Oh o _ MINISTERIO DA
N SRl L0, L0 CIENCIA, TECNOLOGIA
acional E INOVACAO

Propriedades fisicas e dinamicas de
pequenos corpos do Sistema Solar

Dr. Filipe Monteiro
Observatorio Nacional

Escola de Inverno em Astrofisica 2026
20-24 de julho de 2026, Observatorio Nacional

IMPACTON




Conteudo/objetivos - parte 2

» Deteccao e caracterizacao de sistemas binarios de asteroides.

» Técnicas de observacao de pequenos corpos, incluindo as
infraestruturas que o Brasil tem acesso.

» Propriedades fisicas de asteroides (tamanho, forma, periodo de
rotacao, composicao, estrutura interna, etc).

> Conclusoes
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Asteroides visitados por sondas

ltokawa, Hayabusa 1 - JAXA

Bennu, OSIRIS-Rex/NASA

Ryugu, Hayabusa 2 da JAXA Eros, Shoemaker/NASA
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2014 JO25 from Goldstone radar, 2017.

Binary asteroids

Arecibo/GBO/JPL/NASA/NSF

Binary NEO 2017 YES. Arrokoth from NASA’s New Horizons,

Didymos System from NASA’s DART spacecratt. ,
Model credit: NASA/JPL-Caltech. 2014
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Detection techniques

Galileu Mission, 1993, NASA, JPL

0.6 0.8 1
Phase (Epoch 2455855.97, P,,, = 26.643 h)

[ ] 2011-10-20.0 & 21.0

2011-10-220&229 Molnar et al. (2008 ) | : <

<+ 2011-10-25.1 & 26.0 .

2011-10-26.9 & 27 .2

45 Eugenia 121 Hermione 121 Hermione

Marchis et al. (2006)

NEO 2018 EB |

(AI’eCIbO radar) 130 Elektra 107 Camilla
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Agarwal et al. (2017)

HST WFC3/UVIS F606W
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Detection techniques

Aug. 22, 2016
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[ Phase (Epoch 2455855.97, P,,, = 26.643 h)

[] 2011-10-20.0 & 21.0 =

e 2011-10-22.0 & 22.9
: -+ 2011-10-25.1 & 26.0
2011-10-26.9 & 27.2

2001 FL185 (42355) Typhon/Echidna

High Resolution
Camera on HST.

Noll et al. (2008)

NEO 2018 EB
(Arecibo radar)

1999 OJ4 2002 GZ31
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Diameter vs. Rotational Period

e o e NEO U Binary asteroids are frequent among NEAs (and MBAs)
= g Asteroide - larger than about 200 m: The fraction of binaries estimated
001 ¢ ¢ e NEO Binario = g

! _: a Barreira de rotagio - 15 + 4% (Pravec et al. 2006).

. @ .

= P i

01 E ° '. E (1 Some properties of binary NEAs (Margot et al., 2015):
¥4 = P,;=2.2-5 hours

= Am <0,3 mag

= D1=120mto 10 km (to 20km for MBAs)

= Most of them are S-complex asteroids and differentied
bodies (Minker et al. 2023)

|IIIIIII I
1IIIIIII |

Periodo de rotacao (h)
S N

1 Many observational biases contribute to the small number
of detections (even when using different techniques).
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Binary formation

YORP Effect

Produces fast Deformes the ,
_ Binary
and slow asteroid shape :
: formation
rotations
Walsh et al. (2008)
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Binary formation
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Walsh et al. (2008) | Secteeitesen” Fonte: NASA/JPL

NEO 1999 KW4 (P=2,76 h)
Ostro et al. (2006); Pravec et al. (2006)
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Binary formation
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Didymos (Left) and Dimorphos (right), from DART.
Crédito NASA/Johns Hopkins APL
Madeira et al. (2023, 2024)
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Observatorio Astronomico do Sertao de Itaparica - OASI

——
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Flat field panel

1.0-m telescope

Filter wheel
Johnson-Cousins and
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Observatorio Pico dos Dias (OPD-LNA/MCTI)

0.6-m Telescope
Filter R (Johnson)

1.6-m Telescope —
SPARC4 (SDSS
filters system)
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Telescopes in Chile

Dr. Filipe Monteiro

Gemini South

SOAR Telescope

= |ocation: Cerro Pachodn,
Chile, at an altitude of
2,700 meters.

consortium
(Brazil,

= |nternational
and partners
NOAO, UNC, MSU).

