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Abstract

Aims. We present secular multiwavelength broadband photometry, spanning over 93 days, performed at the Yaoan High Precision Telescope on comet 64P/Swift-Gehrels in its 2018–2019 apparition. Our aim is to study its dust activity, coma properties, and the accidentally discovered mini-outburst.

Methods. We used aperture photometry to measure the Afρ value and correct the back-scattering effect based on phase angle. We deployed azimuthally averaged image enhancement methods to identify the coma morphology and the outburst. Secular color measurement was also conducted on the comet.

Results. We identified a −0.5 mag mini-outburst around January 3, 2019, with coma morphology study showing an obvious dust jet feature strengthened during the outburst. The maximum A(0)fρ value of 64P/Swift-Gehrels recorded is 313 cm at the top of the fitted curve and 334 cm at the outburst event. Both volatile-driven pressure mechanisms and nonvolatile-driven mechanisms could be the major explanation for the outburst. We obtain a mean color B − V = 0.68 ± 0.03 and V − R = 0.08 ± 0.01. The B − V color is similar to the mean value for Jupiter Family comets, but the V − R color turns out to be bluest among all the recorded short-period comets. The cause of this anomaly remains unknown.
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1 Introduction
Comets are considered to be a group of small bodies originating in the proto-solar disk that formed our Solar System. For most of their lives they wander in the farthest regions, but sometimes trespassers may come to the inner Solar System due to dynamical evolutions. Unlike asteroids, they preserve a large amount of volatiles that sublimate from their surface while exposed to the solar radiation, which forms their active nature. The gas and dust continually released from the surface of the cometary nucleus produce a gravitationally unbound atmosphere, called the coma. For an active comet, most of its brightness is contributed by the coma.
Comets have been observed systematically over the past few decades, and have been classified into different subsets. One key parameter to define these population subsets is the orbital period. An arbitrary classification defines short-period comets as comets with orbital periods of less than 20 yr, while intermediate comets have orbital periods of 20–200 yr, and long-period comets over 200 yr (Tancredi et al. 2006). This classification is still in use for the Minor Planet Center (MPC). There is another classification that uses the Tisserand constant of Jupiter Tj. This convenient parameter defines a special subset within the observed comet population, the Jupiter Family Comets (JFC). The Jupiter-family comets are a type of comets whose dynamical evolution is controlled by Jupiter. To distinguish JFCs from other types of comets, JFCs have Tj > 2 while Halley-type comets (roughly equal to the intermediate-period comets mentioned above) and long-period comets have Tj > 2 (Vaghi 1973). Most of the discovered JFCs fit the definition of short-period comets (Fernández et al. 1999).
Comet 64P/Swift-Gehrels (hereafter 64P) was poorly investigated in the past. Its discovery dates to November 17, 1889, when L. Swift found an object of cometary appearance at Warner Observatory. It was not observed again until Tom Gehrels used the 122 cm Schmidt telescope at Palomar Mountain Observatory to claim its rediscovery on February 8, 1973. In its most recent 2018–2019 apparition, 64P reached its perihelion distance of 1.39 au on November 3, 2018. Its orbital period is 9.41 yr and its Tj = 2.495, so 64P should be characterized as a JFC. Two catalogs investigating the nuclear magnitude of comets include 64P. In the catalog presented by Tancredi et al. (2006), the nucleus size of 64P is 1.8 km, while in the catalog from the Jet Propulsion Laboratory (JPL) Small-Body Database, the nucleus size of 64P is 1.6 km. In its 2018–2019 apparition, 64P was in a favorable position for observation as it made a close approach to the Earth and its geometry condition allowed months of continual observations near perihelion. Several outbursts of this comet were observed in this apparition (Kelley et al. 2019), and our own observations indicate another outburst around January 3, 2019.
The phenomenon of cometary outburst is quite common among comets. 29P/Schwassmann-Wachmann is a typical comet for having numerous recorded outburst events (Roemer 1958; Jewitt 1990; Trigo-Rodríguez et al. 2008). The outburst means the brightness of the comet suddenly rises from lower than 1 mag to higher than 5 mag for largest outbursts. Afterward, the brightness possibly falls back to the level before the outburst. During the outburst the cometary nucleus emits a large amount of cometary material into space, giving rise to the magnitude variation. With these material increments, the inner coma expands to replace the old diffuse coma before the outburst, thus the coma may change its shape in a few days, resulting in a possibly asymmetrical coma. The volatile-driven mechanisms for outbursts are discussed by Gronkowski & Wesołowski (2016); the mini-outburst without significant gas emission increment that the Rosetta mission observed in situ on 67P/Churyumov-Gerasimenko (hereafter 67P) gave rise to nonvolatile-driven mechanisms such as landslides and avalanches (Kelley et al. 2021). So far, none of the mechanisms can fully explain the morphology presented in the outburst, but it is commonly agreed that the direct reasons for cometary outbursts is the massive explosive ejection of surface material of the nucleus (Gronkowski & Wesołowski 2016).
Section 2 contains the data reduction of the broadband observations. In Sect. 3, we present observational results and discuss the physical properties of comet 64P. Further discussions on color and outburst are found in Sect. 4. The conclusions are summarized in Sect. 5.
Table 1 
Observation log.

2 Observation and data reduction
The JFC 64P was observed with the Yaoan High Precision Telescope (YAHPT) (IAU code O49). The telescope is located at the Purple Mountain Observatory Yaoan Station in Yunnan Province, southwest China. It is an 80 cm Ritchey-Chretien telescope, equipped with a 2048 x 2048 pixel2 PI CCD camera. The field of view (FOV) of this telescope is 11.8 arcmin2. The spatial resolution for each axis is 0.347″ per pixel. We used the Johnson–Kron–Cousins B, V, R broadband filters for our observation. The long-term observation lasted 44 nights in total from October 25, 2018, around the perihelion of 64P to February 12, 2019, when it was 1.82 au away from the Sun. All the astrometric data are queried from Minor Planet Center (MPC), and the observational geometry of the circumstances are summarized in Table 1.
Limited by the apparent velocity of the comet, the exposure time of the observation was restricted to avoid the condition that the cometary proper motion was greater than the standard seeing of the observation site of 1.3″ in each image. After bias subtraction, flat-fielding, and removal of cosmic rays, we used aperture photometry on the images to derive the magnitude of the comet. The aperture was set to 6000 km on the cometary nucleus instead of the traditional 10000 km (the standard scale for a JFC coma) because on this apparition 64P was so close to Earth (with the minimum distance of 0.445 au) that the aperture size of 10 000 km covered a large area of sky, which may cause frequent nearby star contamination. In addition, we used a fixed 6000 km aperture size throughout the observations to provide comparable photometric results, because although the Afp value remains unchanged in theory, it varies with different aperture used (Tozzi et al. 2003). Sky correction was performed with a first-order polynomial sky approximation using pixel areas far enough away from the stars or possible coma contamination on the same image. The data reduction was done by IRAF, and flux calibration was done with the help of the Aladin Skymap and UCAC4 Catalog. For detailed investigations of coma morphology, we applied a two-dimensional Gaussian fitting to find the optocenter of the comet, realigned those images using the optocenter, and co-added the image with the same filter in one night to enhance the signal-to-noise ratio.
	[image: thumbnail]	Fig. 1 Co-added R-band images of 64P on various imaging dates (as labeled). The Y-axes are realigned to the northern direction, and east is to the left. The field of view is approximately 1′ × 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.



