flux of Solar analogue stars (Lan-
dolt, 1992; Colina and Bohlin, 1997) that were acquired at the same
night, with similar airmasses. Table A.1 lists the observational condi-
tions of each asteroids in both grating modes and the solar analogues
stars that were used to retrieve the reflectance spectrum.

The data was reduced using standard techniques; the images were
bias and flat-field corrected using dome flats. In sequence, we extracted
the one-dimensional spectrum using variable aperture, according to the
SNR of the object and the sky conditions of the night. All of these
tasks were accomplished using IRAF and standard Python language
libraries, such as Numpy (Van Der Walt et al., 2011), Scipy (Jones
et al., 2001), Matplotlib (Hunter, 2007), Pandas (McKinney, 2010)
and Astropy (Astropy Collaboration et al., 2013b; Price-Whelan et al.,
2018).

2.2. Near-infrared

We observed 17 objects from the Lixiaohua family between May
2016 and October 2018 with the Telescopio Nazionale Galileo (TNG)
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Fig. 2. Visible (left) and near-infrared (right) slope distribution in the Lixiaohua family.
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Fig. 3. Result of the PSF analysis of the asteroid (17230) 2000 CX116 (blue) in
comparison to star in the same field of view (black). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

situated at the Observatory of Roque de Los Muchachos, La Palma, Ca-
nary Islands (Spain). We observed them in Director Discretionary Time.
We used the Near Infrared Camera Spectrometer (NICS) in spectro-
scopic mode with the AMICI prism and the 1.5” slit. This setup provides
a spectra in the 0.8-2.5 pm range with a resolving power of ~35 quasi-
constant along the spectrum Oliva (2000). During each observation
night, we also observed at least two solar analog stars (Landolt, 1992;
Colina and Bohlin, 1997) in order to correct for telluric absorptions and
to obtain the relative reflectance.

The observations of Lixiaohuas and solar analog stars were per-
formed by moving the objects along the slit by steps of 10 arcsec
following a ABBA scheme. The individual exposure times were set at
3-15 s for solar analog stars and 90 s for Lixiaohuas. The ABBA scheme
was repeated several times to increase the signal to noise.

We reduced the data following the procedure described in Licandro
et al. (2001), using standard IRAF package routines' and Python scripts,

1 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation (Tody, 1986).

similar to Section 2.1. First, we subtracted each AB couple of images
to remove the sky contribution, and corrected the images obtained or
flat field using halogen lamp images taken during the afternoon. Then,
we extracted each spectrum obtained from the AB subtractions and
averaged them to obtain a single spectrum of each object.

We used our dedicated scripts written in Python programming
language, and obtained the reflectance spectra by dividing the spectra
of the asteroids by those from the solar analogue stars observed on the
same night. The script corrects the results for atmospheric transmission
variations, applying sub-pixel offsetting to correct errors in the wave-
length calibrations due to instrumental flexures. Finally, we normalized
the reflectance at 1.2 pm.

3. Analysis

We present the spectra of 35 asteroids in the visible and 17 in the
near-IR. Fig. 1 show the absolute magnitude of the observed targets as
a function of semi-major axis. Our strategy was to observe the objects
in the maximum wavelength coverage possible, considering that the
visible and near infrared data were acquired with telescopes in different
hemispheres. The results of the observational campaign are:

+ 13 objects observed only in the red-mode (Fig. A.1).

+ 13 objects observed in both visible modes, producing a spectrum
in the 0.4-0.9 pm range (Fig. A.2).

+ 8 objects observed only in the near-infrared (0.9-2.4 pm). These
objects were normalized at 1.2 pm (Fig. A.3).

+ 3 objects observed in the red-mode and in the near-IR, producing
a spectrum coverage of 0.5-2.4 pm (Fig. A.4).

+ 6 objects were observed in both visible modes and in the near-IR,
producing a spectrum coverage of 0.4-2.4 pm (Fig. A.5).

3.1. Spectroscopic analysis

The analysis of the spectroscopic data was entirely made using
the CANA package (De Pra et al., 2018). The sample was character-
ized through a taxonomical classification and by four parameters that
were measured when possible, considering the spectrum wavelength
coverage available. These parameters are: visible slope (visible — red-
mode), hydration feature (visible — red-mode), turn-off point (visible
— blue-mode), and near-IR slope (near-IR).

The visible slope was measured by the angular coefficient in a
linear fit to the spectrum using the wavelength range of 0.5-0.9 pm,
normalized at 0.55 pm. For the near-IR slope, we used the wavelength
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Table 1
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Results from the analysis of the asteroids spectroscopy. Values marked with “*’ means that there was wavelength coverage but feature was not identified. While ‘~’ means that
there was not enough wavelength coverage to perform analysis.

