
Asteroid Phase Curves 
with ATLAS, a Precursor 

to LSST
James Robinson


j.e.robinson@qub.ac.uk

LSST:UK All Hands Meeting 
12/05/21

mailto:j.e.robinson@qub.ac.uk


ATLAS

• Asteroid Terrestrial-impact Last Alert 
System (ATLAS) - two 0.5m telescopes in 
Hawaii


• Scans the visible night sky ever two nights, 
searching for hazardous NEOs


• Many transients are detected - supernovae 
and main belt asteroids

Mahlke et al. 2021https://atlas.fallingstar.com/
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taxonomy of asteroid families in Section @* $n Section F, .e 0uantify the 
effect of various sources of uncertainties and limited phase curve 
covera)e at opposition on the derived phase curve parameters* The 
conclusions are presented in Section 4* 

2. ��t�odo�o�� 

2.<. Selection of serendipitous observations 

The MP" observations database contains 37F million asteroid ob-
servations as of March 3535* /e aim to ac0uire densely sampled phase 
curves for a lar)e, unbiased corpus of asteroids* At the same time, .e 
seek to 0uantify the inherent effects of the asteroids’ shape-induced li)ht 
curve modulation on the phase curve parameters* /e therefore attempt 
to exclude possible sources of systematic effects ri)orously* These derive 
foremost from non-homo)eneous photometry bet.een different obser-
vatories* #ifferences in the 9lter transmission, reduction pipeline, or 
stellar catalo)ues introduce discrepancies in the reported ma)nitudes of 
asteroids* 

$nstead, .e choose to utilise observations from a sin)le observatory, 
maximisin) the likelihood of consistent data treatment* $n recent years, 
both the ;anoramic Survey Telescope and Rapid Response System +Pan- 
STARRS, =odapp et al* +3557,, and the Asteroid Terrestrial-impact Last 
Alert System +ATLAS, Tonry et al* +352?,, have placed amon) the top 9ve 
contributors to the MP" in terms of number of observations* "omparin) 
the ephemerides at the epoch of observation of several thousand aster-
oids observed by the surveys, .e 9nd that the bias to.ards observation 
at asteroid 0uadrature is less pronounced in the ATLAS catalo)ues* $n 
addition, ATLAS has ac0uired dual-band photometry of a lar)e number 
of asteroids at comparable phase an)les, offerin) an excellent dataset to 
investi)ate the .avelen)th-dependency of the phase curves* =ence, .e 
make use of observations by ATLAS, referrin) the reader to Dereš et al* 
+352@, for a derivation of H, 7-parameters usin) Pan-STARRS 
observations* 

2.2. ATLAS 

ATLAS is a &ASA-funded sky-survey aimin) to observe near-Eart5 
asteroids +&%As, on impactor tra:ectories .ith the %arth* $t .as desi)ned 
.ith a focus on a hi)h survey speed per unit cost +Tonry, 3522,* T.o 
independent 5*@ m telescopes located at =aleakala and Mauna Loa in 
=a.aii are in operation since 352@ and 3524 respectively, achievin) 
multiple scans of the northern sky every ni)ht* %ach telescope observes a 
>5 de)*3 9eld-of-vie.* !y March 3535, ATLAS has discovered 73F &%As, 
includin) 77 potentially ha;ardous ones*> Standard observations are 
carried out in t.o 9lters, a bandpass bet.een 735 and F@5 nm termed 
cyan and a bandpass bet.een @F5 and ?35 nm termed orange* The 
transmission curves of these 9lters are depicted in 'i)* 2* The observed 
asteroid astrometry and photometry are reported to the MP"* 

/e received dual-band photometry of 2?5,53@ distinct asteroids 
from the ATLAS collaboration* A third of the ob:ects .as observed at 
phase an)les belo. 2 de)* The observations .ere ac0uired bet.een <une 
352@ and #ecember 352?* /e extend this database by includin) ATLAS 
observations from 3526 reported to the MP"* 

The ori)inal database contained 3F*? million observations, to .hich 
.e add ? million usin) the MP" database* The re0uired ephemerides are 
retrieved usin) the $M""%’s Miriade tool7 +!erthier et al*, 355?,* All 
2?5,53@ asteroids .ere observed in orange, .hile 246,426 .ere 
observed in cyan as .ell* A small fraction of visually inspected phase 

curves sho.ed lar)e outlier ma)nitudes likely caused by blended sour-
ces in the ima)es* /e remove these detections by re:ectin) observations 
.here the difference bet.een the predicted and the observed apparent 
ma)nitude .as lar)er than 2 ma)* This cut is .ell above the amplitude 
modulation of asteroid li)ht curves induced by the spin +Marciniak et al*, 
352@G "arry, 352?,* 