3 Result
3.1 Visual appearance
The close geocentric distance of 64P in its 2018–2019 apparition allowed its coma to cover a radius of 0.5′ across the sky. A series of selected co-added images of 64P are shown in Fig. 1. These images are taken from YAHPT with R-band filter. The visual appearances of the coma are all nearly circular in our observational data, with a little stretch close to the opposite direction to the comet-to-Sun vector, which is supposed to be the direction of the dust tail. We adopt the dust tail model to explain the round shape visual appearance in Sect. 4.1.
3.2 Afp
The activity of a comet is a distinct feature among all the celestial bodies. The major contributors of the visual brightness of comets from optical broadband observations are the dust particles, which are produced along with the volatile sublimation. The precise way to measure the activity of a comet is to determine its mass loss rate, including volatile sublimation and dust ejection. However, the precise value of dust production rate is highly model-dependent (Shi et al. 2019), so we adopt the Afρ value that A’Hearn et al. (1984) presented as a proxy for cometary activity measurement, where A is the grain albedo, f is the filling factor in the field of view, and ρ is the aperture in the photometric reduction. This proxy can be derived as
[image: equation](1)
where rh is the heliocentric distance, Δ is the geocentric distance, ms is the solar magnitude, and mc is the comet magnitude calculated within the aperture of radius ρ in R band.
The Afρ value varies when the comet moves inbound or outbound, showing the change in dust activity level of the coma. Generally, the activity reaches its peak value around perihelion where the comet receives the most heat from the Sun. The peak may delay for a month or more for some comets because their presumed older devolatilized surface shows a thermal lag effect to reach maximum activity (Meech & Svoren 2004). A few comets can show a peak in activity before perihelion because of the seasonal effect, for example 21P/Giacobini-Zinner in the past apparition (Ehlert et al. 2019). Mass loss events such as outburst and splitting of the comets could result in an abrupt change in cometary activity, creating another peak in the Afρ curve. Since the R band covers the spectral range where the volatile emissions are weak for the comets, the Afρ value using photometric observations through the R-band filter can represent the dust activity. In an ideal coma with steady-state emission, the Afρ value is independent of the aperture for the photometric reduction, but a monotonic decrease is commonly reported with the aperture increase, reflecting nonsteady-state emission or possible dust grains fading or destruction (Lara et al. 2004; Tozzi et al. 2003).
The scattering efficiencies of dust particles in the comae that vary with phase angle contribute to the change in brightness and the Afρ value of the comets. An early construction of scattering phase function model was made by Divine (1981) in application to the observations of 1P/Halley. However, this phase function was proven to be not very accurate when the phase angle is too small (α < 15°) or too large (α > 90°; Schleicher et al. 1998). Further studies of the scattering phase function provide more precise matches to comet observations. Schleicher & Bair (2011) made a composite model combining his model for small phase angles with the Marcus model developed for large phase angles (Marcus 2007), which has been widely adopted in the photometric studies of comets. Bertini et al. (2017) used the OSIRIS camera on the Rosetta mission to measure the scattering phase function of 67P; this result correlates with research on other comets. Generally, the function exhibits a U-shaped structure, with a small peak at back-scattering angle (phase angle α close to 0°) and a much stronger increase at forward-scattering directions (phase angle α > 120°). For most comets observed on Earth, including 64P, the phase angle is restricted to a small range, except for the sun-grazed comets or close-approach events. In our observations, the phase angle of 64P monotonically increases from 22° to 31°, the scattering efficiencies of dust particles monotonically decrease while the phase angle increases, and the variation in our adjustment using different available models is negligible. To compare the Afρ values obtained at different phase angles, it is essential to normalize the Afρ value to a certain phase angle to provide more convincing results of dust activity (Kolokolova et al. 2001). We adopted the Schleicher-Marcus model (Schleicher & Bair 2011; Marcus 2007)1 to adjust the Afρ value to 0° phase angle, called the A(0)fρ. Because the phase angles of our observations are not close to zero, the optical brightness increase from the back-scattering effect is not obvious.
The coma magnitudes derived by aperture photometry for all the filters are listed in Table 2. The computed A(0)fρ values are plotted in Fig. 2. The red polynomial fit curve suggests that the A(0)fρ curve generally increased to a maximum point around 40 days after perihelion. However, we cannot determine the exact date when the comet was the most active, due to the lack of observational data. In addition, our only observation near the natural activity peak on December 13, 2018, seemed to be an outlier with the polynomial fit. The A(0)fρ value reached a peak of around 320 cm. We also note that on January 3 and 4, 2019, the measured A(0)fρ value was apparently higher than the fitting curve, around 20 days after the maximum point. We estimate that this could be a cometary outburst that happened around January 3, 2019.
Table 2 
Multiwavelength broadband photometry result for 6000 km aperture.

	[image: thumbnail]	Fig. 2 A(0)fρ curve throughout the whole observations. The arrow indicates the data points apart from the fitting curve, which is an unexpected peak of estimated outburst.



