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Introduction: The Geminid meteor shower was pro-
duced by the primarily inactive near-Earth object 
(NEO) (3200) Phaethon [1], a ~5-6 km B-type asteroid 
(or “rock comet”) with a perihelion inside the solar 
corona (q~0.14 AU) due to an eccentric but not-quite-
cometary orbit. In the last two decades, two more NE-
Os have been proposed as members of the Phaethon-
Geminid-Complex (PGC): (155140) 2005 UD (“UD”) 
and (225416) 1999 YC (“YC”) [2,3]. The visible re-
flectance spectra of both Phaethon and UD are almost 
identically linear and blue-sloped [4], while YC is ac-
tually red-sloped [5]. The origin of the Geminids  
(cometary or asteroidal, steady-state or catastrophic 
disruption), as well as the relationship between the 
three PGC member small bodies is still a matter of 
active debate. As a result, the Japanese Aerospace Ex-
ploration Agency is preparing to send the DESTINY+ 
spacecraft towards a flyby of Phaethon in the mid-
2020s, perhaps followed by a flyby of 2005 UD [6]. 
Observations and Results: We obtained the first near-
infrared (NIR, 0.75-2.5 microns) reflectance spectra of 
the 2005 UD in September and October, 2018 using 
the SpeX instrument [7] on the NASA Infrared Tele-
scope Facility. The data were reduced using Spexstool 
based on protocols described in [8], whereby the aster-
oid spectrum was divided by the spectrum of a nearby 
standard star and later corrected by a solar analog type 
star. The reflectance spectrum (see Fig 1) is nearly-
linear and red-sloped, which is very different from 
Phaethon’s well-known concave-up blue-sloped NIR 
spectrum (taken from [8]). Both small bodies were 
observed with the same calibration stars and the same 
instrument. UD also did not appear to vary spectrally 
between observations, so rotational variation is likely 
minimal. The spectral difference is very likely real. 
Discussion: What could explain the spectral properties 
of these two objects? Either the objects are not related, 
and their dynamical and spectral association is coinci-
dental, or they are related, and their differences can be 
explained through some known processes or scenario. 

Option 1: Phaethon and 2005 UD are not related. 
If the two objects are not related, then there needs to be 
some source population which is supplying objects 
with these properties to near-Earth space. The large 
main belt asteroid (2) Pallas has been invoked as a 
possible parent body for Phaethon [9] on the basis of 
very similar visible and NIR reflectance spectra, but 

Pallas is a poor match for UD for the same reason that 
Phaethon and UD are different in the near-infrared. 
Additionally, if UD and Phaethon are not related on 
the basis of spectral differences, then we should also 
say that YC is likely unrelated as well, as it has differ-
ent visible reflectance properties, which might require 
a third source. These problems can be rectified if there 
are more dynamical pathways into Phaethon-like orbits 
than are currently known, allowing more objects to 
circulate into and out of dynamical association with the 
Geminids, as is known about the Taurids. In the ab-
sence of more dynamical work in this area, we broadly 
view this option as possible but perhaps unsatisfactory. 

Figure 1. NIR reflectance spectra of (3200) Phaethon 
(blue) and (155140) 2005 UD (orange), normalized to 
unity at 1.5 microns for comparison. 

Option 2: Phaethon and 2005 UD are related. For 
the two objects to be related, we need to invoke some 
process or scenario which can explain their spectral 
differences. We consider the following options in de-
tail: heterogeneity in the parent body, space weather-
ing, grain size effects, phase angle effects, and thermal 
alteration. If the parent body of Phaethon and UD (and 
YC) were heterogeneous in composition, then the 
daughters produced by a breakup of that body could 
look quite different from each other spectroscopically, 
which would be consistent with the observed spectra. 
However, we might then expect the meteors produced 
as debris in such a breakup to themselves be heteroge-
neous, which does not appear to be the case outside of 
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the element sodium [10]. (Broadly speaking, the author 
of [10] argues that all Geminid spectra considered for 
that study are consistent with cometary composition.) 