2.=. ;5ase parameter inference 

'ittin) scatterin) model functions to phase curves is notoriously 
ambi)uous and the results do not necessarily describe the observed 
surface, especially in the case of observations .here the shape-induced 
li)ht curve modulation has not been subtracted +Jarttunen and !o.ell, 
26?6G Jaasalainen et al*, 355>,* /e choose a computationally expensive 
!ayesian parameter inference .ith Mar:ov c5ain Monte Carlo +M"M", 
simulations to 9t the H, 72, 73- and H, 723*-models, allo.in) to examine 
the posterior distributions of the phase curve parameters* To differen-
tiate bet.een the absolute ma)nitudes obtained .ith these t.o models, 
.e use the subscript =23 for H, 723** 

'or both absolute ma)nitudes H and H23, .e choose a .eakly 
informative, normally distributed prior, 

p(H), p(H12) = N (μ = 10, σ = 100), +?,  

.here N (μ, σ) describes the Iaussian normal distribution .ith mean μ 
and standard deviation σ* The mean and standard deviation are set to 
approximate a uniform distribution over the relevant absolute ma)ni-
tude parameter space* Alternatively, informative prior distributions 
could be derived from the distribution of the absolute ma)nitude of 
Main-!elt asteroids, up to the limitin) ma)nitude of ATLAS +m K 26, 
Tonry et al*, 352?,, or from computin) least-s0uares 9ts of the H7- 
model to each phase curve and usin) the ac0uired H and its uncertainty 
as moments of the Iaussian distribution* 

To 0uantify the effect of the prior choice, .e computed the H, 72, 73- 
and H, 723*-model 9ts for 255 randomly chosen phase curves usin) the 
three outlined priors* The distribution of H for Main-!elt ob:ects is 
approximated .ith a Iaussian distribution .ith μ = 24*3 and σ = 2*F* 
The resultin) distributions of the model parameters H and H23 sho. 
ne)li)ible variation .ith avera)ed differences belo. 5*52, only the prior 
based on the H7-model yields lar)er H-values .ith an avera)ed differ-
ence of 5*5F as it limits the si;e of the opposition effect* The 0uanti9-
cation supports the choice of the .eakly informative choice, thou)h the 
prior based on the Main-!elt ma)nitudes .ould have been e0ually 

�i�. 1. Transmission curves of the cyan and orange 9lters used by the ATLAS 
survey +Tonry et al*, 352?,* #ata from the 'ilter Pro9le Service of the Spanish 
Dirtual (bservatory +Rodri)o et al*, 3523,* 
httpABBsvo3*cab*inta-csic*esBsvoBtheoryBfps>B* +'or interpretation of the refer-
ences to colour in this 9)ure le)end, the reader is referred to the .eb version of 
this article*, 

> httpABBatlas*fallin)star*com*  
7 httpABBvo*imcce*frB.ebservicesBmiriadeB* 

M. Ma5l:e et al.                                                                                                                                                                                                                                



Asteroid Phase Curves

Samuel Jackson www.open.edu

HG (Bowell et al. 1989)
– 7 –

Fig. 1.— An example of the range of allowable phase curve fits for an asteroid detected only at high

phase angles. (Top) The red circle shows the simulated detection, with possible H-G phase relations

shown as gray lines. (Bottom) Normalized histogram of possible HV values in this example for 2000

Monte Carlo simulations of the GV parameter.

Masiero et al. 2021

• Small bodies are compositional/dynamical 
tracers of Solar System Evolution


• Asteroid brightness changes with phase 
angle - phase curve models


• Phase curves give absolute magnitude H 
(~size) and G slope parameters (surface 
composition/structure)



Phase Curve Fitting
• Initial data cuts


• Iterative fit and clip (no 
parameter constraints 
unlike Mahlke et al. 2021)


• HG (Bowell et al. 1989)


• H,G1,G2 (Muinonen et al. 
2010)


• H,G12 (Muinonen et al. 
2010)


• H,G12 (Pentilla et al. 
2016)



HG o filter Results

N_fit<100



The future... (LSST)
Asteroids in LSST 283

Table 1. Summary of small body populations observed with LSST

Population Currently known1 LSST discoveries2 Num. of obervations3 Arc length (years)3

Near Earth Ob jects
(NEOs) 12,832 100,000 (H!20) 90 7.0

Main Belt Asteroids
(MBAs) 636,499 5,500,000 (H!19) 200 8.5

Jupiter Tro jans 6,387 280,000 (H!16) 300 8.7

TransNeptunian and
Scattered Disk Ob jects
(TNOs and SDOs) 1,921 40,000 (H!6) 450 8.5

Notes:
1 As reported by the MPC (May 2015). 2 Expected at the end of LSST’s ten years of operations. 3 Median number
of observations and observational arc length for the brightest ob jects near 100% completeness (as indicated).

errors), resulting in highly accurate orbits suitable for a wide range of theoretical studies
or for targeted follow up observations for specific purposes (such as spectroscopy or
occultation studies.