Asteroid Turn-off Turn-off Slope visible Slope visible Tax. Slope Near-IR Slope Near-IR
number point point error error error
@A) @A) (%/1000 A) (%/1000 A) (%1000 A) (%1000 A)
3330 0.5110 0.0010 4.57 0.70 T 3.14 0.67
3556 * * 6.11 0.65 T - -
5771 0.5072 0.0009 2.77 0.71 X 2.58 0.56
5900 - - 6.64 0.85 T - -
16715 - - - - Xc 1.15 0.66
17230 * * 2.58 0.61 C - -
18477 - - - - Cg 1.24 0.70
18483 - - 1.86 0.90 C 0.19 0.51
19862 - - Xk 1.55 0.47
22118 - - - - Xc 0.97 0.54
25932 * * 11.00 0.85 D - -
26516 - - 6.79 1.29 L 0.96 0.59
27738 - - - - Cb 1.54 0.52
34210 - - - - Cg 1.46 0.75
34228 - - 2.26 0.65 Xk - -
34339 - - 5.66 0.97 T - -
35627 - - 8.37 0.48 T 1.66 0.66
39094 - - 0.89 0.92 C - -
39260 - - - - Cb 1.50 0.58
40976 0.5157 0.0067 -1.49 0.67 C - -
42089 - - 10.73 1.33 A - -
43152 * * 5.80 0.82 T 1.83 0.57
44463 * * 4.82 0.81 X 1.90 0.54
48153 0.5676 0.0053 0.95 0.78 Xc 1.49 0.57
54286 - - 4.09 0.57 Xe - -
56970 - - 4.48 1.02 Xe - -
63312 * * 3.08 0.65 X - -
65264 * * 2.49 0.43 X 1.49 0.58
66062 5.48 1.27 T - -
71655 - - 1.53 1.24 Cb - -
77495 * * 1.95 0.86 Xk - -
80062 - - -0.37 0.56 C - -
106085 - - 5.28 1.02 T - -
107861 * * 2.67 0.53 S - -
110518 - - 3.39 0.55 Xc - -
110819 * * 1.54 0.53 Cg - -
123915 * * 1.52 0.90 Cg - -
123979 * * 11.07 1.35 X - -
135384 - - 1.66 0.55 Cg - -
136272 - - - - B -1.35 0.64
138668 - - 1.60 0.75 Xk - -
156670 0.5088 0.0042 -3.39 0.87 B - -
161079 * * 3.86 0.86 Xe - -
sF ! ¥ ¥ 1 X T T T X B ! ) 3 1 T ]
4
- o+ +
0l e R j —+=T=; i
- ——
—a o + -
~ 157 —— —_— g ]
c + —
X
E 201 ——— 1 1
[J]
1S
8 asp 1 1
(=)
—a— —
30+ ] ]
# Turn-off
B + Featureless —n— ] _— ]
= 0 2 a s 8 10 PR =) 0 1 2 3 2
Visible Slope (%/1000A) near-IR Slope (%/1000A)

Fig. 4. The distribution of visible slope versus diameter (left) and of near-infrared versus diameter (right). The read dots on the left-side represents object where the turn-off

feature was identified.
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range of 1.0-2.3 pm, normalized at 1.2 pm. The associated error is the
quadratic sum of the systematic error introduced by the solar analogues
division, and the error of the fit, estimated by a Monte-Carlo method
with a resampling of the reflectance spectra based on the spectrum SNR.
Although the results presented ahead are the sum of the described error
sources, the systematic error is the strongly dominating term.

We looked for the presence of hydrated minerals through the identi-
fication and characterization of an absorption band centered at around
0.7 pm, which is related to the unambiguous indicator near the 3 pm
region (see Vilas, 1994; Fornasier et al., 2014; Rivkin et al., 2015). For
this task we used the wavelength range of 0.55-0.88 pm. The spectral
continuum was estimated by a linear fit within the 0.55-0.57 and 0.84-
0.88 pm intervals. Thereafter, we removed the continuum from the
spectrum and fit a fourth-order spline in the 0.55-0.88 pm range. We
identified the hydration band if the minimum reflectance of the fit is
close to 0.7 pm, at a depth higher than 1% and of 3¢ of the spectrum
signal-to-noise ratio (SNR), where o is the standard deviation of the
spectrum noise.

Another possible indicator of hydration is the presence of the UV
turn-off at approximately 0.5 pm. Feierberg et al. (1985) suggested
that this feature correlated to the unambiguous indicator of hydration
at 3 pm. Vilas (1995) found that the U-B color alone cannot dis-
tinguish between differentiated and aqueously altered materials. More
recently, Rivkin (2012) reported that the u’-g’ color in the Sloan Digital
Sky Survey (SDSS) did not differ between the C-complex asteroids with
and without a 0.7-um band. However further studies using spectro-
scopic data are necessary to assert if the feature is in fact an indicator of
hydrated minerals. We measured the presence of this feature using the
data available in the 0.4-0.7 pm range, applying the same methodology
described in De Pra et al. (2018). We measure the furthest point to
a linear fit performed with the edges of the wavelength coverage. To
assert the presence of feature, the distance between this point and the
fit should surpass a threshold which was defined by trial and error and
visual analysis.