Space weathering effects are also an explanation, 
but generally speaking they appear to depress visible 
reflectance while modifying the NIR to a much lesser 
extent, resulting in a ‘reddening’ of the overall spec-
trum [11]. Given that the these objects is nearly identi-
cal in the visible, we do not view this as a likely prima-
ry culprit, although it undoubtedly plays a role. 

Grain size effects are another natural explanation, 
given UD’s smaller (Diameter ~ 1.5 km) size making it 
more challenging to retain fine grains. However, in 
addition to having to explain why the grains would 
have almost no spectral effect at visible wavelengths 
and an extremely strong effect at NIR ones with no in-
between, we should also remember that Phaethon itself 
actively loses material near perihelion [12], any plau-
sible explanation for which would remove smaller 
grains more preferentially. It seems plausible that both 
objects might only retain mostly larger grains, as op-
posed to different grain distributions entirely.  

The phase angle at which the telescopic observa-
tions are taken at can change the reflectance spectrum 
retrieved for an object. The spectrum of Phaethon 
shown in Fig. 1 was taken at a phase angle of ~22°, 
while the UD spectrum is an average of two nights of 
data spanning 34-39° phase angle. (UD data at ~86° 
phase angle show the same spectral slope.) For a dif-
ference of approximately ~12-15°, we would not ex-
pect such a large effect [13]. 

The last option to consider is thermal alteration, 
where past heating of the surface changes the reflective 
properties. Considering their low perihelia distances 
(0.14 and 0.16 AU for Phaethon and UD, respectively) 
and thus extremely high temperatures, this process also 
undoubtedly plays a role in the origin of the spectra of 
Phaethon and UD. For this process to be a plausible 
explanation for the spectral differences between the 
two, some common material previously heated to two 
different temperatures should show Phaethon-like and 
UD-like spectra. We compared the asteroid spectra to 
reflectance spectra in the RELAB [14] database, spe-
cifically looking for heated materials. Of note, several 
artificially heated materials were able to fit one or both 
spectra well, namely the CI chondrite Ivuna, the CM 
chondrite Murchison, and several phyllosilicate / mix-
tures. However, the phyllosilicate samples which 
match Phaethon well are unheated or barely heated, 
and often retain clear signs of hydration, which is not 
the case for Phaethon [15]. Heated versions of those 
samples no longer look spectrally similar to either 
body, and thus we view them (at least as the primary 
component of the spectrum) as a poor match. The most 

heated sample of the CM chondrite Murchison show a 
linear blue-sloped visible spectrum and a linear red-
sloped NIR spectrum, but at a temperature ~200 Kel-
vin above UD’s current perihelion temperature. (Fur-
thermore, no heated sample yet produced and analyzed 
of Murchison looks like Phaethon spectrally.) 

Lastly, heated samples of the CI chondrite Ivuna 
seems to show many of the right trends (a linear blue-
sloped visible spectrum in the range of Phaethon and 
UD’s perihelion temperatures, and a red-sloped NIR 
response at UD’s perihelion temperature becoming 
bluer with heating) but there are still some issues with 
this match as well. For instance, the slope-break 
(where UD goes from blue- to red-sloped and Phae-
thon goes from blue- to very blue-sloped) occurs at a 
different wavelength, and that no Ivuna spectrum that 
has been heated up to Phaethon’s perihelion tempera-
ture (which may have been even higher in the past). 
We view this match as promising, not conclusive. 

Future Work: Future laboratory work studying 
how all these materials (especially CIs) respond to 
heating at finer temperature spacing in vacuum would 
be intensely valuable to understanding objects like 
Phaethon and UD. Dynamical work to identify alterna-
tive pathways or source populations for Phaethon, UD, 
or YC would be helping in assessing their link. 

Implications for OSIRIS-REx: The target of 
NASA’s OSIRIS-REx mission, NEO (101955) Bennu 
is also B-type with similar spectroscopic signatures in 
the NIR. If Phaethon used to be 2005 UD and was 
thermally altered due to its repeated close passes of the 
Sun, then Bennu might have undergone similar spec-
tral changes compared to its original surface. The ques-
tion remains as to what was the original pristine Bennu 
material and where would one find it today for sam-
pling and bringing them to Earth. 
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