These large number of observations will also provide the basis for sparse lightcurve
inversion, which requires at least 100 observations over a range of phase angles. It will
be possible to determine the spin states and shapes for thousands of Main belt asteroids.
Frequent observations, spread among a wide range of times and at variety of different
points along each object’s orbit, are also ideal for detecting activity, either collisionally-
induced activity or surface activity induced by volatile outgassing.

Each object will obtain observations in different filters, primarily g, r, i and z but also
u and y, with photometric calibration of each measurement accurate to 10mmags (Ivezić
et al. (2008)). This will enable study of the composition of these objects. Adding color
information also provides statistical constraints on the albedos of the objects, allowing
a tighter estimate of the diameters and thus size distribution of the population. With
combined color and orbital information, identification of collisional families becomes more
robust. (See the Solar System chapter from LSST et al. (2009) for further discussion of
these topics). Table 1 provides a summary of the expected number of objects in each
population, as well as their typical arc length and number of observations.

Construction for LSST is ongoing, with first light scheduled for 2020, a scientific com-
missioning program following in the next year, and the start of survey operations in
2022. Details of LSST operations are currently being examined. In particular, the survey
strategy continue to be analyzed up to and during operations in order to maximize the
science return across the wide variety of goals for LSST. In this proceedings, we will de-
scribe the planned LSST configuration, and expected LSST performance in discovering
and characterizing Near Earth Objects (NEOs) and Main Belt asteroids (MBAs), then
present software tools that can aid the planetary astronomy community in extending this
analysis.

2. The LSST telescope
The primary science goals for LSST drive the design of the telescope and camera. The

choice of telescope mirror size, field of view, filters and typical exposure times combine
to achieve the desired single image depth, coadded image depth, number of repeat visits,
visit distribution among filters, and survey footprint.

The resulting final design is an optical telescope with ugrizy filters and a primary
mirror of 8.4m in diameter (the effective diameter is 6.5m after accounting for obscuration
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Lynne Jones et al. 2015

• in 2014 - 2018 MPC obtained ~2e7 obs/yr, 5e6 from ATLAS in 2017 *


• LSST: 90% Wide-Fast-Deep, 18 000 deg^2, ~800 visits/field


• "In total, the LSST will obtain approximately 1.8 billion observations 
of 5.5 million objects over 10 years" (Lynne Jones et al 2020)

* https://minorplanetcenter.net/mpc/obs_stats_2014_2018

Chapter 5: The Solar System

5.2.4 Expected Cumulative Counts

Given the adopted cumulative counts (§ 5.2.3) and completeness curves (§ 5.2.2), it is straightfor-
ward to generate the expected observed counts. Table 5.2 provides the expected LSST sample size
for each population.

Unsurprisingly, the largest observed sample will be MBAs, which will be probed to a size limit as
small as ⇠ 100 m. It is remarkable that the Jovian Trojan sample will include ⇠ 280, 000 objects,
on the order of the number of currently known MBAs – currently there are only a few thousand
known Jovian Trojans. In addition, the expected detection of 40,000 objects in the TNO sample,
with accurate color and variability measurements for a substantial fraction of these objects, will
enable investigation of these distant worlds with a thoroughness that is currently only possible for
MBAs.

Figure 5.4 shows the median number of expected LSST observations (based on the Operations
Simulator; § 3.1) for dominant populations of Solar System bodies. We do not include nights with
only one detection. A significant fraction of discovered objects will have several hundred detections.
For example, more than 150 observations will be available for about 500 NEAs, one million MBAs,
50,000 Jovian Trojans and 7,000 TNOs. The corresponding counts for objects with more than 100
observations are 1,400 NEAs, 1.6 million MBAs, 80,000 Jovian Trojans, and 11,000 TNOs. These
large numbers of multi-color light curves will enable numerous novel research directions in studies
such as light-curve inversion for a significant fraction of these Solar System populations.

6 8 10 12 14 16 18 20 22 24

0

100

200

300

400

Figure 5.4: The median number of expected LSST detections of a given object as a function of H for dominant
populations of Solar System bodies. Solid lines correspond to classical TNOs (red), Jovian Trojans (magenta), MBAs
(green), and NEAs (blue). The red dashed line corresponds to Scattered Disk Objects, and the blue dashed line to
PHAs. Nights with only one detection are not counted.
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Ch.5, The LSST Science Book



Phase curves with LSST
• Decent ATLAS phase curves for N_fit > 100


• LSST should have comparable cadence of observations: 


• ATLAS - 4 detection tracklet per visit every 2 nights


• LSST - 2 (x2) detection tracklet per visit every few days


• LSST "objects with more than 100 observations are 1,400 NEAs, 1.6 million 
MBAs, 80,000 Jovian Trojans, and 11,000 TNOs" (The LSST Science Book) 


• Phase angle coverage is key


• LSST will go faint, 16-24.5 mag in the r-band, accessing small bodies that 
are currently not well defined