The asteroid’s taxonomic classification was obtained by the mini-
mization of the chi-squared between the object’s spectrum and the tem-
plates from the DeMeo et al. (2009) taxonomic system. This procedure
was made using the combined spectra with data from all wavelength
ranges available. For the objects that were observed only in the visible
wavelengths, if the resulting classes does not coexist in the Bus and
Binzel (2002) taxonomy, we reclassified it accordingly to the class
complex (e.g S,, would be classified as .S).

3.2. Radial profile analysis of 17230

The spectra of (17230) 2000 CX116 presented an unusual increase
of reflectance in the near-UV region (Fig. A.2). The object was observed
in both visible modes. The coincident wavelength coverage of the two
spectra (0.5 to 0.7 pm) presented are self-consistent, suggesting that
the behavior at lower wavelengths is real.

Rondén-Bricefio et al. (2017) studied the effects of a dust coma in
an asteroid spectrum, for impact and sublimation activity drivers. Their
model predicts that the dust ejected by the coma would affect the light
scattering differently across different wavelengths. One of the outcomes
for a weak sublimation-drive activity would be a near-UV increase of
reflectance similar to the one observed in this object.

With the theoretical motivation and the fact that this family hosts
2 MBCs, we studied the PSF of the (17230) 2000 CX116, looking for
evidence of a weak activity. To determine the presence or not of activity
in the asteroids we looked to see the radial profile of the asteroid is
widened in comparison to the average radial profile of the stars found
in the same field of view (Luu and Jewitt, 1992; Martino et al., 2019).
We used the images that were acquired for finding and centering the
object in the slit, before observing the target spectrum. The images
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Fig. 5. The mean spectrum of the Lixiaohua family members (black) in comparison
with the spectra to the main belt comet 358P obtained by Hsieh et al. (2013) (red) and
by Snodgrass et al. (2017) (blue), upper figure in the visible, lower in the near-infrared.
The gray region represents the one sigma deviation from the Lixiaohua mean spectrum.
We performed a rebinning of the visible spectra of 358P using boxes of 11 A, for better
visualization.

were dark frame and flat field calibrated. In sequence, we aligned
and combined them, using both the coordinates of the stars and the
asteroid. Finally, we obtained the object’s and stellar radial profile
using the pradprof routine of the IRAF package. These profiles are
normalized and fitted using a Moffat1D of the Astropy library (Astropy
Collaboration et al., 2013a).

3.3. Public databases

In addition to the spectroscopic data, we extended the analysis
gathering data of the Lixiaohua family available from public databases.
There were 110 members of the Lixiaohua family listed on the database
of SDSS colors provided by Carvano et al. (2010) and Hasselmann
et al. (2011). We searched objects on the last release of the MOVIS
database (Popescu et al., 2016), that were observed in the Y, K and
H filters, and found 24 Lixiaohua members. This choice of filters was
based on selecting the highest number of objects that were observed in
at least three filters.

We calculated the visible and near-IR spectral slope from the data
available in these databases in a way that is compatible with the
ones derived from the spectroscopic data. We estimated the angular
coefficient from a linear fit using the reflectances on g, r, and i SDSS
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filters, normalized at 0.55 pm for the visible slope; and using the y, k
and h VISTA filters, normalized in 1.2 pm for the near-IR. To calculate
the slope uncertainties we created 1000 clones of each observation
by drawing random values for the reflectance in each filter using
normal distributions with means equal to the listed reflectance value
and variances equal to the listed uncertainties. The resultant spectral
slope distribution was then fitted with a Gaussian curve, whose mean
and variance were then adopted as the nominal value for the spectral
slope and its uncertainty, respectively, expressed in units of %/1000 A.
Finally, the mean visible and near-IR slope of the Lixiaohua family was
then estimated by a weighted average, using the slope uncertainties as
the weights.

4. Results
4.1. Spectroscopic analysis

The results of spectroscopic data analysis are presented in Table 1.
The information about the orbital parameters, geometric albedo and
diameters are listed in Table A.3. The albedo and diameters were
obtained from the latest release of the NEOWISE database (Mainzer
et al., 2016).

The Lixiaohua family exhibit a wide variety of visible slopes (Fig. 2),
ranging from -3.39 to 11.07%/1000 A, with a mean value of
3.58%/1000 A and a standard deviation of 3.21%/1000 A. In the near-IR
there is lower variability, with a mean value of ~ 1.37%/1000 A and a
standard deviation of 0.93%/1000 A. These values are in good agree-
ment with the ones estimated using the public SDSS and MOVIS
databases: 2.79 + 1.72%/1000 A and 1.49 +2.25%/1000 A, respectively.

In Fig. 4-left we show the distribution of visible slope versus diam-
eter. The larger objects do not deviate considerably from the family
mean value, while there is a higher variance in smaller bodies. This
behavior was not observed in the near-IR. In fact, the largest objects in
the sample presented reddest near-infrared slopes (Fig. 4-right).

