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Abstract

The impact of the Double Asteroid Redirection Test spacecraft into Dimorphos, moon of the asteroid Didymos, changed
Dimorphos’s orbit substantially, largely from the ejection of material. We present results from 12 Earth-based facilities
involved in a world-wide campaign to monitor the brightness and morphology of the ejecta in the first 35 days
after impact. After an initial brightening of ~1.4 mag, we find consistent dimming rates of 0.11-0.12 mag day " in the
first week, and 0.08-0.09 magday ' over the entire study period. The system returned to its pre-impact brightness
24.3-25.3 days after impact though the primary ejecta tail remained. The dimming paused briefly eight days after impact,
near in time to the appearance of the second tail. This was likely due to a secondary release of material after re-impact of a
boulder released in the initial impact, though movement of the primary ejecta through the aperture likely played a role.

Unified Astronomy Thesaurus concepts: Asteroids (72); Near-Earth objects (1092); Impact phenomena (779);

Asteroid satellites (2207)
Supporting material: data behind figure

1. Introduction

At 23:14 UTC 2022 September 26, the Double Asteroid
Redirection Test (DART) spacecraft impacted Dimorphos, the
moon of the asteroid (65803) Didymos (Daly et al. 2023). The
goal of DART (Rivkin et al. 2021) was to measurably change
the orbital period of the moon and thus derive an estimate of
the momentum enhancement factor § (Cheng et al. 2023) i.e.,
how much momentum was imparted to the body compared to
how much momentum the spacecraft had prior to impact.
Understanding how well a kinetic impactor can alter an
asteroid’s orbit is key to knowing how effective that technique
would be in future planetary defense situations. The value of 8
was expected to be above 1 due to the ejection of material from
the surface, broadly in the anti-impact direction (Stickle et al.
2022). Measuring and interpreting the properties of the ejecta
and how it evolved over time therefore contributes to a broader
understanding of not just how well DART worked, but why.

Early results (see, e.g., Cheng et al. 2023; Daly et al. 2023;
Dotto & Zinzi 2023; Graykowski et al. 2023; Li et al. 2023;
Thomas et al. 2023) have shown that DART was highly
successful at altering the orbit of Dimorphos around Didymos.
The estimated value of §=3.6, assuming the densities of
Dimorphos and Didymos are the same (Cheng et al. 2023), is
significantly higher than 1, which is consistent with the rapid
appearance of ejecta seen by the Hubble Space Telescope
(HST) (Li et al. 2023) and ground-based observers (see, e.g.,
Graykowski et al. 2023; Opitom et al. 2023), immediately
indicating that significant material was ejected, and rapidly. Li
et al. (2023) found the structure of the ejecta to be highly
complex, driven first by dynamical interactions with Didymos
and Dimorphos, and later by radiation pressure. The interaction
of the ejecta with the binary system, especially any possible re-
accretion of material previously lofted, is a key aspect of
measuring and interpreting [, at least until the ESA Hera
mission (Michel et al. 2022) provides a precise measurement of
the actual mass of Dimorphos.

This study presents new ground-based telescopic data from
September 26 through November 1. The data presented expand
upon previously reported ejecta results (Bagnulo et al. 2023;

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Graykowski et al. 2023; Li et al. 2023; Opitom et al. 2023)
which have shown the evolution of the ejecta to be a
significantly more complex and long-lasting process than
anticipated prior to impact. This work combines data from 12
Earth-based facilities that were collected with denser temporal
sampling and with wider fields of view than the other published
studies. This is a subset of all of the lightcurve campaign
observations which are detailed in Moskovitz et al. (2023).
Previous spacecraft missions like Deep Impact (A’Hearn et al.
2005) and EPOXI were also complimented by large ground-
based (Meech et al. 2005, 2011) campaigns to great effect. The
ground-based campaign was designed to measure a change in
Dimorphos’s orbital period about Didymos, and thus constrain
the momentum enhancement factor G (Thomas et al. 2023).
Further refinements and deeper analyses of these and other data
sets are still ongoing. Continued monitoring of the system by
globally distributed telescopes has also allowed a new under-
standing of the complex evolution of the ejecta.

Additionally, DART’s impact provides a unique opportunity
to study an “activated” asteroid (see, e.g., Graykowski et al.
2023) created with precisely known impact conditions, hence
providing for the first time a clear knowledge of the behavior
and evolution of other impact-driven active asteroids. Indeed,
impacts are one of the most dominant processes in the solar
system (Melosh 1989), and yet our knowledge of their
mechanics on small bodies are limited by the lack of
knowledge about the (natural) impactor and target properties
and the lack of observations in the very early stage of ejecta
and tail evolution due to their serendipitous discovery. For
example, in 2010 (596) Scheila underwent non-repeating but
significant mass loss (see, e.g., Bodewits et al. 2011) that was
largely interpreted as impact-driven. Moreover, Scheila’s ejecta
coma displayed considerable morphological evolution after-
wards (Ishiguro et al. 2011). A clearer understanding of ejecta
resulting from impacts onto asteroids will be increasingly
useful to interpret and model (see, e.g., Larson & Sarid 2021)
impact-driven mass loss as epochs of activity are discovered
closer to their start in the era of the Vera Rubin Observatory’s
Legacy Survey of Space and Time (Ivezi¢ et al. 2019).