3.3 Morphology
Though it is acknowledged that the coma is mostly isotropic, many different asymmetric features were found covered by the isotropic emission of the coma (Rahe et al. 1969). We extracted these revealed coma features by applying some techniques, and thus we were able to start the coma morphology study. These features represent the anisotropic nature of the coma, reflecting spatial and time variations as the result of some physical processes related to coma, nucleus, and solar radiation (Boehnhardt & Birkle 1994). Through morphology studies we can reveal some physical properties of the unresolved nucleus, investigate the interaction of dust and gas in the coma, and measure the activity of the nucleus. Farnham (2009) described different types of coma features, including the commonly seen fans and jets, and the arcs, halos, shells, envelopes, and spirals that require some special geometry conditions or azimuthal perspectives to form. As for JFCs, on average they experienced longer evolution than other types of comets (Johnson et al. 1987), thus it reduces the mean activity level for this kind of comets, and the coma features of JFCs likely show less complexity compared to the highly active long-period comets. However, the extent of devolatilization of each JFC is still highly different, depending on its perihelion distance, aphelion distance, and dynamical age.
Since the special features in the coma can represent the dust activity of the comet, it is also possible that these features are sensitive to the abrupt change in the comet dust activity. As a diverged peak structure was identified in the A(0)fρ curvature apart from the regular maximum, which may stand for the outburst, morphology studies are necessary to analyze the coma features related to the peak structure. Thus, methods of image enhancement are required to study the detailed morphology in the coma covered by the mostly isotropic background of the coma dust particles. Operative methods to reveal coma features have been well categorized and used in the past (Samarasinha & Larson 2014; Birkle & Boehnhardt 1992). We thus selected the azimuthally averaged method that removes an azimuthally averaged background to show the anisotropic dust features for the coma.
To test if there was an outburst event that happened around January 3, we show the R-band observation images for January 1, 3, 4, and 11, 2019, in Fig. 3. We can clearly see the significant change in the coma morphology even for the plain image within just ten days. For a detailed investigation we used azimuthally averaged methods for image enhancement. Only simple patterns are shown in the morphology study; the major patterns shown are a diffuse fan in the anti-solar direction and a small jet in the solar direction. As Fig. 4 shows, for January 1 and January 11 the fan soon became diffuse as the distance to the nucleus increased. However, on January 3 the fan dramatically strengthened and did not show any sign of dispersion until the edge of the image 30″ away from the nucleus, the aperture for the morphology study. Instead, on January 4 this fan was still evident, but clearly weaker than the previous day. On January 11 this fan once again showed a weak pattern near the nucleus and quickly dispersed, suggesting that the effect of the outburst on the cometary activity had vanished. The coma morphology variation in these days shows the basic prospect for comet outburst. It should be noted that the enhancement techniques we used create significant errors when the distance to the nucleus is large, so the detail of the coma feature away from the nucleus could be meaningless. However, this method is still valid in judging if there was an outburst going on in the case of 64P.
	[image: thumbnail]	Fig. 3 Co-added R-band images of 64P on January 1 (upper left), January 3 (upper right), January 4 (bottom left), and January 11 (bottom right), 2019. The Y-axes are realigned to the northern direction, and east is to the left. The field of view is approximately 1′ × 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.



	[image: thumbnail]	Fig. 4 R-band images of 64P after applying azimuthally averaged methods on January 1 (upper left), January 3 (upper right), January 4 (bottom left), and January 11 (bottom right), 2019. The Y-axes are realigned to the northern direction and east is to the left. The field of view is approximately 1′× 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.



	[image: thumbnail]	Fig. 5 Surface brightness profiles of 64P on January 1 (left, before outburst) and January 3 (right, after outburst), 2019, in R filter. The diagonal lines in the lower left of each panel indicate gradients m = −1 and m = −3/2 for visual reference. The linear fit is made with data between 3000 km aperture and 10 000 km aperture