= 4.2-meter aperture.

= Spectroscopy to analyze
chemical composition.

= Photometry to measure
luminosity variations.

= Polarimetry to study light
scattering properties

Gemini Telescope

Location: Cerro Pachodn,
Chile, at an altitude of
2,737 meters.

Operated by a consortium
including the United States,
Canada, Brazil, Chile,
Argentina, and South Korea.

Part of the International
Gemini Observatory, which
includes the Gemini North
in Hawaii and Gemini South
in Chile.

8.1-meter aperture.

Spectroscopy/Photometry.

Pequenos corpos do Sistema Solar




Other Observatories
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= I — 0.84-m Telescope
0.61-m Telescope 0.35-m Telescope 2.2-m Telescope Filter R (Johnson)

Johnson filters system (BVRI) (elies Johnson filters system (BVRI)

Blue Mountain Observatory - BMO, Australia Observatorio Astronomico San Pedro Martir - SPM, Mexico
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Other Observatories

0.51-m Telescope

: : - : 40-m Tel
filters system (BVRI —g,r,i,z) N = Mt 1 0.40-m Telescope

Observatorio Astronomico Antares - Feira de Santana, Bahia Observatorio do GPDO - UNESP, Guaratingueta
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Fotometria — Processo de Reducao
Do CCD bruto a magnitude calibrada

Master ‘ ' Master ' Master ' Estrelas
Bias Dark . Flat Padrao

v, L r L o I\._
I I I I
I I I I

~- ~N- ~- ~N-
Imagem Subtr. Subtr. Divisao Extracao Calibracao Magnitude
Bruta Bias Dark Flat Fluxo Fotom. Calibrada

Média(MasterFlat — MasterBias)
MasterFlat — MasterBias

Imagem Corrigida = (Light — MasterDark) X
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Fotometria — Processo de Reducao
Do CCD bruto a magnitude calibrada
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Fotometria — Processo de Reducao

Do CCD bruto a magnitude calibrada

_ng 5'35 _‘.‘ @ Estrela padrao N
=
: A4
O que é fotometria? -r."g 5.45
>
Técnica que mede a quantidade de energia ¢ 5.55 —
(fluxo) recebida de um objeto, geralmente fil- S
trando por bandas espectrais definidas. 9 5.65
=
O que é extincdo atmosférica? e
gy}
A atmosfera absorve e espalha a luz estelar. A = 585 N
| |

atenuacao depende da massa de ar X percorrida
pelo feixe luminoso.

1 15 2 25 3 35 4

Massa de ar X = sec z
-

Lei de Bouguer—Lambert—Beer - =

Mope(A) = mo(A) + k() - X
Mops: Magnitude observada  mgp: magnitude fora da at- ®

mosfera y ! @ ) ®

k: coef. de extincdo (mag/massa de ar) ;

X = secz =~ 1/sin(alt): massa de ar & &
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Fotometria — Equacoes Fundamentais

Magnitude instrumental e calibrada

Minst — —2.5 |Dg1{](FADU/texp)
Meal = Minst + £ — k X

Z=ponto zero k=coef. extincao X = sec z—=massa

de ar

Fotometria diferencial

Fﬂ VO
Am = Malvo — Mref = _2.5 |0g10( FI )
ref

Ideal para curvas de luz!

Magnitude absoluta H (fase zero)

H =V —5log,,(rA) + f(a)
r, A: distancias heliocéntrica e geocéntrica (UA)

f(a): funcido de fase HG (Bowell et al. 1989)

Indices de cor
B—V:mg—mv V—R:mv—mg

Azul quente: B—V <0 Vermelho frio: B—V >1

Modulo de distancia

d
m — M—5|ogm(10pc)

Razao sinal-ruido (SNR)

N,
v/ N« + np(Neew + Np + 02)

N,: fotons da estrela  n,: pixels na abertura

SNR =

Np: dark og: ruido de leitura

Dr. Filipe Monteiro
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Photometry and physical
characterization of asteroids