The taxonomic classification resulted in a majority of the objects
belonging in primitive classes, such as the C-complex, X-complex, T-
and D-types. Only the object (107861) 2001 FN80 presented a decay
of reflectance towards 1 pm, indicating an olivine absorption band,
being therefore classified as an S-type. The object (44463) 1998 VT18
also present a drop of reflectance in the visible spectrum, however
the feature is not observed in the near-IR, and the overall classifica-
tion resulted in a X-type. The largest member of the family, (3330)
Gantrisch was previously classified as an X-type, based on the visible
spectroscopy (Lazzaro et al., 2007). The combined analysis with visible
and near-IR data provided a classification as a T-type; an intermediate
class between X and D-types, with slopes typically redder than a X-type.
The family homonymous asteroid, (3556) Lixiaohua, was also classified
as a T-type. It is of note, that some objects which were acquired in both
visible and near-IR may present a slight variation in the slope at these
wavelengths, such as (26516) 2000 CW56 and (35627) 1998 KWO9.
However, this behavior is expected since, the visible and near-IR spec-
tra were acquired in different epochs at different phase angles (Lumme
and Bowell, 1981; Sanchez et al., 2012).

None of the family members spectra presented an absorption feature
at 0.7 pm, suggesting that aqueous alteration did not act strongly on
the family. There are four members out of 19 that presented the UV
turn-off, including the two largest members. No correlations between
the turn-off with any other property was found, except that the other
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two objects that exhibit the feature are the ones with bluest slopes in
the 10-15 km diameter regime (red points in Fig. 4).

4.2. Search for activity in 17230

The analysis of the radial profile of (17230) 2000 CX116 revealed
that if activity was present, it could not be detected (Fig. 3). The effect
of a coma in the radial profile is highly dependent on the ratio between
the mass of coma and the nucleus. The object is considerably large, with
an estimated diameter of 16 km, in comparison with the sub-kilometer
sized 313P and 328P. Therefore, only a stronger dust emission than
the one observed in the MBC members would be detectable in 2000
CX116. Even though the analysis of the PSF was inconclusive, the object
spectrum is not well represented by any taxonomic class. The adopted
methodology provides a closest resemblance to the C-type class.

4.3. Comparison with the main-belt comets

Only object 358P has published spectra in a wavelength range that
is comparable with our observations. In Fig. 5, we show the spectra
of 358P obtained by Hsieh et al. (2013) and Snodgrass et al. (2017)
in comparison with the average spectra of the Lixiaohua family in
both visible and near-IR ranges. The visible spectra obtained by both
works are self consistent and bluer than the family mean however,
still within the slope dispersion of the family (gray area in Fig. 5).
We recalculated the spectral slope for the sake of consistency in the
comparison with data acquired by this work, which provides a —1.4 +
1.0%/1000 A for Hsieh et al. (2015) and 0.4+2.0%/1000 A for Snodgrass
et al. (2017). These slopes values lie slightly under the one-sigma
deviation of the family mean, reported in Section 4. Applying the
same methodology as in Section 3, we found no evidence of the 0.7
pm aqueous alteration band or turn-off. The work of Snodgrass et al.
(2017) also presented the spectrum of 358P in near-IR, with a slope of
1.36 + 2.0%,/1000 A, compatible to the family mean.

Unfortunately, there is no available spectrum of 313P at comparable
wavelengths for the acquired spectra in this work. Jewitt et al. (2015a)
estimated visible slope of 313P is about 5.0 + 2.0%1000 A, by the
B-V, V-R, B-R colors. The precovery analysis of SDSS images made
by Hsieh et al. (2015) and Hui and Jewitt (2015), show that in 2003,
the object was active and with mean colors: g’ — ¥ = 0.54 + 0.05,
¥ —i" = 0.10 + 0.05, and i’ — z’ = 0.05 + 0.05. These colors provide
an estimated slope of 2.2 + 2.1%1000 A, using the same methodology
as De Pra et al. (2018). Although these estimates were made at slightly
different wavelength ranges, both values were normalized at 0.55 pm,
comparable to measured values in this work.

5. Discussion

We analyzed visible and near-infrared spectroscopy of members of
the Lixiaohua collisional family. Our results show a wide variation
of spectral slopes at both wavelengths ranges. Most of the objects
where classified as belonging to primitive classes C-, X-complex and
D-class, with only one outlier, (107861) 2001 FN80, which belongs to
the S-class. Although we found few objects with a turn-off reflectance
towards the near-UV, no unambiguous indicator of hydration was found
in the visible and near-IR data. Nearly all observed spectra were classi-
fied in taxonomic classes compatible with primitive asteroids, with an
overall reddish slope both in the visible and in the near-IR.