3.4 Surface brightness profile
Though a morphology study can reflect the pattern change in an outburst, image enhancement method cannot quantify the instability in the coma and its effect. The surface brightness profile can reveal the status of the coma (Jewitt & Meech 1987). For a simple steady-state coma, according to the fountain model hypothesis (Finson & Probstein 1968), the surface brightness profile follows the relationship of ρ−1 (Gehrz & Ney 1992). However, even if the coma is in a steady-state, other physical processes such as the radiation pressure or possible disintegration of the dust particles can reduce the index of the relationship below −1. For most comets recorded, the index of the surface brightness profiles lies in the range from −1 to −2; however, if the index is below −1.5, the only explanation can be the occurrence of nonsteady-state emission (Lowry et al. 1999).
During our observations we obtained R-band images with signal-to-noise ratio values high enough to compute the one-dimensional surface brightness profile. Because the water ice sublimation on the comet tends to be steady if the activity presented by the A(0)fρ value remains unchanged, the surface brightness profile also tends to stay the same. A simple comparison of the surface brightness profile on different dates can reveal the comparative stability of the coma emission, which is presented in Fig. 5. For January 1, 2019, a linear least-squares fit to the surface brightness profile from 1.3″ (i.e., outside the area affected by the seeing) to 10″ gives a slope of m = −0.92 ± 0.05. This slope is consistent with a steady-state coma for comet 64P. For January 3, 2019, when an outburst was believed to have happened, the fitting gives a slope of m = −0.91 ± 0.05. This slope is almost the same as the slope measured before outburst, and is also consistent with steady-state emission in the coma of 64P. This plot shows that this outburst is a very weak one that has a negligible effect on the stability of the coma, and thus the coma remains stable within the outburst. An extended examination of the surface brightness profiles on the other days with observational data yielded similar fitting slopes, suggesting the stability of the 64P coma did not have long-term variation during our observations.
3.5 Color
Our multiwavelength broadband observation was carried out with Johnson-Kron-Cousins broadband B, V, R filters. The data we obtained through these broadband filters mainly reflect the strength of the continuum part in the spectrum rather than the emission lines of the gas species. The sunlight reflected by the dust particles in the coma is the major contributor of the continuum part of the cometary spectrum (Blackwell & Willstrop 1957). The strength of the dust component varies with the activity of the comet, but the response for the activity in different bands could be different, and thus the color of the comet may show short-term or long-term variation (Betzler et al. 2017). As the cometary color is also relevant to the material composition of the comet, a unique color is suggested for comets in different dynamical categories (Jewitt 2015). For comparative study among JFCs, we may use color to reveal the unique features of 64P.
The data obtained during the observations allowed us to analyze the coma color of the target comets. Table 2 summarizes the color obtained at the optical aperture of radius ρ = 6000 km, chosen to minimize the effects of the sky background and possible contamination of nearby star light. The mean color of 64P we measured is B − V = 0.68 ± 0.03, V − R = 0.08 ± 0.01. While the mean color of active JFCs is B − V = 0.75 ± 0.02, V − R = 0.47 ± 0.02, the mean color of JFCs nuclei is B − V = 0.87 ± 0.05, V − R = 0.50 ± 0.03, and the solar color is B − V = 0.64 ± 0.02, V − R = 0.35 ± 0.01 (Jewitt 2015; Lamy & Toth 2009; Solontoi et al. 2012; Holmberg et al. 2006). The B − V value for 64P is similar to the mean value of the JFCs, but the V − R value for 64P is far less than the mean value, which means the 64P seems bluer than most of the JFCs and the Sun. This phenomenon is rare because most comets tend to be redder than the Sun in the past observations, possibly due to the effect of space weathering (Bertini 2011; Solontoi et al. 2012; Betzler et al. 2017; Lowry et al. 1999, 2003).
4 Discussion
4.1 Model
The dynamical behavior of dust particles in the coma is different depending on the region they reside in. In the innermost coma the motion of dust particles is so complex that it requires advanced hydrodynamic models to solve the coupling between sublimating gas and ejected dust, and it is sensitive to the boundary conditions of the nucleus. However, in the outer part of the coma the motion of dust particles is assumed to be insensitive to boundary conditions and it is mainly controlled by gravity and the radiation pressure of the Sun. The dust tail structure for this scenario was described in depth in the Finson-Probstein model (Finson & Probstein 1968).
Based on the description of Fulle et al. (2004, 2010) and the FP-like model on the Internet service Comet-toolbox2 (Finson & Probstein 1968; Vincent 2014), we used a Monte Carlo model to simulate the dust environment of 64P. The dust grains are uniquely characterized by β, the ratio of solar gravity to the solar radiation pressure for each dust particle. In our model, a large number of dust particles with different β values are released from the cometary nucleus a 0.01 day intervals. The velocities of these particles are randomly distributed to cover all the solid angles. The total number of particles ejected in the entire simulation is 3 × 109, which is enough to make the number of dust particles obey the distribution and the direction of the emission could be considered isotropic. The motion of dust particles in the outer coma can be described as
[image: equation](2)
Several constraints are adopted to the input dust properties. A power-law size distribution function with power index α, a free parameter in our model, is assumed to be the size distribution function of dust particles valid for the whole 2018–2019 apparition. The lower and upper limits of the radii are set to 0.1µm and 1 cm, similar to the setup of previous models (Fulle 1989; Moreno et al. 2004) and the average radius of dust particles would be ~10 µm, consistent with the observation of comets (Jewitt 2009). The number of grains produced in each release is derived from a normalized heliocentric distance dependent dust production rate, which is converted from the Afρ value previously obtained by the photometric results (see Sect. 3.2), with a model described in Rousselot et al. (2014). The heliocentric distance dependency is roughly estimated to be [image: equation], suggesting that the activity of 64P is very sensitive to its heliocentric distance. In addition, a −2.6 magnitude outburst on August 14, 2018 (Kelley et al. 2019), is adopted as the start of cometary activity in the simulation. The dust production rate before the outburst is negligible because the secular photometric data from MPC and Seiichi Yoshida’s aerith.net web page3 suggest that the brightness of 64P did not seem to fall back to the level before the outburst. The terminal velocity of dust particles at the boundary of the dust-gas decoupling region is proportional to [image: equation] (Crifo 1991) as the dust-gas interaction model for the innermost coma indicates. We adopted the estimate of velocity in Li et al. (2013) that the terminal velocity of dust particles in our model should be
[image: equation](3)
where rh is the distance to the Sun in au, f is the other free parameter to vary our estimate of the terminal velocity, and the velocity is in meters per second.
The dust properties of 64P in our model are represented by two free parameters, the power index of size distribution function α and the scaling factor of terminal velocity f. To derive the free parameters, we fit the morphology of the observed coma to the simulated synthetic coma. Figure 6 shows the best fit isophote contour plot of the observation (left panel) and the simulation (right panel) for the observation on January 1, 2019. The best fit combination of the two free parameters is f = 2.6 and α = −3.4. It suggests that for 64P the velocity of dust particles is higher than we expected, and large particles contribute slightly more to the brightness of the coma than small particles. The synthetic picture also shows that a nearly round coma can be formed with the geometry condition of 64P at that time instead of the stereotypical coma-tail structure. However, for the case of outbursts our isotropic emission model cannot reproduce the significant bulge in the southeast (Fig. 3, upper right panel). It may indicate that the possible variation in a power-law index or terminal velocity in the outburst could not account for the observed bulge alone. We suspect that the features in the outburst could be attributed to the anisotropic emission that constantly existed in our observations, manifested by the fan and jet shown with azimuthally averaged methods (see Sect. 3.3). In the steady emission, the observed coma still could be fitted well by an isotropic model, showing that the extent of anisotropy was weak for 64P that did not experience outburst. In the situation of outburst, the coma morphology on January 3, 2019, was affected by a stronger anisotropic emission, and our isotropic model cannot reproduce similar patterns. Figure 4 also shows that the features representing anisotropic emission were clearly intensified, consistent with our conclusion that the outburst was originated by the strengthening anisotropic emission, possibly from the region that was already active on the surface.
	[image: thumbnail]	Fig. 6 Isophote contour plot of the R-band observed coma (left) and the simulated dust coma (right) on January 1, 2019. The field of view is approximately 1′× 1′’ for each image. The contour lines correspond to 21.5, 20.8, 20.4, and 20.0 mag arcsec-2.