[Photometric data ]

Orbit

_

e

Rotational Properties
(multiply periods, spin
orientation) and Shape
model

Surface Properties
(Absolute magnitude and

diameter, surface
parameters)

Color indices
(photometric spectra,

Dr. Filipe Monteiro

taxonomical classification)

(436724) 2011 UW158
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Lightcurves analysis

Brightness change over time caused by rotation - Lightcurve.

d The apparent brightness depends on:

1. the distance from the Earth and the Sun

(known)
2. Geometry Sun-asteroid-Earth (known)

d Unknown parameters:

1. Shape
rotation state (spin axis direction, period
of rotation)

3. surface properties (albedo, light-
scattering behaviour)

Dr. Filipe Monteiro
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Lightcurves analysis

Brightness change over time caused by rotation - Lightcurve.

d The apparent brightness depends on:

1. the distance from the Earth and the Sun
(known)
2. Geometry Sun-asteroid-Earth (known)

d Unknown parameters:

1. Shape
rotation state (spin axis direction, period
of rotation)

3. surface properties (albedo, light-
scattering behaviour)
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Lightcurves anaIYSiS Monteiro et al. (2020)

(52381) 1993 HA P=4.107+0.002 h

-0.4
T

-0.2
T

Fourier Analysis of Light Curves (Harris et al., 1989):

Relative Magnitude (R)
0.0

27l 2ml
V(a,t) = ) + E [A) sin —(t — to) + B cos ?(t —to)] BT
e 2015 Dec 08 o
g . @ 2015 Dec 09
— 4th order
: y i 0.0 0.2 0.4 0.6 1.0
3 V(Ot,t) is the magnltude at a phase ang|e (OL) at a given Rotational Phase (Zero phase on 2015/12/08 at 22 34:39 UT)
Instant t; < | (436724)2011 UW158 P=0.61070+0.0006 h
. V(o) is the average magnitude at a phase angle o; T I kN
fob) - L 2 -3 ox.
. Al and Bl are the Fourier coefficients; é % ,f ‘
D o
1 1 1 o | 7 Y S A)
. P is the rotation period; % & R ,
2 « B 4 " ?' 0 ~ A
. Tois the midpoint of the observation interval; Sol &, A M o 2015 Jul 08 2
. : o + 2015 Jul 09
. N is the degree of the polynomial. 3t 5 381?3’3!1?
| | | | — 5th order
0.0 0.2 0.4 0.8 1.0

Rotational Phase (Zero—point on 2015/07/10 at 10:35:08 UT)
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Complex lightcurves analysis

A simple sum of two Fourier series (Pravec et al. 2006)

18.7 - Lightcurve showing the mutual events —
T T | | T T
0 0.2 0.4 0.6 0.8 1
18.2 . Phase (Epoch 2452902.7, P, = 14.53 h)
183 o & 2003-09-16.9
F(t)= F(t)+ F>(1) (1) A 2003-09-18.0
18.4 : gt [] 2003-09-19.0
s oA O 2003-09-20.0
n . 2]Tk 23Tk 185 | ' . I Rotatlonal IIQIJhtCIUI’V$ ; 222332_2;1
Fi(r)=C, + E [S1k Sin —— (r—ro)+Cmcos—P (rt—1)] (2) P el e S e
1 1 | : ; Sy :
k=1 ‘In the dual-period search process, the primary period is derived from the
2 - 2wk Dk composite lightcurve, which is subtracted from the original data, leaving
Fr(t) = Ch + E [ Sox sin e (t — 1) + Cyi cos Y (t —19)l. (3)  only the variations due to the secondary component and mutual events.
7 g,
k=1 - -
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Complex lightcurves analysis

A simple sum of two Fourier series (Pravec et al. 2006)

1998 RO1
JD=2452303.210 (2003/09/20.710)

18.7 ‘3 Lightcurve showing the mutual events
' | | ' '

Scheirich and Pravec (2009) 0 0.2 0.4 0.6 0.8 1
18.2 Phase (Epoch 2452902.7, P, = 14.53 h)