Comparison with the main-belt comets revealed that the family is
slightly redder than 358P in the visible but in good agreement in the
near-IR (Hsieh et al., 2013; Snodgrass et al., 2017). In the case of
313P, both color measurements are consistent with the family mean,
considering the error bars, although there was variation above one-
sigma from colors obtained at different perihelion passages (Hui and
Jewitt, 2015; Hsieh et al., 2015; Jewitt et al., 2015a).
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Considering the fact that the objects were active when observed,
then their slopes were probably contaminated by the presence of the
coma. The dust produced by the low-level activity of Main Belt Comets
should be dominated by small particles, that are easily ejected from
the asteroid. The scattering properties of smaller particles are strongly
controlled by their sizes. The model proposed by Rondon-Briceno et al.
(2017) suggests that the effect of such coma could increase the near-
UV reflectance, while making the visible slope less steep. This behavior
would be coupled with an increase of brightness, which is reported
on the 358P (Hsieh et al., 2018a), and could explain the bluer slope
compared to the family mean. This phenomenon could also have caused
the variation of 313P colors. Both Hui and Jewitt (2015) and Hsieh
et al. (2015) concluded that 313P was more active in 2003 perihelion
passage than the 2014, suggesting that the object was bluer when it
was more active.

Even though the coma might be contaminating the slope of the
MBCs 358P and 313P, there are objects in the family with similar
properties. In particular, there is an increasing spread of visible slope
values towards smaller objects (Fig. 4), which is not observed in the
near-IR. It is of note that both main belt comets have estimated nucleus
of sub-kilometer sizes, considerably below the observed sample in this
work. The slope scattering behavior was also observed in different pop-
ulations such as the Hildas and Cybele populations (De Pra et al., 2018;
Gil-Hutton and Brunini, 2008). On an asteroid family this trend can
be caused by two main factors: (1) Different surface ages, caused by a
variation in the balance of space weathering and collisional resurfacing
effects. Larger objects tend to have a saturated surface in terms of
environmental effects, while smaller objects are more susceptible to
a color variation caused by these effects. A small active object could
have a surface more rejuvenated than the inactive larger members of
the family. (2) The Lixiaohua family was likely produced by a super-
catastrophic disruption (Novakovic et al., 2010). Although the parental
body may not be differentiated, there could be different layers of
materials in the objects’ interior, caused by some partial heating in its
formation. The break up event could expose materials that went though
different geophysical processing. Vernazza et al. (2017) suggested that
large P/D-type asteroids could experience different heating processes
in their interiors. Therefore, we conclude that the spectra of Lixaouhua
family is compatible with the two Main-Belt Comets 313P and 358P.

The Lixiaohua family presents several distinct properties from the
Themis family, which is also acknowledged to hold MBC among its
members (Hsieh and Jewitt, 2006; Hsieh, 2009; Hsieh et al., 2012;
Novakovié et al., 2012; Hsieh et al., 2018b). In De Pra et al. (2018), we
estimated a mean visible slope of 0.63+1.64% /1000 A, while Ziffer et al.
(2011) estimated an average near-IR slope of 0.12 + 0.07%,/1000 A for
the Themis family. Our results indicates that the Lixiaohua family
present an average mean spectrum redder than the Themis in both
wavelength ranges. Another dissimilarity is related to the 0.7 um
hydration band; while several works have reported the presence of
the feature in members of the Themis family (Florczak et al., 1999;
Mothé-Diniz et al., 2005; Fornasier et al., 2014), we found it absent
in the Lixiaohua family members. In addition to the hydrated min-
erals, water ice have been reported on the surface of (24) Themis.
In order to explain the presence of ice and hydrated minerals in the
Themis family, Marsset et al. (2016) suggested that the parent body
had layers that underwent distinct heating. The authors propose that
aqueous alteration process could have happened close to the core, while
maintaining the ice preserved in the outer layer.

The comparison with Themis families suggests that their parental
bodies had different properties. Both families are a probable result
of catastrophic collisional events however, from parental bodies with
distinct sizes and at different epochs. Durda et al. (2007) estimated the
diameter of the Themis parent body in 450 km, while the Lixiaohua
was estimated in nearly half of the size, with a diameter of 220 km.
The Lixiaohua family is estimated in ~150 Myears (Novakovic et al.,
2010), while the Themis is an ancient family that was probably formed
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at nearly 2.5 Gyears (Broz et al.,, 2013). Therefore, these families
could be the result of the break-up of bodies that formed at distinct
regions and/or time, and which underwent different thermophysical
processing.

The physical properties of the Lixiaohua family, in combination
with the occurrence of cometary activity events on two family mem-
bers, suggest the presence of sub-surface ices. We found no strong
indicator of the presence of hydrated minerals, however, observations
at the 3 pm region are encouraged to rule out this possibility. The
combined properties of the Lixiaohua family suggest that the parental
body has undergone nearly no heating since its formation, which
indicates an origin close or beyond the snow line.

6. Conclusions

We acquired 35 visible and 17 near-IR spectra of members of the
Lixiaohua family. Apart from one object classified as a S-type, all
asteroids presented featureless spectra with a mean reddish slope in
both wavelength regions. We found few members with a UV turn-
off, including the two largest family members, and no unequivocal
hydration feature were found. Comparison with the Themis family
revealed that the Lixiaohua are averagely redder and with smaller
albedo than the prior, which suggests that their parent bodies have un-
dergone distinct thermophysical processing along their history, before
the break-up event.