4.2 Magnitude variation and mechanisms of the outburst
Though the outburst was proven to exist and investigated with several means, the origin of the outburst still remains unsolved.
Because the brightness of the comet always rises to the maximum soon after the outburst, it is impossible to determine the precise magnitude variation without the knowledge of the exact moment of the outburst. And we spotted no clear sign of outburst in pre-outburst observations. The Afρ measurement from the Spanish association Cometas-Obs4 recorded higher activity up to 300 cm (658 cm if adjusted to zero phase angle) on January 2, 2019, indicating that the outburst may have taken place one day before our observation of the outburst on January 3. So we were not fortunate enough to observe a developing morphological outburst feature in the coma, and the strength of the dust activity had been decaying since the outburst event. The outburst morphology we observed probably shows the afterglow of the outburst, and thus we cannot obtain the exact magnitude variation in the outburst. However, a rough estimate could be given combining our observations and data from Cometas-Obs that the outburst of 64P on January 2, 2019, varied the R-band brightness by Δm = −0.5 magnitude, and that it should be categorized as a mini-outburst.
Volatile-driven mechanisms were interpreted as the cause of the phenomenon of cometary outbursts for several tens of years. In general, this kind of mechanism indicates a scenario that the volatile pressure down to several meters beneath the surface layer overwhelms the nucleus surface tensile strength. Outbursts or mini-outbursts with these origins are related to events that strengthen the volatile pressure or weaken the surface tensile. Volatile pressure could be boosted by astrochemical processes like the crystallization of the amorphous ice (Gronkowski & Wesołowski 2016), which occurs in shallow subsurfaces of 0.5 to several meters (Marboeuf & Schmitt 2014). Other mechanisms lead to the weakening surface tensile, such as the collision with meteors or solar activity. We checked the public released data from Solar Eruptive Event Detection System (SEEDS)5 and found no significant solar activity several days before the outburst; therefore, it is unlikely that normal solar wind could easily break through the nucleus surface, otherwise outbursts should be a much more frequent event for comets. The collision mechanism produces similar phenomena with the boosting of volatile pressure (Holsapple 1993), but it is restricted by the collision frequency of small bodies (Gronkowski 2004). The resulting outbursts would be either the opening of a vent exposing the internal volatile reservoir to surface or the explosion that destroys the surface layer, depending on whether the following volatile-driven activity exists or not (Knollenberg et al. 2016). In our case, the coma pattern clearly created by outburst survived for at least two days and faded gradually, indicating the existence of follow-up activity. So, the most likely volatile-driven mechanism for the outburst we observed could be that the pressurized gas breached the surface layer and created significant dust ejection on the nucleus.
Furthermore, the mini-outburst on 67P with no significant increase in CO2 and H2O sublimation observed by the Rosetta mission (Rinaldi et al. 2016) gave rise to another origin of cometary outbursts that does not require pressurized volatiles. Steckloff & Melosh (2016) suggested that this outburst could originate from avalanches. In addition, Pajola et al. (2017) found an “ambiguous link” between the cliff collapse (Vincent et al. 2016) and another outburst observed on 67P by the Rosetta mission. However, without narrowband observational data to check the change in the gas emission, we can hardly get proof for the above nonvolatile-driven mechanisms based on ground observations of comets, let alone determine if the comet has a rough surface to support this sort of mechanism. It is likely that with rough terrain, outbursts with nonvolatile-driven mechanisms would happen repeatedly on an active comet. For another outburst research on 67P, Agarwal et al. (2017) stated that the nonvolatile-driven mechanisms could be triggering volatile-driven mechanisms by undermining the strength of the nucleus surface and could allow the pressurized gas to breach. This could also be one of the possibilities for the origin of the outburst on 64P.
It is also worth mentioning that in August, 2018, three months prior to our observations, four outbursts were identified for 64P with magnitude variation ranging from −0.2 to −2.6 magnitude in the Sloan Digital Sky Survey (SDSS) r band (Kelley et al. 2019). Together with our observations, it shows that the 64P was observed experiencing five outbursts within half a year, despite the insufficient observation coverage. Compared with the six outbursts that 46P/Wirtanen (hereafter 46P) experienced in the recent favorable apparition, it is reasonable to suspect that 64P shares similar intermediate outburst frequency with 46P (Kelley et al. 2021). However, the effective radius of the nucleus of 64P was measured to be 1.6 km or 1.8 km (see Sect. 1), while 46P has a very tiny effective radius of just 0.6 km, meaning that 64P triggers fewer outbursts with the same surface area. Combined with our conclusion for the surface brightness profiles of 64P that its emission was in a steady state, we suggest that 64P may have a young surface with low devolatilization level to produce stable outflow and fewer outbursts (Meech & Svoren 2004).
	[image: thumbnail]	Fig. 7 Color variation in 64P over the observations with date. The two anomalous points indicating redder color in B – V and V – R are from the data of January 1, 2019, and February 5, 2019.



4.3 The anomalous color
The anomalously blue color of 64P could be the result of a long-term variation event. With our multiwavelength data in Fig. 7 we show the change in color of 64P over all the observations. Most of the B – V falls in the range of 0.6–0.8 and V – R falls in the range of 0.0−0.2 mag; however, there were two days when the color changed abruptly and significantly. One day was January 1, 2019; the other day was February 5, 2019. The amplitude of the abrupt change reached 0.5 for B − R, and the timescales of these two events were constrained to one or two days because the previous and the next observation date did not show a similar result or possible trend to explain such an anomaly. We note that the outburst mentioned above took place on around January 3, 2019, just after the temporary change of B – R index on January 1, 2019. The color index during the observed outburst remained basically the same during most of our observations, suggesting typical dust particle composition or distribution. It is suspicious that the color anomaly on January 1, 2019, could be related to the outburst, but no outburst was recorded, despite available observations on consecutive days around the other anomaly. It is also unclear, due to the lack of our data and the short timescale of such anomaly, if this anomaly occurs periodically. Ivanova et al. (2017) also observed a similar event on comet C/2013 UQ4 (Catalina). They reported B – R = 0.90 ± 0.11 on July 16, 2014, and B – R = 1.41 ± 0.14 on July 18, 2014, meaning that the color of this comet also experienced significant variation on a rather short timescale. They interpreted this anomaly using dust grain models of different compositions, and concluded that the heterogeneous composition of the comet was the main reason for this anomaly. In Sect. 4.4, we present another approach to investigating the dependency between color and the aperture to find more clues to this anomalous color.
The consistent relatively small V – R index of 64P shows a bluer color than most of the comets and the Sun, while no previous record of the color of this comet can be found for comparison. One possibility is that 64P could preserve primitive materials within its nucleus, and we were observing the release of these materials. However, this phenomenon would cause the comet to be rather active, while the A(0)fρ value of 64P (see Sect. 3.2) does not seem prominent among the JFCs. Though the typical color of comets turns out to be redder than the Sun, several snapshot color measurements of different comets were reported showing blue color (Korsun et al. 2010; Zubko et al. 2014). As for long timescale variation, a similar bluing phenomenon was recorded recently on the comet C/2019 Y4 (ATLAS) before its splitting event, indicating a large amount of gas released (Hui & Ye 2020; Ye et al. 2021). Compared to the previous examples, the minimum V – R color of our observation for 64P lasted over 100 days, exceeding other bluing events recorded, and the tendency of gradual change is not recognized. Notably from August to September 2018, three months before our observations, the reported color converted to BVRI system was V – R = 0.30 ± 0.02 (Kelley et al. 2019). This result is redder than ours, and it matches our expectation for JFCs, suggesting that 64P underwent a bluing process between September and November in 2018. The deviations from the mean color of comets might be indicative of unusual phenomena presented by an active comet, or a change in grain size distribution and/or composition, as Betzler et al. (2020) suggested. In particular, Ivanova et al. (2017) pointed out that the color of magnesium-rich silicate is consistent with the blue color we observed. Cremonese et al. (2016) showed that 16 of 70 dust grains ejected from 67P presented blue color, indicating that recent activity in different heterogeneous regions could create color variations. In addition, the blue color observed on comets could be produced by hydrated minerals or even tiny water ice particles. However, due to the limitation of our data resources, the main cause for a minimum V – R color of 64P is still mysterious to us.
	[image: thumbnail]	Fig. 8 Aperture size dependence of color shown for different dates of our observations. We spotted a general trend that the coma becomes bluer with larger aperture used. This trend does not apply on the two days with unusual color (January 1, 2019, and February 5, 2019).