In this work, we present observations from 12 ground-based
observatories on three continents and Hawai’i of the evolution
of the Didymos—Dimorphos system in the first five weeks after
the DART impact. In Section 2, we present a brief overview of
our data reduction procedures and how they varied from


http://astrothesaurus.org/uat/72
http://astrothesaurus.org/uat/1092
http://astrothesaurus.org/uat/779
http://astrothesaurus.org/uat/2207
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 959:1.12 (12pp), 2023 December 10

observatory to observatory. In Section 3, we present our
photometric results, with a specific focus on the photometric
behavior of the system eight days after impact, within the
context of our and others’ deep imaging work. In Section 4, we
propose several hypotheses to explain the evolution of the
brightness of the system over time and begin to apply some of
what was learned from DART to deepen our knowledge of
other active asteroids.

2. Observatories and Methods
2.1. Observatories

This work presents photometric and imaging observations
from 12 separate observatories from Hawai’i to Antarctica. The
Lowell Discovery Telescope (LDT) and Southern Observatory
for Astrophysical Research (SOAR) contributed both deep
imaging and observations of the long-term photometric
dimming. The ASTEP telescope in Antarctica, the Henrietta
Swope (Las Campanas) telescope, the Las Cumbres Observa-
tory Global Telescope (LCOGT) network, the Otehiwai Mt.
John observatory, the Danish 1.54 m (La Silla), the Michigan
State University (MSU) campus telescope, and the Lowell
Observatory 42” inch Hall Telescope contributed photometric
observations. The Very Large Telescope (VLT), Magdalena
Ridge Observatory (MRO), and Canada-France—Hawai’i
(CFHT) telescope all contributed deep imaging. Observations
from the photometry-only telescopes (e.g., the Lowell 42" or
the Swope telescope) were primarily obtained as part of the
DART lightcurve campaign (Thomas et al. 2023), and thus
have cadences <180s per exposure with series of exposures
regularly spaced over many hours. In contrast, imaging
observations were focused on ejecta morphology, generally at
longer and less regular cadences. Imaging data from the CFHT
and SOAR data sets were obtained through separate deep-
imaging-focused proposals to those telescopes, the VLT
images were originally acquisition images from a spectrosc-
opy-focused proposal, and the LDT data sets came from a
combination of specific imaging and specific lightcurve efforts.

This paper focuses primarily on the bulk photometric
behavior of the system in the first month after impact. The
deeper imaging efforts will be used to help contextualize these
behaviors within the context of the morphological evolution of
the ejecta and within the context of the other previously
mentioned imaging campaigns, including those at significantly
higher resolution or those with sparser time coverage. We
discuss how each of these overlapping data sets were reduced
and utilized in the following subsections.

2.2. Data Reductions and Analysis Methods

This work presents and analyzes ground-based telescopic
observations made primarily with charge coupled devices. We
followed standard procedures in the reduction of each data set
(see, e.g., Thomas et al. 2023), specifically the removal of a
median bias frame and division by a normalized flatfield. For
data sets where dark counts were notable, dark frames of the
same exposure lengths were used to remove those counts. Most
of the photometric observations and some of the imaging-
focused observations were designed primarily to measure the
lightcurve of the system, and thus measure the timing of mutual
events.

For a typical data set, the images were registered (e.g., had
their pixel locations associated with sky coordinates) by
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comparison against patterns of field stars whose positions were
recorded accurately by all-sky surveys, most commonly
GAIA (Gaia Collaboration et al. 2018). Registration and
extraction of sources, commonly using SourceExtractor (Bertin
& Arnouts 1996), were usually completed as one step. Extracted
source brightnesses were compared to calibrated source bright-
nesses from all-sky surveys covering portions of the sky where
Didymos was identified during the study period, most commonly
SKYMAPPER (Wolf et al. 2018) and PanSTARRS (Tonry et al.
2012) or APASS (Henden et al. 2016). For many observers,
every one of these steps after basic image reduction was
handled by an all-in-one pipeline like PhotometryPipeline
(Mommert 2017). As one example, the MSU data were reduced
and had photometry extracted using a SourceExtractor-based
pipeline called VaST (Gaia Collaboration et al. 2018), and their
images were registered (often referred to as “plate-solved”) into
sky-coordinates using Astrometry.net (Lang et al. 2010) before
calibration against APASS. The vast majority of our photometry
was obtained through the Sloan r or Johnson R filters. The full
list of observatories which contributed photometry to this effort,
as well as filters they used and the date ranges they observed
over, is available in the Appendix.

While an aperture radius corresponding to a physical length
might be preferred for some kinds of analysis, the highly
variable nature of the seeing and conditions at the many
observatories included in this work lead us to obtain photometry
with apertures of a fixed angular size. For almost all of our
photometric observers, a radius of 5”0 was used to measure the
brightness of the inner ejecta. At sites where Didymos remained
relatively close to the horizon (e.g., Antarctica, Michigan), larger
apertures were used to account for the correspondingly larger
image point-spread functions. This aperture photometry is
shown in Figure 1 after correction for heliocentric and geocentric
distance. Variations in the aperture size can change measured
quantities (dimming rates especially) significantly. As a result,
the calibrated photometry from the Danish 1.54m and the
Swope telescopes were extracted with multiple different aperture
sizes (see Figure 2) to assess the importance of these effects.

We also note that two photometric data sets—the one from
the Danish 1.54 m (the 2”5 reduction) and the Lowell
Observatory 42”—had their photometry cleaned of potential
mutual event contamination. This manifested in those two data
sets being slightly brighter than contemporaneous observations
from other observers, but this effect is small compared to the
broad-scale photometric evolution under consideration in this
work and we do not discuss it further.

To construct the image stacks that were used for the
morphological analysis, the best subset (often excluding those
images where field stars were too close to the inner ejecta or
tail) were stacked using automated routines which queried the
asteroid system’s non-sidereal rates and rotated the images
accordingly.