The comparison with main belt comets 313P and 358P showed that
they are probably real members of the family, though there could be
a process altering their colors due to their coma. Future surveys such
as the Large Synoptic Survey Telescope (LSST Science Collaboration,
2009) will enable both targets to be observed close to the aphelion,
when the activity should have ceased, allowing the acquisition of nu-
cleus colors. This information will help to understand the link between
active asteroids and families, and what processes are acting on them.
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Fig. A.2. Visible spectroscopy in the 0.4-0.7 pm (blue) and 0.5-0.9 pm (gray) of asteroids from the Lixiaohua family.
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of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. A.5. Visible spectroscopy in the 0.4-0.7 pm (blue) and 0.5-0.9 pm (gray) and near-IR spectroscopy in the 0.9-2.3 pm (red) range of asteroids from the Lixiacohua family.
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Table A.1
Asteroids observational conditions — Visible Spectroscopy.

Asteroid Asteroid Grating Mode Date Time start Airmass N° Exp A a Solar
number name (1/mm) ) Exp (s) (mag) ©) analogs
3330 GANTRISCH 400 m2 2017-02-20 07:44:22 1.07 3 300 17.05 14.55 1,3
- - 400 ml 2017-02-20 08:03:00 1.06 5 450 19.17 8.74 1,3
3556 LIXIAOHUA 400 m2 2018-03-31 06:24:11 1.04 3 660 18.39 8.22 1,4
- - 400 ml 2017-02-20 04:57:39 1.15 4 600 18.39 8.22 1,3
5771 SOMERVILLE 400 m2 2017-02-20 03:57:35 1.23 3 300 17.15 2.52 1,3
- - 400 ml 2017-02-20 04:15:57 1.21 3 450 19.17 8.74 1,3
5900 JENSEN 400 m2 2018-03-09 09:24:35 1.04 3 450 17.82 14.09 1,3
17230 2000 CX116 400 m2 2018-03-31 04:57:56 1.33 3 500 17.74 10.89 1,4
- - 400 ml 2018-03-31 05:25:21 1.24 3 600 19.17 8.74 1,3
18483 1995 YY2 400 m2 2017-11-18 07:06:13 1.57 3 600 17.78 14.42 2,4,5
25932 2001 DB72 400 m2 2018-03-09 06:46:17 1.20 3 600 18.21 5.26 1,3
- - 400 ml 2018-03-09 06:02:56 1.16 3 600 19.17 8.74 1,3
26516 2000 CW56 400 m2 2018-03-20 08:28:59 1.10 3 600 18.79 15.46 1,3
27738 1990 TT4 400 m2 2017-07-27 05:12:06 1.14 3 600 17.81 5.75 5,6
34228 2000 QF90 400 m2 2017-07-27 07:40:44 1.25 3 600 18.01 19.78 5,6
34339 2000 QH218 400 m2 2017-11-18 00:55:01 1.27 4 600 18.52 14.39 2,4,5
35627 1998 KW9 400 m2 2018-02-09 01:01:16 1.74 3 600 18.70 11.05 1,2
39094 2000 VQ58 400 m2 2017-11-18 07:54:51 1.45 3 600 18.56 11.92 2,4,5
40976 1999 TV272 400 m2 2018-03-31 00:54:24 1.60 3 600 18.67 21.38 1,4
- - 400 ml 2018-03-31 00:21:34 1.49 3 600 19.17 8.74 1,3
42089 2001 AQ15 400 m2 2018-03-20 05:00:18 1.44 3 450 18.14 7.67 1,3
43152 1999 XM115 400 m2 2018-03-09 05:08:26 1.16 3 350 16.81 5.77 1,3
- - 400 ml 2018-03-09 04:42:34 1.13 3 450 19.17 8.74 1,3
44463 1998 VT18 400 m2 2017-02-20 02:34:07 1.41 3 200 17.28 6.37 1,3
- - 400 ml 2017-02-20 02:51:24 1.34 3 450 19.17 8.74 1,3
48153 2001 FW172 400 m2 2018-04-01 08:33:15 1.08 3 600 18.03 20.78 1,3
- - 400 ml 2018-04-01 09:11:49 1.05 3 700 19.17 8.74 1,3
54286 2000 JD51 400 m2 2017-07-26 23:54:22 1.23 4 500 18.20 11.69 5,6
56970 2000 SJ111 400 m2 2017-11-18 01:58:36 1.48 3 600 18.62 6.62 2,4,5
63312 2001 FH24 400 m2 2018-03-31 03:53:30 1.08 3 550 18.16 5.55 1,4
- - 400 ml 2018-03-31 03:21:01 1.15 3 600 19.17 8.74 1,4
65264 2002 GW16 400 m2 2018-02-09 01:45:58 1.36 3 500 17.96 11.34 1,2
- - 400 ml 2018-02-09 03:56:02 1.35 3 550 19.17 8.74 1,2
66062 1998 RG1 400 m2 2017-02-20 01:34:53 1.40 3 400 17.94 20.08 1,3
71655 2000 EF121 400 m2 2017-02-20 06:48:54 1.22 4 300 17.55 10.17 1,3
77495 2001 HM37 400 m2 2018-04-01 06:53:38 1.38 3 600 19.04 22.37 1,3
- - 400 ml 2018-04-01 07:28:53 1.20 3 750 19.17 8.74 1,3
80062 1999 JX85 400 m2 2017-07-27 08:54:51 1.10 3 600 18.08 11.96 5,6
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Table A.1 (continued).