4.4 Color-aperture dependency
The dependency between color and the aperture size used for photometry has been investigated by many other researches (Li et al. 2013; Betzler et al. 2017; Kolokolova et al. 2003). We measured the color variation in the dust coma of 64P between 3000 km and 10 000 km from the nucleus; selected results are plotted in Fig. 8. We found a general trend in our observations that while we enlarge the aperture size, the color gets bluer. For most of our observations, the slope of the color-aperture diagram varies in the range from −0.2 mag/10 000 km to −0.3 mag/10 000km, and the mean value is −0.26 ± 0.04mag/10000km. This phenomenon can be explained by the particle size sorting effect (Fink & Rubin 2012). This effect means that different sizes of dust particles occupy different positions in the coma. The motion of dust particles outside the innermost coma is basically controlled by their terminal velocity, the Sun’s gravity, and radiation pressure (Fulle et al. 2010). For relatively large particles, the terminal velocity is smaller and the radiation pressure is negligible, and thus they concentrate near the center of the coma. Lighter particles have higher terminal velocity and are more sensitive to the radiation pressure, so they move to the outer part of the coma. If we assume all these dust particles have similar compositions, then the larger dust particles will appear redder (Kolokolova et al. 2001). In this case the center of the coma will have be redder than the outer part, which is consistent with our observation. It also implies that for most cases the color measured for the coma could vary with the aperture used for photometric analysis.
On January 1 and February 5, 2019, we recorded zero slope in the color-aperture diagram, shown in Fig. 8. The color remained unchanged regardless of the aperture size. Remarkably, the anomaly sighted on these two days coincides with the abrupt change in coma color we previously mentioned. Combining the results above, we can conclude that on January 1 and February 5, 2019, the daily variation in the coma color reddened about 0.5 mag on B – R color on the basis of a 6000 km aperture. We also find that with larger aperture used for photometry, a bigger variation in color would be recorded. In these scenarios the particle size sorting effect is no longer applicable because the timescale of the variation is too short to allow large particles to diffuse into the outer coma. Our dust tail model (see Sect. 4.1) demonstrates that only small particles whose radii are less than 100 µm could have the possibility to escape to the largest aperture (15 000 km) used here within one day. Since the A(0)fρ value did not change much compared with observations on consecutive dates, a possible explanation for the abrupt change in color and color-aperture relation in the coma could be the intermittent release of redder dust particles with different compositions. Those particles could be small in size, hence they do not contribute much to the mass loss of the coma and the activity measured from photometric results.
5 Summary and conclusion
We performed secular multiwavelength broadband photometry of the JFC 64P, from 1.39 au to 1.82 au outbound in 2018 and 2019. Our aims were to research the physical properties and activity of 64P. We happened to observe an outburst on around January 3, 2019. Our main results can be summarized as follows:

	For 64P, the R-band A(0) fρ was computed in an aperture of radius ρ = 6000 km, and its A(0) fρ curves are presented. The results matched the general trend that A(0) fρ increased to its peak activity after its perihelion, and then decreased with increasing rh, except for the outburst event we observed. In the outburst condition we recorded a A(0) fρ value of 334 ± 6 cm on January 3, 2019;


	The dust coma morphology of 64P was investigated using an azimuthally averaged method. It shows a dust jet in the anti-solar direction. During the outburst situation, the dust jet was first strengthened, then became diffuse, and finally turned back to its usual appearance;


	The surface brightness profiles of 64P show a slope of 0.92±0.05 that remains almost the same during our observations, suggesting the coma was constantly in a standard steady state, as the fountain model interpreted;


	The analysis of the multiwavelength observation reveals that the mean color of 64P during our observation is B – V = 0.68 ± 0.03, V – R = 0.08 ± 0.01. Compared to other JFCs, the B – V color is similar, but the V – R color value is much smaller. It seems that the 64P could be bluer than other comets, but the cause is unknown;


	The color-aperture diagram for each day of the observations suggests a particle size sorting effect for 64P that the larger dust particles occupy the inner coma, while the smaller particles dominate the outer coma;


	The origin of the outburst observed on 64P could be limited, but remains uncertain. It could be volatile-driven pressure mechanisms or nonvolatile-driven mechanisms such as landslides and avalanches, or a combination of the two mechanisms.