After stacking and alignment, we first inspected the image
stacks using a variety of image scalings. This was used to
understand the broad-scale evolution of the ejecta (fans, tails,
and faster material) for qualitative comparison with the HST
(Li et al. 2023) and MUSE (Opitom et al. 2023) data sets, and
to select which ones might be apt for studies of the tail. For the
first approximately three weeks after impact, the tail was
dominated by grains whose behavior was dominated by
radiation pressure and thus the tail was exactly in the anti-
sunward direction (see the legend of Figure 3), but in the last
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Figure 1. Evolution of the brightness of the Didymos system plus the ejecta from the Double Asteroid Redirection Test (DART) impact over time measured from
several days before impact to approximately one month after. Different observatories are given their own symbol, and each observation is plotted with errorbars—
though these are frequently smaller than the markers themselves. The dimming was more rapid at first and slowed over time. These brightness measurements were
only corrected for heliocentric and geocentric distances, but we also plot an HG1G2 model (Muinonen et al. 2010) of the system’s brightness using in situ derived
values (H = 18.16, G1 = 0.84, G2 = 0.05; Hasselmann et al. 2023) as a black line for context. This indicates that some of the dimming is due to phase angle effects,
but certainly not all. Only the Danish (squares) and Lowell 42” (circles) have had mutual events removed from their nightly averages, which may move them slightly
above contemporaneous observations. A pause in dimming at seven-to-eight days post impact (highlighted in Figure 2) and the time-dependence of the dimming
makes ascertaining the bulk wavelength dependence of the dimming rates challenging.

(The data used to create this figure are available.)

~10 days of our study the tail started to deviate from being
purely anti-sunward. This is indicative of the tail being
composed of successively larger grains throughout the study
period, as the smaller grains would have been accelerated away
by radiation pressure quickly and larger grains would have
been slower to leave the system and would take longer to have
their motions become strictly anti-sunward. This is consistent
with the color evolution of the coma reported by other
observers (Graykowski et al. 2023; Opitom et al. 2023).

3. Results
3.1. Bulk Dimming and the “Eight Day Pause”

First, we present and discuss our observations of the bulk
dissipation of the ejecta in the days and weeks after impact and
make brief comparisons between them. For the data sets
characterized by multiple nights of photometrically calibrated
observations, we measured the brightness of the Didymos
system and the ejecta with standard aperture photometry,
displayed and compared in Figure 1. For most data sets, we
extracted photometry in a 5”0 radius, which corresponds to a
physical scale of 275 km on September 26 to 400 km on
November 1. Observations from the Danish 1.54 m telescope
were extracted in a 275 radius (scales of 137-200 km) and
observations from the ASTEP and MSU observatories were
extracted with larger variably sized apertures, aiming to capture
as much light as possible in variable seeing at those sites. All
reported magnitudes are all-night averages to smooth out
variations due to the lightcurve of the system. This does not
account for all variation (some nights will have “seen” more
peaks in the lightcurve than others), but this is a minor effect as
can be seen below.

The photometric behavior is qualitatively and quantitatively
very similar between different observers. First, a large increase
in brightness on the order of 1.4 mag is evident immediately
after impact in all data sets. This brightness increase does not
include the ~2.3 mag “flash” of brightness seen in the
observations by Graykowski et al. (2023), but instead
corresponds to the plateau of brightness enhancement that
stabilized within a few hours after impact.

After the initial increase in brightness, the system began to
slowly dim over the next few weeks, approaching the pre-
impact brightness between 24.3 and 25.3 days after impact
based on when the LCOGT data cross the predicted brightness
curve (an HG1G2 model; Muinonen et al. 2010) with
parameters derived by Hasselmann et al. (2023), shown in
Figure 1 as a black line). LCOGT is the only data set we have
with temporally dense enough coverage to bracket the return to
pre-impact brightness, but a linear fit between the two nearest
points of the Mt. John data set produces a similar but
significantly less precise estimate. (These data are noisier, so
different interpretations of the data are allowed.) To encompass
the uncertainty in when the return to expected brightness really
happened based on our multiple data sets, we report this as T
+25+1 days post-impact. A linear fit to the magnitudes early
on, when dimming was more rapid, would produce a shorter
estimate. This is only ~1¢ later than the estimate of
Graykowski et al. (2023) (23.7 £ 0.7 days) based on a linear
fit to observations early on and several close to when the
system returned to its pre-impact brightness, which we view as
good agreement despite differences in techniques.

An exception to the monotonic dimming of the ejecta was
seen roughly a week after the impact. The “eight day pause” is
clearly identified in the Swope, Danish 1.54 m, and LCOGT
data sets and highlighted in Figures 1 and 2 as a temporary
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Figure 2. Top: a zoomed-in section of Figure 1 highlighting the change in photometric dimming in the Swope (“x”’s), LCOGT (diamonds), and Danish 1.54 m
(squares) data sets which have fast enough cadences to detect and characterize it. The dimming appears to “pause” seven to eight days after impact and then continue
approximately a day or two later at very similar rates (often within 1o of each other). The Danish data set had mutual event contamination masked out, while Swope
and LCOGT did not. This suggests that mutual events do not play a significant role in this photometric event. The three sites also used slightly different filters which
each peak at red wavelengths (Swope utilized Sloan r, LCOGT used the broadband PanSTARRS w (close to Sloan g+r+i), and the Danish 1.54 m utilized the
Johnson R filter). While the retrieved dimming rates for identical apertures are really very similar, this may explain some of the vertical offsets between the
observatories. Bottom: the same timeframe but focusing on photometry with different aperture radii from the Swope and Danish telescopes, with aperture size
indicated by color (pink for 1”5, blue for 2'-2”5, black for 5”0, and orange for 7//5). Smaller apertures dim faster, but the change in photometric behavior at the

eight-day mark is similar among aperture sizes.