<> 2003-09-16.9

g, g

18.
F(t)= F(t)+ F>(1) (1) o3 A 2003-09-18.0
18.4 : gt [] 2003-09-19.0
. L AT O 2003-09-20.0
i 2;,-{ k 2;:-; l{ 18.5 | . | Rotatlonal Ilqhtcyrv? L 2003-09-21.1
F] (T) — C] _|_ Z[LSYIIL 51[1 (I. _ T[)) + (:‘]‘{~ COS f — r” )] (2) n non oA n e no 4 ¥ 2003-09-22 1
_ 1 1 : . =i .
k=1 In the dual-period search process, the primary period is derived from the
"2 2k 2wk composite lightcurve, which is subtracted from the original data, leaving
Fr(t) = Ch + Z[Sik Sin (t — 1) + Cyi cos (t —19)l. (3)  only the variations due to the secondary component and mutual events.
k=1
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Physical parameters
from lightcurves

(1) DS > U o 1[]—0.4&?11]1/”2
D'p

(Ll— —

(3) p,

Dr. Filipe Monteiro

A simple sum of two Fourier series (Pravec et al. 2006)

|“F|"|

18.4 L
18.5 L
18.6 —
18.7 Lightcurve showing the mutual events
T T | | T T
182_3 0.2 0.4 0.6 0.8 1
: o Phase (Epoch 2452902.7, P, = 14.53 h)
18.3 ¢ e < 2003-09-16.9
R A 2003-09-18.0
18.4 : s [ 2003-09-19.0
oy S O 2003-09-20.0
18.5 I T I Rotatlonal IIQIJhtCIUI’V$ - 2003-09-21.1
n noo noA neo no 4 ' 2003-09-22 1

In the dual-period search process, the primary period is derived from the
composite lightcurve, which is subtracted from the original data, leaving
only the variations due to the secondary component and mutual events.
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Shape model and Spin parameters

d Spin direction and shape model are determined
using the Lightcurve Inversion Method
(Kaasalainen & Torppa, 2001; Kaasalainen et al.
2001).

d The method assumes a combination of Lambert and
Lommel-Seeliger scattering laws as the physical

--‘-r-h
N 100 :‘i X ' model for the asteroid surface reflectance (S),
200 \‘\\ﬁ — A according to the equation:
400 « N/ .
500 S, pro, @) = f()[Ses(pt, pro) + ¢St fo)]
> : . .
N < Q The inversion program also solves the coordinates
) T 600 -
200 < a0 and vertices of the model surface polygons by
0 N P applying Minkowski minimization method as well
Monteiro (2020) =% > = < 2 as converts these polygons into triangles using the
/ 00 X octant triangulation.
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Shape model and Spin parameters
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Comparison of the real shape with the model of (25143) Itokawa (Descamps et al., 2007)

Dr. Filipe Monteiro Pequenos corpos do Sistema Solar



Shape model and Spin parameters

0.0 -0.1 -0.2

Relative Magnitude(R)
0.1

0.2

Relative Magnitude(R)
0.1 0.0 -0.1 -0.2

0.2

(348400) 2005 JF21 P =2.407+0.002 h

& 2015 Jul 09
o 2015 Jul 10
— 4th order

0.0 0.2 0.4 0.6 0.8 1.0
Rotational Phase (Zero phase on 2015/07/09 at 08:59:54 UT)

(348400) 2005 JF21

P =2.4181+0.0005 h

@ 2015 Sep 18
® 2015 Sep 19

— 4th order

0.0 0.2 0.4 0.6 0.8 1.0
Rotational Phase (Zero phase on 2015/09/19 at 17:52:58 UT)
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0.0 -0.1 -0.2

Relative Magnitude(R)
0.1

0.2

Relative Magnitude(R)
0.1 0.0 -0.1 -0.2

0.2

Monteiro et al. (2020)

(348400) 2005 JF21 P =2.6530+0.0006 h

® 2015 Oct 10
— 4th order

0.0 0.2 0.4 0.6 0.8 1.0
Rotational Phase (Zero phase on 2015/10/09 at 23:54:28 UT)