Asteroid Asteroid Grating Mode Date Time start Airmass N° Exp \Y a Solar
number name (1/mm) wun Exp (s) (mag) ©) analogs
106085 2000 SO355 400 m2 2017-11-18 03:49:42 1.80 3 600 18.35 3.47 2,4,5
107861 2001 FN80 400 m2 2018-03-31 08:49:42 1.06 4 600 18.49 15.26 1,4
- - 400 ml 2018-03-31 08:02:04 1.01 3 600 19.17 8.74 1,4
110518 2001 TY78 400 m2 2017-07-27 01:38:58 1.26 3 550 18.39 6.33 5,6
110819 2001 UW49 400 m2 2017-07-27 06:52:26 1.18 3 600 17.77 5.32 5,6
- - 400 ml 2017-07-27 06:19:53 1.10 3 600 19.17 8.74 5,6
123915 2001 DK95 400 m2 2018-03-09 07:28:40 1.16 3 550 18.25 7.67 1,3
- - 400 ml 2018-03-09 08:00:30 1.25 3 550 19.17 8.74 1,3
123979 2001 FB38 400 m2 2018-03-20 07:31:18 1.02 3 500 18.46 13.78 1,3
- - 400 ml 2018-03-20 06:02:24 1.03 2 600 19.17 8.74 1,3
135384 2001 TT166 400 m2 2017-07-27 02:39:50 1.18 3 500 17.83 2.49 5,6
- - 400 ml 2017-07-27 03:13:28 1.10 4 600 19.17 8.74 5,6
138668 2000 RB103 400 m2 2017-11-18 02:50:52 1.75 3 500 17.90 3.01 2,4,5
156670 2002 JK111 400 m2 2018-04-01 05:19:31 1.60 3 660 19.21 8.86 1,3
- - 400 ml 2018-04-01 04:28:26 1.46 3 850 19.17 8.74 1,3
161079 2002 LP61 400 m2 2018-04-01 03:00:48 1.27 2 600 19.17 8.73 1,3
- - 400 ml 2018-04-01 03:33:24 1.27 3 720 19.17 8.74 1,3

*Solar analogs: (1) Landolt 102-1081, (2) Hyades 64 (3) Landolt 107-978, (4) Landolt 98-978, (5) Landolt 115-271 (6) Landolt 107-684.

Table A.2

Asteroids observational conditions - near-IR.
Asteroid Asteroid Date Time start Airmass Ne Exp \ a Solar
number name ) Exp (s) (mag) ©) analogs®
3330 GANTRISCH 2017-05-04 01:06:32 1.45 24 90 16.3 7.3 2
5771 SOMERVILLE 2017-02-03 04:43:04 1.75 28 90 17.4 7.0 2,7
16715 TRETTENERO 2016-05-04 04:15:59 1.40 40 90 18.1 3.2 1,2,3,4
18477 1995 WA11 2017-09-08 04:33:02 1.62 32 60 17.9 8.0 5,6
18483 1995 YY2 2017-12-25 23:23:17 1.13 28 90 17.0 0.7 5,6,7
19862 2556 P-L 2016-09-19 04:30:32 1.49 24 90 17.0 6.8 5
22118 2000 SL86 2017-12-25 22:17:00 1.18 32 90 17.2 9.7 5,6,7
26516 2000 CW56 2018-04-28 04:12:14 1.27 32 90 18.1 7.9 3
27738 1990 TT4 2018-10-31 00:24:27 1.27 24 90 16.5 9.0 1,5,6
34210 2000 QvVe67 2017-09-08 06:00:45 1.22 32 90 17.9 16.1 5,6
35627 1998 KW9 2016-05-04 05:44:01 1.20 33 30 18.2 16.7 5
39260 2000 YE138 2017-12-24 02:45:23 1.12 32 90 17.9 4.4 7
43152 1999 XM115 2017-12-24 06:22:18 1.17 32 90 18.1 20.0 7
44463 1998 VT18 2017-02-03 06:12:17 1.75 30 90 17.6 11.7 2,7
48153 2001 FW172 2018-04-28 05:41:56 1.45 28 90 17.5 16.3 3
65264 2002 GW16 2017-12-24 04:30:04 1.16 32 90 17.9 11.7 7
136272 2003 YF107 2016-05-04 02:20:55 2.10 38 90 18.2 5.3 1,2,3,4

aSolar analogs: (1) Landolt 112-1333, (2) Landolt 102-1081, (3) Landolt 107-998, (4) Landolt 110-361, (5) Landolt 93-101, (6) Landolt 115-271, (7) Landolt 98-978.