pause or slight increase in brightness of the ejecta super-
imposed on the overall dimming. The increase is approximately
~0.2 mag at peak and lasts approximately one to two days
before dimming resumes at similar rates to before the event.
The duration and temporal dependence of the photometric
event prevents it being due to contamination by a passing field
star, and the detection of it by multiple telescopic facilities rules
out it being a reduction artifact. This occurs approximately one
week after impact at around the same time the “double tail” was
seen in the HST and MUSE data sets (Li et al. 2023; Opitom
et al. 2023). In the bottom panel of Figure 2, we explore the
aperture size dependence of the dimming in the Swope and
Danish 1.54 m data sets. The dimming continues after this

photometric event, but the whole system remained brighter
than would be expected from the pre-event trends alone. While
the smaller apertures dim faster than the larger ones, the
difference between successively larger apertures is diminishing.

The slight brightening or pause in dimming appears to have
the same “strength” (i.e., magnitudes brighter than pre-pause
trends) between apertures and, at the time resolution allowed
by these all-night averages, appears to happen at the same time
with the same strength across apertures. If material were
drifting into the photometric aperture, for example due to
projection effects from changing viewing geometry, one might
infer earlier brightening in the largest apertures compared to the
smaller ones, but this appears to be minimal or not the case. We
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Figure 3. Deep 327 s SDSS r composite image of the DART ejecta taken with the SOAR telescope on UTC September 29. Didymos and Dimorphos are at the center
of the brightest area at left, the ejecta fans spread toward the left in the approximate opposite of the direction of DART’s trajectory, and the tail can be seen stretching
at least 10,000 km outwards in the anti-sunward direction. The features are described in the text and shown to develop in Figure 4, where this image becomes the top-
center frame. We note explicitly that the faint structure to the south-west of the asteroids is a stacking artifact.

discuss possible origin scenarios and their relationship with
other observables (e.g., color changes, morphological evol-
ution) in Section 4.

The best-fit dimming rates across all telescopes with multiple
dates are available in the Appendix. For observations that span
a significant fraction of the study period, the dimming rate can
be seen to decrease in magnitude over time and fully reach zero
by approximately ~25 days after impact (T+25), contempora-
neous with the return of the system to its pre-impact expected
brightness. We highlight that, while there is variation from
telescope to telescope, they all show a similar trend and the
agreement in dimming rate across the data sets is remarkable.

In addition, we found out that the narrower the aperture, the
faster the dimming. Indeed, by comparing dimming rates in the
Swope observations, the photometry measured with the 2”5
radius aperture faded by ~0.023 mag day ' more (~20% faster
in flux) than the 7”5 radius aperture in the first seven days after
impact. For a chosen aperture, the apparent fading also slowed
with time. Photometry from the Danish 1.54 m dimmed at
0.149 +0.002 mag day ' in the first week after impact but at
0.108 4 0.006 magday ' in the second week. For a typical
telescope observing at approximately red wavelengths
(e.g., with a filter similar to Sloan r), a dimming rate of
~0.11-0.12 mag day ' in a 5”0 radius aperture was seen in the
first week after impact and the first month taken as a whole had
a dimming rate near ~0.08-0.09 mag day ' on average. The
aperture-dependent changes in dimming rate can be explained
primarily through material leaving the aperture, but other
intrinsic dimming effects—Ilike from bulk albedo changes in
the ejecta or from phase-angle effects (see next paragraph)—
may also contribute at a lower level.

3.2. Morphological Evolution

We now discuss the broad-scale morphological evolution of
the coma as inferred from deeper imaging with the larger
aperture telescopes in our data set to contextualize our
photometric results. For larger-aperture telescopes, more
detailed examination of the evolution of the ejecta was possible
through direct inspection and analysis of stacks of individual
images. In Figure 3, we show a characteristic stacked image in
the Sloan r filter from the SOAR telescope on September 29 to

indicate the complex morphology of the ejecta and to introduce
the terms we and others have used to describe the features seen
in the ejecta. In Figure 4, we show a sequence of nine stacked
images throughout the first month of the ejecta’s spread to
showcase its general evolution.

Immediately after the impact, the ejecta spread out both in
the direction directly opposite and slightly offset from the
impact trajectory (the impact “fans” toward the north and
south-east in these images) and began to form a tail that was
visible within hours (labeled as “dust tail” in Figure 3). By
three days post-impact, the tail was at least 10,000 km long.
The imaging observations were designed to maximize time
spent integrating on the inner ejecta fans and coma as opposed
to dithering along the tail, so in most cases the tail was detected
to the edge of the detector and thus our length estimates are
lower limits. Observations from the Magdalena Ridge
Observatory taken on October 11, approximately 14.5 days
after impact, clearly discern the two tails first seen approxi-
mately a week earlier by the HST (Li et al. 2023) and VLT/
MUSE (Opitom et al. 2023) but not seen in the October 8
SOAR data or other observations presented in this study. The
detection of the transient second tail by those two studies about
a week earlier than our detection of it appears to be a natural
outcome of their higher angular resolution than most of our
observations could provide—as the second tail grew and
became more clearly separated, it was more detectable from the
ground.