(348400) 2005 JF21

P=2418x0.001 h

@ 2015 Mov 04
@ 2015 MNov 05

— 5th order

0.0 0.2 0.4 0.6 0.8 1.0
Rotational Phase (Zero phase on 2015/09/19 at 17:52:58 UT)
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Shape model and Spin parameters

Monteiro et al. (2020)

-0.2
T

o
]
|

(348400) 2005 JF21 P =2.407+0.002 h ‘ T (348400) 2005 JF21

-0.1
|

Relative Magnitude(R)
0.0
{¥
s
L
%

A=112°, B =5°

g N
& 2015 Jul 09
o 2015 Jul 10
ew | — 4thorder
- | i
0.0 _ 0.2
Rotational Phase
S F A = 335°, B =50
(348400) 2005 JF:
£-|
D
.-
=
= L )
ool o
i >
@
=
T
eS|
@ 2015 Sep 18
® 2015 Sep 19
oL — 4th order o
e 1 | 1 | 1 1 e 1 | 1

P =2.6530+0.0006 h

® 2015 Oct 10
— 4th order

0.8 1.0
0/09 at 23:54:28 UT)

=2.418+0.001 h

@ 2015 Nov 04
@ 2015 Nov 05

— 5th order
1 1

0.0 0.2 0.4 0.6 0.8 1.0 0.0
Rotational Phase (Zero phase on 2015/09/19 at 17:52:58 UT)
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Rotational Phase (Zero phase on 2015/09/19 at 17:52:58 UT)
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2795 LE‘[]EIQE | T corr. Brightness [mag]
A

JD=2458079.5617 A= 351°
[3= -44°
'D.S"
ﬂ__
N
J) i 0.3+
Aspect =114° P=40.368700 h )

0 0.25 0.2 0.75 1 Phase



Shape model and Spin parameters

6 I I I I I I I I I I I
- = 25 NEOs -
=
(24445) 2000 PM8 (25916) 2001CP44 g
0

360 330 300 270 240 210 180 150 120 90 60 30 0
Ecliptic Longitude (1)

10 I I I I l I I I I

Excess
Retrograde rotation

Lack pole toward
the ecliptic

| / ~

(251346) 2007 SJ (312473) 2008 SX245 il E

0 |

-1 -0.8 06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Sine of Ecliptic Latitude (B)

(=)
I
I

ES
|

N (numb. of NEA)
|
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Shape model and Spin parameters

B 25 NEOs &

EeN
|
|

a Prograde rotation b Retrograde rotation

N (numb. of NEA)
l

N
[
|

Yarkovsky Yarkovsky 0
o , it /‘* 360 330 300 270 240 210 180 150 120 90 60 30 O
: - Ecliptic Longitude (1)

10 | I I T I |

(Y Themal Excess
re-radiation Retrograde rotation

Lack pole toward
the ecliptic

1-4) KO - COSY

pDn | 1+ 2k0 + 2202 L !

0 |
-1 08 06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Sine of Ecliptic Latitude (p)

(=)
|
I

Orbtal motion

N (numb. of NEA)
IS
l
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Photometric Spectrum

Colors are traditionaly written as:
U-B, B-V, V-R, R- | (Johnson system)

u-g, g-r, r-i , i-z (Sloan system)

1.2

115 ¢

1.1 |

1.05

Reflectance

09 r

085 r

08 A A A A A A A A A A
04 045 05 055 06 065 0.7 0.75 08 085 09 095

Wavelength (microns)
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100

% Transmittance

20

\ ."
LA

AN\ -_

00 6 700 800 800 1000 1100 1200
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Photometric Spectrum

Colors are traditionaly written as:
U-B, B-V, V-R, R- | (Johnson system)

u-g, g-r, r-i , i-z (Sloan system)

1.2

115 |

1.1 |

1.05

Reflectance

09

085 r

A

08 A A A A A A

Wavelength (microns)
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r Band Normalized Reflectance
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Phase curves - Absolute
magnitude and Diameter

a Three-parameter H- G,-G, nonlinear model
(Penttila et al., 2016)

H(x) = Hy — 2.510g,[(G P (a) + G, Pr()
+(1 =G — G2)P3(x)],
1329

d G,-G, & Slope parameters — associated to

J H - Absolute magnitude D =

superficial composition of asteroids.