With the observations and the modelling result presented above, we can conclude that comet 64P is quite active among the JFCs and it presented a steady-state coma after its perihelion in the 2018–2019 apparitions. However, the characterization of dust coma environment of this comet before the perihelion still requires further observations in the future apparitions. In addition, it is likely that the color anomaly may appear again under similar geometric conditions if the long-lasting blue color we observed is caused by the release of bluer dust particles.
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	[image: thumbnail]	Fig. 1 Co-added R-band images of 64P on various imaging dates (as labeled). The Y-axes are realigned to the northern direction, and east is to the left. The field of view is approximately 1′ × 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.
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	[image: thumbnail]	Fig. 2 A(0)fρ curve throughout the whole observations. The arrow indicates the data points apart from the fitting curve, which is an unexpected peak of estimated outburst.
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	[image: thumbnail]	Fig. 3 Co-added R-band images of 64P on January 1 (upper left), January 3 (upper right), January 4 (bottom left), and January 11 (bottom right), 2019. The Y-axes are realigned to the northern direction, and east is to the left. The field of view is approximately 1′ × 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.
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	[image: thumbnail]	Fig. 4 R-band images of 64P after applying azimuthally averaged methods on January 1 (upper left), January 3 (upper right), January 4 (bottom left), and January 11 (bottom right), 2019. The Y-axes are realigned to the northern direction and east is to the left. The field of view is approximately 1′× 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.
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	[image: thumbnail]	Fig. 5 Surface brightness profiles of 64P on January 1 (left, before outburst) and January 3 (right, after outburst), 2019, in R filter. The diagonal lines in the lower left of each panel indicate gradients m = −1 and m = −3/2 for visual reference. The linear fit is made with data between 3000 km aperture and 10 000 km aperture
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	[image: thumbnail]	Fig. 6 Isophote contour plot of the R-band observed coma (left) and the simulated dust coma (right) on January 1, 2019. The field of view is approximately 1′× 1′’ for each image. The contour lines correspond to 21.5, 20.8, 20.4, and 20.0 mag arcsec-2.
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	[image: thumbnail]	Fig. 7 Color variation in 64P over the observations with date. The two anomalous points indicating redder color in B – V and V – R are from the data of January 1, 2019, and February 5, 2019.
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	[image: thumbnail]	Fig. 8 Aperture size dependence of color shown for different dates of our observations. We spotted a general trend that the coma becomes bluer with larger aperture used. This trend does not apply on the two days with unusual color (January 1, 2019, and February 5, 2019).
In the text





    
      Table 1 

      Observation log.

      
        


	Date
	Δ (au)(a)
	rh (au)(b)
	f(deg)(c)
	α (deg)(d)
	Filter × N
	Exp(s)(e)





	2018-11-06
	0.45
	1.394
	3.09
	22.2
	R × 5
	50



	2018-11-09
	0.455
	1.395
	4.6
	22.6
	R × 5
	50



	2018-11-10
	0.456
	1.395
	4.6
	22.7
	R × 5
	50



	2018-11-11
	0.458
	1.396
	5.72
	22.8
	R × 5
	30



	2018-11-12
	0.46
	1.397
	6.65
	22.9
	R × 5
	30



	2018-11-13
	0.462
	1.398
	7.47
	23.1
	R × 5
	20



	2018-11-14
	0.464
	1.399
	8.2
	23.2
	R × 5
	30



	2018-11-16
	0.469
	1.401
	9.5
	23.4
	R × 5
	30



	2018-11-17
	0.471
	1.403
	10.64
	23.5
	R × 5
	30



	2018-11-18
	0.474
	1.404
	11.17
	23.7
	R × 5
	30



	2018-11-19
	0.477
	1.406
	12.15
	23.8
	R × 5
	30



	2018-11-23
	0.49
	1.413
	15.08
	24.3
	B × 20, R × 20, V × 20
	30



	2018-11-24
	0.493
	1.415
	15.82
	24.4
	B × 10, R × 10, V × 10
	30



	2018-11-25
	0.497
	1.417
	16.52
	24.5
	B × 10, R × 10, V × 10
	30



	2018-12-04
	0.536
	1.441
	23.29
	25.7
	R × 10
	30



	2018-12-13
	0.588
	1.472
	29.71
	26.9
	R × 10
	30



	2018-12-21
	0.644
	1.505
	35.15
	27.9
	B × 10, V × 10
	30



	2018-12-25
	0.676
	1.523
	37.74
	28.5
	R × 10
	30



	2018-12-26
	0.684
	1.528
	38.43
	28.6
	B × 20, R × 20, V × 20
	30



	2019-01-01
	0.738
	1.558
	42.24
	29.3
	B × 15, R × 15, V × 15
	50



	2019-01-03
	0.757
	1.569
	43.54
	29.5
	B × 5, R × 5, V × 5
	50



	2019-01-04
	0.766
	1.574
	44.11
	29.6
	B × 10, R × 10, V × 10
	30



	2019-01-10
	0.828
	1.607
	47.67
	30.1
	R × 10
	50



	2019-01-11
	0.839
	1.613
	48.28
	30.2
	B × 10, R × 10, V × 10
	50



	2019-01-12
	0.85
	1.619
	48.88
	30.3
	R × 10
	50



	2019-01-13
	0.861
	1.625
	49.47
	30.4
	R × 10
	50



	2019-01-14
	0.873
	1.631
	50.05
	30.5
	B × 10, R × 10, V × 10
	50



	2019-01-15
	0.884
	1.637
	50.62
	30.5
	B × 10, R × 10, V × 10
	50



	2019-01-23
	0.981
	1.686
	54.99
	31
	R × 10
	50



	2019-01-25
	1.006
	1.699
	56.07
	31
	B × 10, R × 10, V × 10
	50



	2019-02-02
	1.113
	1.751
	60.11
	31.2
	B × 10, R × 10, V × 10
	50



	2019-02-03
	1.127
	1.758
	60.62
	31.2
	B × 10, R × 10, V × 10
	50



	2019-02-04
	1.141
	1.765
	61.12
	31.2
	B × 10, R × 10, V × 10
	50



	2019-02-05
	1.155
	1.771
	61.55
	31.2
	B × 15, R × 15, V × 15
	50



	2019-02-06
	1.169
	1.778
	62.05
	31.2
	B × 15, R × 15, V × 15
	50



	2019-02-07
	1.184
	1.785
	62.54
	31.2
	B × 15, R × 15, V × 15
	50





      

      
Notes. (a)Geocentric distance.(b) Heliocentric distance. (c)True anomaly. (d)Phase angle. (e)Exposure time per image.
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        Co-added R-band images of 64P on various imaging dates (as labeled). The Y-axes are realigned to the northern direction, and east is to the left. The field of view is approximately 1′ × 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.

      

    

  
    
      Table 2 

      Multiwavelength broadband photometry result for 6000 km aperture.