4. Discussion

Ground-based data sets, capable of wide wavelength cover-
age and long and dense time coverage, are complementary to
higher resolution data sets like those taken in situ by
LICIACube (Dotto & Zinzi 2023) or those taken with
spacebased telescopes like HST (Li et al. 2023). All together
they form a comprehensive view of the DART impact. We first
discuss the nature of how material left the Didymos system
after DART’s impact, with a particular focus on the nature of
the photometric change near eight days after impact, and then
compare DART’s effect on Dimorphos to what was seen
around other impulsive mass loss events on asteroids.
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Figure 4. Collection of telescopic images showcasing the evolution of the ejecta from the DART impact. The images are identically scaled and oriented (north-up,
each is 100” across) such that observations from different facilities can be compared, and a small legend in the lower left of each sub-panel shows the anti-sunward and
anti-velocity vectors. The ejecta reaches a peak in perceived complexity in the first few days, but as the ejecta fans spread out, the anti-sunward tail becomes the only
clearly discernible feature by approximately day T+15 to T420. The “second” tail seen in HST observations can be discerned in data taken in good conditions (see
middle panel, right, T+14.51 days, with two arrows to indicate the direction of the two tails) several days after it was first seen from space.

4.1. Eight Days

The “eight day pause” in dimming seen in at least three of
our data sets occurred between visits by the HST. While
observations at T+5.7 days were consistent with expected
dimming rates, observations at T48.8 days were brighter than
would have been expected from earlier trends (Li et al. 2023).
Considering that we cannot detect any clear aperture-dependent
timing effect in our all-night photometric averages from Swope
and the Danish 1.54 m, we expect that the true onset of this
brightening pause is indeed in the T+7 to T+8 day timeframe
and not more than a fraction of a day earlier at most. (In
Figure 2, our last photometric observations prior to the “pause”
are at ~60.3 days after impact.) This is around the same time as
the first detection of the second tail in Li et al. (2023) which
persisted for some weeks afterwards. (Li et al. 2023 estimated
the dust that formed the second tail was released between

5.0 and 7.1 days after impact so, if the two events are related,
the latter end of that range is preferred.) The cause of this
change in photometric behavior was thus fairly rapid, only
lasting approximately a day from start to finish. To investigate
the nature of this brightness profile change, we convert the
reduced magnitudes of Figure 1 to cross-sectional area with an
assumed albedo of p,, = 0.15 and the phase corrections from the
previously mentioned HG1G2 model (Muinonen et al. 2010;
Hasselmann et al. 2023) in Figure 5. We note that the explicit
phase behavior of the dust, and the absolute fraction of the light
that comes from the dust, are unknown and thus this approach
is an approximation that could be refined in future work.

If the increase in cross-sectional area presented in Figure 5 is
indeed from a secondary impact in the Didymos—Dimorphos
system, we can attempt to estimate how much material was
released and how this compares to the primary spacecraft
impact by assuming the two events scale their cross-sectional
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Figure 5. Reduced magnitudes for a subset of the data shown in Figures 1 and 2 converted to cross-sectional area through the same HG1G2 model as in the Figure 1
phase function and an average albedo of p, = 0.15. Accounting for the pre-impact brightness of Didymos and Dimorphos, the total cross-sectional area is halved by

the T+-8 brightness change event.

areas similarly. Accounting for the pre-pause dimming trends,
the increase in cross-sectional area seen in Figure 5 is
approximately ~0.1 km? to within a factor of 2x. By
comparison, the initial increase in cross-section was consider-
ably larger at ~1.3—1.4 km?. If we assume that the same kinds
of material were excavated from both impacts and that the bulk
mass of the ejecta of an impact should scale with its cross-
section, we can use the estimated mass of the primary impact (a
lower limit of 0.9-5.2 x 10’ kg; Roth et al. 2023) to estimate a
mass of 0.6-4.0 x 10° kg for this proposed secondary impact.
Converting to volume and considering the range of allowed
densities for Didymos and Dimorphos, this extra ejecta has a
volume equivalent to a sphere with a radius of ~3.5-8.5 m. If
this is the volume of the crater excavated, then the impactor
would be expected to be commensurately smaller—and thus
well within the size range of detected boulders of Jewitt et al.
(2023), adding to the plausibility of this scenario. If a boulder
with an equivalent volume disrupted—perhaps it was weak and
rapidly rotating, was impacted by another boulder, or simply
fell apart on contact with the surface—this would also add an
equivalent amount of cross-section to the system, but one
would still need to explain the timing constraints considered
later in this section, as well as justify that the cross-sectional
scaling argument utilized here still might apply.

If the removal of ejecta from the Didymos system was solely
dominated by radiation pressure from the Sun (as opposed to
dynamical effects from Dimorphos stirring up the ejecta), it
would be expected that finer grains should leave the
photometric aperture first. Indeed, multi-wavelength observa-
tions (see, e.g., Graykowski et al. 2023; Opitom et al. 2023)
show signs of the ejecta becoming redder with time, which is
consistent with an increasing amount of large grains compared
to smaller ones. However, there are many caveats to
interpreting those trends directly, such as the length of time
over which the color trends are measured or the influence of the
eight day pause on bulk dimming rates. (The eight day pause
could also change the interpretation of many other early
measurements, e.g., whether what was being observed was
ejected in the primary impact or from a secondary process or

event.) One effect of a changing grain size distribution could be
a changing grain albedo distribution; larger grains are less
reflective than smaller ones for Didymos-like meteorites (see,
e.g., Bowen et al. 2023), suggesting that a depletion of finer
grains should drive the average albedo of the ejecta lower with
time, and thus provide an additional source of dimming.
Moreover, the Didymos system is seen at larger phase angles
later in October, meaning that a smaller fraction of each dust
grain is illuminated as seen from the Earth.

Three processes seem like plausible candidates for causing
the eight day pause: self-collisions among dust particles
creating more material, solar radiation pressure moving
existing material from ejecta fans into the dust tail, and the
previously mentioned creation of new ejecta by re-impact of
material inside the Didymos system. We examine each below.