Table A.3

Orbital and Physical properties of the observed sample.
Asteroid Asteroid Abs. a e i Albedo Albedo Diameter Diameter error
number name Mag. (au) (@) error (km) (km)
3330 GANTRISCH 11.3 3.144 0.191 10.45 0.033 0.005 35.717 0.477
3556 LIXIAOHUA 12.7 3.154 0.197 10.15 0.035 0.004 20.085 0.036
5771 SOMERVILLE 12.3 3.129 0.191 10.02 0.029 0.001 28.306 0.264
5900 JENSEN 12.1 3.149 0.191 10.03 0.077 0.023 19.934 0.195
16715 TRETTENERO 14.3 3.154 0.198 10.13 0.041 0.006 9.026 0.157
17230 2000 CX116 12,5 3.153 0.199 10.16 0.077 0.012 16.605 0.311
18477 1995 WAI1 14.2 3.157 0.199 10.17 0.045 0.006 10.9 0.09
18483 1995 YY2 13.2 3.147 0.195 10.10 0.102 0.022 15.117 0.4
19862 2556 P-L 13.5 3.161 0.200 10.22 0.047 0.009 13.089 0.099
22118 2000 SL86 13.5 3.150 0.191 10.16 0.055 0.005 12.403 0.16
25932 2001 DB72 14.5 3.153 0.207 10.32 0.065 0.025 6.285 0.425
26516 2000 CW56 13.1 3.149 0.198 10.17 0.063 0.007 13.902 0.324
27738 1990 TT4 13.1 3.148 0.199 10.51 0.048 0.002 14.529 0.15
34210 2000 QV67 13.2 3.140 0.198 10.19 0.052 0.011 15.343 0.094
34228 2000 QF90 13.7 3.150 0.207 10.23 0.064 0.008 10.442 0.185
34339 2000 QH218 13.9 3.150 0.194 10.15 0.053 0.012 11.044 0.196
35627 1998 KW9 12.9 3.154 0.199 10.15 0.065 0.009 15.147 0.061
39094 2000 VQ58 14.1 3.147 0.203 9.95 0.037 0.008 9.994 0.528
39260 2000 YE138 14.1 3.144 0.202 10.30 0.046 0.009 9.824 0.224
40976 1999 TV272 13.5 3.158 0.199 10.13 0.078 0.006 11.972 0.169
42089 2001 AQ15 14.3 3.144 0.198 10.05 - - - -

(continued on next page)
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Table A.3 (continued).
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Asteroid Asteroid Abs. a e i Albedo Albedo Diameter Diameter error
number name Mag. (aw) ©) error (km) (km)
43152 1999 XM115 13.1 3.151 0.204 10.14 0.046 0.013 16.224 2.166
44463 1998 VT18 13.5 3.166 0.200 10.23 0.048 0.032 13.287 4.782
48153 2001 FW172 13.1 3.154 0.199 10.16 0.047 0.01 14.045 0.399
54286 2000 JD51 13.8 3.143 0.202 10.23 0.074 0.015 9.279 0.222
56970 2000 SJ111 13.5 3.143 0.197 10.14 0.024 0.007 13.05 0.112
63312 2001 FH24 13.9 3.149 0.197 10.11 0.061 0.013 9.347 0.312
65264 2002 GW16 14.1 3.158 0.198 10.16 0.045 0.006 9.522 0.312
66062 1998 RG1 13.4 3.160 0.200 10.23 0.08 0.168 12.115 2.794
71655 2000 EF121 13.4 3.149 0.193 10.21 0.052 0.009 13.335 0.152
77495 2001 HM37 14.3 3.150 0.198 10.18 0.048 0.008 9.625 0.147
80062 1999 JX85 14.1 3.158 0.197 10.15 0.041 0.004 9.532 0.12
106085 2000 SO355 15.1 3.144 0.193 10.16 - - - -
107861 2001 FN80 14.2 3.161 0.200 10.22 0.053 0.011 9.559 0.342
110518 2001 TY78 14.6 3.151 0.198 10.16 0.043 0.017 8.041 0.247
110819 2001 UW49 14.4 3.150 0.199 10.16 0.044 0.008 7.971 0.286
123915 2001 DK95 14.1 3.147 0.189 9.98 - - - -
123979 2001 FB38 14.4 3.144 0.196 10.23 0.045 0.012 8.617 0.559
135384 2001 TT166 14.6 3.150 0.202 10.12 0.056 0.008 7.433 0.254
136267 2003 YR80 14.4 3.150 0.200 10.17 0.03 0.003 10.382 0.083
138668 2000 RB103 14.8 3.151 0.191 10.14 - - - -
156670 2002 JK111 15.0 3.138 0.194 10.20 - - - -
161079 2002 LP61 15.2 3.147 0.200 9.85 - - - -
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