      
        


	Date
	B-mag
	V-mag
	R-mag
	A(0)fρ (cm)
	B – V
	V – R





	2018-11-06
	
	
	12.182 ± 0.011
	223.87 ± 2.27
	
	



	2018-11-09
	
	
	11.982 ± 0.098
	282.04 ± 25.46
	
	



	2018-11-10
	
	
	12.126 ± 0.011
	248.09 ± 2.49
	
	



	2018-11-11
	
	
	12.092 ± 0.009
	258.66 ± 2.25
	
	



	2018-11-12
	
	
	12.078 ± 0.015
	264.64 ± 3.66
	
	



	2018-11-13
	
	
	12.086 ± 0.010
	265.53 ± 2.44
	
	



	2018-11-14
	
	
	12.088 ± 0.008
	267.69 ± 2.03
	
	



	2018-11-16
	
	
	11.991 ± 0.008
	299.95 ± 2.18
	
	



	2018-11-17
	
	
	12.118 ± 0.029
	276.02 ± 7.49
	
	



	2018-11-18
	
	
	12.012 ± 0.017
	308.56 ± 4.93
	
	



	2018-11-19
	
	
	12.133 ± 0.013
	280.29 ± 3.41
	
	



	2018-11-23
	12.805 ± 0.007
	12.137 ± 0.007
	12.064 ± 0.006
	318.47 ± 1.77
	0.668 ± 0.010
	0.073 ± 0.010



	2018-11-24
	12.846 ± 0.007
	12.207 ± 0.007
	12.146 ± 0.010
	299.64 ± 2.69
	0.639 ± 0.010
	0.061 ± 0.012



	2018-11-25
	12.770 ± 0.009
	12.234 ± 0.010
	12.166 ± 0.010
	306.28 ± 2.94
	0.536 ± 0.013
	0.068 ± 0.014



	2018-12-04
	
	
	12.300 ± 0.008
	332.70 ± 2.36
	
	



	2018-12-13
	
	
	12.609 ± 0.008
	320.61 ± 2.50
	
	



	2018-12-21
	13.617 ± 0.008
	12.974 ± 0.006
	
	
	0.643 ± 0.010
	



	2018-12-25
	
	
	12.984 ± 0.018
	333.30 ± 5.60
	
	



	2018-12-26
	13.708 ± 0.027
	13.094 ± 0.014
	12.989 ± 0.011
	341.93 ± 3.41
	0.614 ± 0.031
	0.104 ± 0.017



	2019-01-01
	14.647 ± 0.072
	13.676 ± 0.032
	13.325 ± 0.021
	303.90 ± 5.77
	0.971 ± 0.079
	0.351 ± 0.038



	2019-01-03
	13.910 ± 0.021
	13.231 ± 0.013
	13.206 ± 0.018
	368.01 ± 6.17
	0.679 ± 0.024
	0.025 ± 0.022



	2019-01-04
	14.054 ± 0.008
	13.367 ± 0.007
	13.309 ± 0.012
	344.85 ± 3.75
	0.687 ± 0.011
	0.058 ± 0.014



	2019-01-10
	
	
	13.828 ± 0.021
	260.52 ± 4.96
	
	



	2019-01-11
	14.455 ± 0.021
	13.888 ± 0.016
	13.833 ± 0.011
	268.27 ± 2.67
	0.567 ± 0.026
	0.055 ± 0.020



	2019-01-12
	
	
	13.863 ± 0.010
	269.87 ± 2.47
	
	



	2019-01-13
	
	
	13.929 ± 0.036
	262.47 ± 8.78
	
	



	2019-01-14
	14.725 ± 0.010
	14.104 ± 0.008
	14.061 ± 0.014
	244.75 ± 3.10
	0.621 ± 0.013
	0.043 ± 0.016



	2019-01-15
	14.745 ± 0.017
	14.103 ± 0.014
	14.057 ± 0.015
	253.67 ± 3.53
	0.642 ± 0.022
	0.046 ± 0.020



	2019-01-23
	
	
	14.498 ± 0.016
	220.74 ± 3.19
	
	



	2019-01-25
	15.422 ± 0.012
	14.707 ± 0.012
	14.576 ± 0.015
	219.44 ± 2.94
	0.715 ± 0.017
	0.131 ± 0.019



	2019-02-02
	15.885 ± 0.016
	15.231 ± 0.012
	15.143 ± 0.012
	169.23 ± 1.80
	0.655 ± 0.020
	0.088 ± 0.017



	2019-02-03
	16.043 ± 0.024
	15.328 ± 0.013
	15.215 ± 0.016
	163.68 ± 2.46
	0.714 ± 0.028
	0.113 ± 0.021



	2019-02-04
	16.134 ± 0.019
	15.378 ± 0.028
	15.290 ± 0.016
	157.90 ± 2.27
	0.756 ± 0.033
	0.089 ± 0.032



	2019-02-05
	16.691 ± 0.135
	15.623 ± 0.035
	15.307 ± 0.017
	160.32 ± 2.50
	1.068 ± 0.139
	0.316 ± 0.039



	2019-02-06
	16.119 ± 0.023
	15.474 ± 0.016
	15.359 ± 0.013
	157.79 ± 1.88
	0.644 ± 0.028
	0.115 ± 0.020



	2019-02-07
	16.333 ± 0.031
	15.598 ± 0.023
	15.560 ± 0.019
	135.56 ± 2.31
	0.736 ± 0.039
	0.037 ± 0.030





      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        A(0)fρ curve throughout the whole observations. The arrow indicates the data points apart from the fitting curve, which is an unexpected peak of estimated outburst.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Co-added R-band images of 64P on January 1 (upper left), January 3 (upper right), January 4 (bottom left), and January 11 (bottom right), 2019. The Y-axes are realigned to the northern direction, and east is to the left. The field of view is approximately 1′ × 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        R-band images of 64P after applying azimuthally averaged methods on January 1 (upper left), January 3 (upper right), January 4 (bottom left), and January 11 (bottom right), 2019. The Y-axes are realigned to the northern direction and east is to the left. The field of view is approximately 1′× 1′ for each image. The yellow arrow represents the Sun’s direction, while the blue arrow represents the velocity direction of the comet.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Surface brightness profiles of 64P on January 1 (left, before outburst) and January 3 (right, after outburst), 2019, in R filter. The diagonal lines in the lower left of each panel indicate gradients m = −1 and m = −3/2 for visual reference. The linear fit is made with data between 3000 km aperture and 10 000 km aperture

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Isophote contour plot of the R-band observed coma (left) and the simulated dust coma (right) on January 1, 2019. The field of view is approximately 1′× 1′’ for each image. The contour lines correspond to 21.5, 20.8, 20.4, and 20.0 mag arcsec-2.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Color variation in 64P over the observations with date. The two anomalous points indicating redder color in B – V and V – R are from the data of January 1, 2019, and February 5, 2019.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Aperture size dependence of color shown for different dates of our observations. We spotted a general trend that the coma becomes bluer with larger aperture used. This trend does not apply on the two days with unusual color (January 1, 2019, and February 5, 2019).
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