If self-collisions among dust particles were important, a
fragmentation cascade (larger grains breaking down into
smaller ones after ejection from the impacted asteroid resulting
in an increase in the total reflective cross-section of the ejecta;
see a discussion of this process in a different context in Trigo-
Rodriguez et al. 2010) could explain the dimming pause or
slight increase in brightness. This process would be most
probable close to the asteroids where the number density of
grains is highest, and thus would naturally result in a similar
photometric change regardless of aperture chosen, matching
our observations. However, it is hard to understand why this
would happen a week after impact and not when the ejecta
density is highest, i.e., minutes to hours after impact. Thus,
while this process might have affected the photometric
behavior of the system shortly after impact, it is unlikely to
explain a sudden impulsive event significantly later.

A scenario discussed in Li et al. (2023) related to their
observations of this change in photometric behavior was the
radiation-pressure-driven anti-sunward movement of material
in the ejecta fans, such that some days after impact the material
ejected toward the Sun would be “blown through” the
photometric apertures used. This would result in an increase
in the amount of dust in the aperture, and thus the amount of
reflected sunlight measured, with the timing of the event being
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set strictly by the size distribution of material in the ejecta fans
and thus the amount of time needed to change its motion
sufficiently. If this were the case, the majority of the ejecta fan
(one presumes the more southern ejecta fan as seen from the
evolution shown in Figure 4) would have had to move into the
aperture in less than a day to be sufficiently aperture-
independent to match the observations shown in Figure 2.
The extent of the southern fan was several arcseconds across
(corresponding to a linear distance of hundreds of kilometers;
Li et al. 2023), which would require an unrealistically large
speed to only affect the dimming on a single date. If the ejecta
fan were moving fast and uniformly enough to enter all of the
apertures on the same day, then it likely would have left them
as quickly. (Changing viewing geometries might facilitate
some asymmetry in onset and decay, but this is likely minor for
this part of the apparition.) In that scenario, the T+9-and-later
data points might be expected to lie on the pre-pause trendlines
(Figure 2), but the system remained systematically brighter
than would be expected. These two aspects of this hypothesis
are challenging to reconcile, but there is clear morphological
evolution of the ejecta fans in this timeframe, so the
photometric behavior in this timeframe must be modulated
by this or similar processes at some level.

A third option is the delayed re-impact of a large boulder or
grouping of boulders (see, e.g., Rossi et al. 2022) ejected at T
40 during the initial spacecraft impact. Unlike the other two
scenarios, this would have excavated additional material
beyond that which was released in the original impact as
opposed to the degradation or migration of the initial material.
Material ejected directly from one of the asteroids would
naturally be aperture-independent, and would dissipate and
leave the system slowly over time resulting in a dimming total
system brightness that is elevated over pre-pause trends.
Impacts on these bodies are in general slower than the escape
speed of the system, but ~um-sized particles that are lofted
may be blown out of the system rapidly like much of the ejecta
in the primary impact. A rapid rotation rate for whichever
object was re-impacted may enhance this shedding process,
given that low-speed impacts of boulders may induce surface
materials to move, the smallest of which might be elevated long
enough to have radiation pressure act upon them. (The
movement of surface materials might very well be expected
from the original impact alone—it might take some time for the
system to fully settle.) This similarity in dimming rates before
and after the pause is also consistent with the injection of new
material which then leaves the system similarly to the original
ejecta. If the formation of the second tail and the eight day
pause are related, this secondary impact scenario naturally
provides an explanation for the origin and timing of the second
tail. This is a critical constraint not addressed by the first two
scenarios. The short duration of the dimming pause could
suggest that only a narrow size range of particles was ejected
due to expected low re-impact speeds (Rossi et al. 2022), as
opposed to the wide range of particle sizes implied by the
persistence of the main ejecta tail on a several-month timescale
and its lack of an observed disconnection event (Moreno et al.
2023). The short duration of the second tail is consistent with
this scenario. While a grouping of small impacts happening in
short succession cannot be ruled out by our timing or aperture
constraints, we are left to wonder why the impacts would be
clustered in time—a single event semes more plausible, but
more modeling is needed. (Maybe the semi-stable orbits have
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orientations which are stable and only intersect Dimorphos’s
orbit at a few spots, so is it really that the boulders are clustered
in space and not in time?) In addition to a qualitative match to
all of the individual attributes of our eight day pause, this
secondary impact hypothesis is bolstered by the recent
detection of many boulders ejected during the initial impact
in deep HST imaging (Jewitt et al. 2023). This “boulder
swarm” is apparently co-moving with the asteroids, with a
maximum size of D ~ 7 m and a velocity dispersion just barely
above the escape velocity of the Didymos—Dimorphos system,
and would be a natural source for a secondary impactor, except
that the proposed secondary impactor would have remained
bound to the Didymos system rather than escaping it as the
swarm did. We conclude that a secondary impact in the
Didymos system is the scenario most consistent with the
observations, and thus a possible source of the second tail.

The ejecta models of Yu & Michel (2018) and Rossi et al.
(2022) estimated that ~2/3 of the re-impacts in the system hit
Didymos while the rest hit Dimorphos. The distribution of
velocities and times of re-impact between the two bodies is
very different; most impacts on Dimorphos happen with lower
velocities (~0.1ms~') and within two weeks of primary
impact, while impacts onto Didymos are spread out over a
longer timespan of up to months—and thus with a wider
distribution of velocities (0.0-0.8 ms™ 1) given that the particles
have had more time to evolve onto more varied orbits. If their
models are applicable to larger meter-scale boulders as seen by
the HST (Jewitt et al. 2023), the secondary impact might have
happened at low speeds onto Dimorphos, but clearly more
modeling work is needed.

We note that, while a secondary release of material into the
system, likely driven by the impact of a boulder, is the best
explanation for our data, it is not the only way to produce a
transient second tail. The recent work of Kim & Jewitt (2023)
showed that the second tail could be produced by a
combination of viewing geometry and the size distribution of
dust in the ejecta alone. In essence, the size-sorting nature of
solar radiation pressure combined with the changing angle at
which we saw the tail allowed observers to see two edges of a
“cone” of material—all released simultaneously. While it may
take the re-inspection of the Didymos—Dimorphos system by
the ESA Hera mission (Michel et al. 2022) in late 2026—early
2027 to settle the origin of the second tail for good, we note
that the additional cross-sectional area added to the system
seven to eight days after impact still needs to leave somehow—
and one still needs to explain the offset in dimming produced
by the eight day pause (Figure 2) presumably related to the loss
of that material from the system. The two origin scenarios for
the second tail also do not need to be mutually exclusive, and it
is not clear how the addition of a viewing geometry aspect to
the second tail would change the timing relationship between
the eight day pause and the second tail.

Hera’s visit will thus provide an opportunity to study the
frequency and importance of subsequent re-impacts, and thus a
more comprehensive understanding of possible scenarios for
the anomalous photometric behavior. The long-term stability of
Didymos’s spin rate (Nakano et al. 2023) provides constraints
on the importance of these secondary impacts prior to Hera’s
arrival. We note explicitly that the detection of the secondary
bump in the Swope, LCOGT, and Danish data sets was only
possible due to the dense temporal coverage of the system prior
to the end of the first post-impact lunation, and thus other small
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increases in brightness or changes in photometric behavior
might have occurred unnoticed. It is possible that we have
detected the largest secondary impact, but several smaller
impacts could have gone unnoticed behind all of the primary
impact’s ejecta.

4.2. Other Activated Asteroids

The impulsive and likely impact-driven mass loss at
asteroids like (596) Scheila (Bodewits et al. 2011; Ishiguro
et al. 2011) or recurring mass loss that is not driven by
sublimation like 311P/PANSTARRS (Jewitt et al. 2015) or
(6478) Gault (Chandler et al. 2019; Kleyna et al. 2019; Sanchez
et al. 2019), are among the most natural comparisons to the
“activation” of Dimorphos. Scheila’s diameter is about 100
times larger than that of Didymos, Gault’s is 5-10 times larger,
and 311P’s is slightly smaller. While 311P’s spectral type is
unknown, Scheila is a carbonaceous T-type asteroid and Gault
a stony S-type asteroid—and thus plausibly a similar
composition to Didymos and Dimorphos. We note that activity
at the other active asteroid visited by spacecraft, (101955)
Bennu (see, e.g., Hergenrother et al. 2020) appears dominated
by individual particles as opposed to tail-forming fines, and
thus seems even more different still.

Scheila’s mass loss event (Bodewits et al. 2011; Ishiguro
et al. 2011) showed a complex two-fan morphology at first,
which then appeared to “drape” around that large asteroid as
radiation pressure moved the finer grains anti-sunward, forming
a two-tail system. No additional structures or secondary
brightening were noted. 311P displayed a complex multi-tailed
structure that grew and persisted for months (Jewitt et al. 2015),
while Gault has had episodes of mass loss and tail creation
since at least 2013 (Chandler et al. 2019). While the processes
that governed Scheila’s tail evolution appear to be the same as
what has happened at Didymos, the physical scale of the
separation of the two tails was much larger. The origin of the
second tail—a likely folding-over of part of the ejecta fans—is
also different from our proposed impact-driven origin for the
second tail at Didymos (but is similar to the Li et al. 2023
proposed origin).

The multiple tails at 311P and the recurrent activity at Gault
are plausibly driven by ongoing rotational disruption as
opposed to impacts, indicating that secondary tail formation
can be driven by ongoing continuous processes as opposed to
strictly coming from ejecta evolution (Scheila) or other
processes like secondary impacts (Didymos). Secondary
impacts are implausible explanations for recurrent activity
over very long periods of time, but on the hours to weeks time
frame are more likely (Rossi et al. 2022).

We have no ability to compare the eight day pause in the
ejecta dimming at Didymos to the other systems as no
coordinated lightcurve campaign was prepared for those other
targets, and thus it is plausible that post-impact photometric
monitoring could have revealed more details of how those
objects became and stayed active. Furthermore, with the
exception of Scheila, few observations of these objects prior to
discovery were accomplished. The smallest objects are often
discovered active and characterized while their activity persists
or recedes—the Didymos system is the exception.
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5. Summary

The DART spacecraft struck the asteroid (65803) Didymos’s
moon, Dimorphos, at 23:14 UTC on 2022 September 26 (Daly
et al. 2023), resulting in a significant amount of ejecta being
released and a commensurate change in the asteroid moon’s
orbit. This scenario was designed (Rivkin et al. 2021) as a
planetary defense exercise to understand how effective “kinetic
impactor” approaches might be in future planetary defense
scenarios. An important part of the overall DART mission is
not just understanding how much the orbit of the moon was
changed, but how and why it worked in this case and how the
system evolved after impact.

In this paper, we have presented and analyzed observations
of the Didymos—Dimorphos system in the first five weeks after
the impact of the DART spacecraft from 12 separate
observatories spanning from Antarctica to the Americas to
Hawai’i. While some of the observations came from dedicated
deep imaging campaigns, much of the data came from
observatories involved in the lightcurve campaign to measure
mutual events and thus constrain the new orbit of the moon
around the primary (Thomas et al. 2023).

The system initially brightened by ~1.4 mag, not including
the initial impact flash seen in papers like Graykowski et al.
(2023) and elsewhere, and then began to dim over the following
weeks as material began to escape the system. Compared to a
pre-impact in situ HG1G2 model (Muinonen et al. 2010;
Hasselmann et al. 2023), the system returned to its pre-impact
expected brightness between 24.3 and 25.3 days after impact.
The dimming slowed with time, with dimming rates of
0.11-0.12 mag per day in the first week after impact, slowing
to 0.08-0.09 mag day ' over the whole five week study period.

Eight days after impact, the dimming of the system briefly
paused in three of our data sets with the highest temporal
cadence (Swope, LCOGT, and the Danish 1.54 m). We
constrain the timing of this photometric event to have had a
rapid onset seven to eight days after spacecraft impact, which is
simultaneous or slightly after the dust that formed the second
tail was released as seen in the HST data set (Li et al. 2023).
The system began dimming again on day T+9, but offset from
the pre-pause trends—the system was brighter than the pre-
pause trends would have predicted. Conversion to cross-
sectional area also indicates that the system’s total reflective
cross-section increased slightly during this period. We explore
several scenarios to explain this “eight day pause,” but the only
scenario that can explain our photometric data is the re-impact
of a small boulder released in the primary impact. The detection
of many small boulders co-moving with the Didymos—
Dimorphos system after impact in Jewitt et al. (2023) adds
credence to this theory. The ejecta from this secondary impact
is compatible with being the origin of the second tail, but other
scenarios are certainly possible (Kim & Jewitt 2023) and more
research is needed. Assuming the cross-section-to-mass ratio of
the primary impact is the same as the ratio for this proposed
secondary impact, we estimate a volume for this secondary
ejecta as being equivalent to a sphere with a radius of
r =3.5-8.5 m, which is compatible with an origin in an impact
from one of those boulders. The ESA Hera mission (Michel
et al. 2022) will be able to search for evidence of secondary
smaller impacts like that proposed here when it arrives at the
system in late 2026.

The detection of the “eight day pause” (and its likely small
re-impact origin) were only possible due to Didymos’s close
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approach to the Earth and relatively small size. That said, at a
larger geocentric distance, the DART impact onto Didymos
might have appeared to be easily compared to the activity onset
at the similarly composed asteroid (6478) Gault, the evolution
of its ejecta similar to that excavated from the asteroid (596)
Scheila, and the sprouting of its second tail similar to 311P/
PANSTARRS; nevertheless no single story combines them all.
The impact of the DART spacecraft onto Dimorphos thus
explored new ground in understanding sporadic mass loss
events on the active asteroids, as well as in direct planetary
defense applications. We will have to wait for the dust to settle
and for Hera to arrive at the asteroids before we understand
how universal the processes that operated after the impact at
Dimorphos are to other active and activated asteroids.
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Appendix
Observatory Information and Measured Dimming Rates

In Table 1, we present the measured photometric dimming
rates as measured by different facilities with different apertures
over different timespans. The leftmost column lists the facility
followed by the filter name followed by radius of the
photometric aperture utilized. With the exception of MSU’s
Clear filter (closest to Johnson V in terms of response), all
utilized filters have sensitivities which peak in the red. The
middle column is the range of dates with respect to impact over
which the rate was measured. The lowest and highest number
listed for a given telescope thus indicate the range of dates that
telescope acquired data for this study, e.g., 0-25 days after
impact for LCOGT or 13-30 for the Lowell 42”. The third
column is the best-fit dimming rate in magnitudes per day as
determined by a linear fits to the all-night averages described in
the text with 1o symmetric errors. The last four rows of the
table, labeled “Phase Curve Only,” are the dimming rates that
would be expected from the HG1G2 (Muinonen et al. 2010;
Hasselmann et al. 2023) model described in the main text
alone. While this phase curve behavior is just an approximation
to the true behavior of the bulk system, it is clear that the
system is always dimming significantly faster than geometry
alone can account for.

Table 1
Derived Photometric Dimming Rates

Facility (Aperture Radius)

Date Range w.r.t. Impact

Dimming Rate (mag day ")

Swope (Sloan r, 2”5)

Swope (Sloan r, 570)

Swope (Sloan r, 7”5)

LCOGT (PanSTARRS w, 570)
LCOGT (PanSTARRS w, 5”70)
LCOGT (PanSTARRS w, 5”70)
Danish 1.54 m (Johnson R, 2”5)
Danish 1.54 m (Johnson R, 2”5)
Danish 1.54 m (Johnson R, 2”5)
Otehiwai Mt. John (Johnson R, 5”0)
ASTEP (Johnson R, Variable)
MSU (Clear, Variable)

LDT (Sloan r, 5”0)

SOAR (Sloan r, 5"0)

Lowell 42" (5”0)

Lowell 42" (5"0)

Phase Curve Only

Phase Curve Only

Phase Curve Only

Phase Curve Only

0-7 0.142 £ 0.004
0-7 0.122 £ 0.003
0-7 0.119 £ 0.003
0-7 0.129 £ 0.002
7-25 0.081 £ 0.002
0-25 0.086 £ 0.002
0-7 0.149 £ 0.002
7-14 0.108 £ 0.006
0-14 0.115 £ 0.004
0-30 0.107 £ 0.009
0-7 0.11 £0.01
3-30 0.085 £ 0.002
4-29 0.081 £ 0.001
2-25 0.97 £0.003
13-15 0.10 £0.02
13-30 0.040 £ 0.002
0-10 0.048
10-20 0.028
20-30 ~0.00
0-30 0.026
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