Dr. Filipe Monteiro
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Exemplo: Caracterizacao de 1967 Menzel

| | | I | | | I | |
14,501 1967 Menzel P, =2.83475%0.00002 h J
S l 1967 |~|v1enzel I ' 4.55 Year: 2018
14.551 A 2-07i122
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15k Ho = 12.303 + 0.008 E 14.60- + 4.08001
- B + 5.08/02
> G; = 0.713 = 0.001 % 14.65 B 6 - 08/04
(1] Gz = 0203 = 0002 = 14 ?D - ¥ 7 -08/05
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E 125 = + 13-0811
North Pole Equatorial. Z = +0° - - 14.85- S @ 14 -08112
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" : . - 1967 Menzel { 2. g0l - 0801
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£ - ' 1g 0.051 -08/04
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= C 1 - 08/09
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Rotational phase

Monteiro et al. (2026)
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Exemplo: Caracterizacao de (243566) 1995 SA

Monteiro et al. in preparing

I I I I I I | I I I I I
020 (243566) 1995 SA  P1=2.3136+0.0005h | | (243566) 1995SA  P_, =19.76+0.09 h _
-0,10- 1 -0,10} _
% | 0,00} _
<
2 0,10} i
o _
i 0,20} i
x
3 1 0,30} i
E % = [1 o 10—0.4Am] 1y 2‘ .
E’ | D, 40 [ Dp 1
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Drucker-Prager Failure Criterion

Analise da forc¢a de 3

-I- ¥ — — ¥ — — — — —
E [(Et T E}*)“ + ('5'_1.* o ":":)“ + (’:": o U.t) ] = [k T :‘-T(U_r + '5'_1.* + '5":” (9)
C0€sao

where o, 0 ,, and &, are the three average stresses, k 1s the internal
cohesion and s 1s a slope constant. The slope constant 1s determined

Ay e from the angle of friction ¢, assumed here to be an angle of friction
& = typical for lunar regolith of 40° (Sanchez & Scheeres 2014), using
0.8 G—C : the following expression:
| |—— Limite de rotacao (1 g/cm?)
---- Limite de rotacao (2 g/cm?) .

B Limite de rotacdo (3 g/em?)| - 2sin ¢ |
a B ' & = \/5 3 - . (10)
© : — 81n
g%07 2015 F$332 ( 2
< I ' The average normal stress components (o, 6, and ) can be
O .
= 7 calculated by
204 - ,
=T 2

1995 SA _ 2 2 a .
| Ry 7, = (po’ = 27" GA) (11)
ol 3352 .

‘ B 5, = (0’ — 21p°G A,)> (12)

i , , = (- — L )—,

2005 JF21 ————-Elp ) P P y) 75

0 I ) I | | | A P | l’-' | [t 4 Il’l | | I | | | | | | | A | N | l | S NS DA | | | I S | 2

1 1.5 2 2.5 3 3.5 4 4.5 5 0, = (—ZerEGAE}i, (13)
Periodo de rotacao (h) S
where p 1s the bulk density, w 1s the spin rate, G 1s the gravitational
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Exemplo: Dinamica da superficie de (243566) 1995 SA

Surface dynamics - Geopotential

| | |
|

|
-0.14 -0.%3
Geopotential (m?s™2

O mapa geopotencial mostra como a
gravidade e a rotacao, juntas, controlam
a estabilidade da superficie e a
acumulacao de material na superficie

irregular do asteroide.

z
view from -x y I | » X  Vview from -y y view from -z

Geopotential across the surface of NEO 1995 SA computed for a density of 2.2 g/cm?
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Exemplo: Dinamica da superficie de (243566) 1995 SA

Surface dynamics - Slopes

O mapa de Slopes mostra regidoes de

potencial instabilidade da superficie e
movimento do regolito, impulsionados

pela forma local e pela gravidade efetiva.

Slopes computed across the surface of NEO 1995 SA computed for a bulk density of 2.0 g/cm?3
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Ocultacao estelar

Ocorre quando um astro (como planeta, lua ou asteroide)
passa na frente de uma estrela distante, blogueando sua luz

temporariamente para quem observa da Terra.

Medir o tempo exato desse bloqueio permite descobrir o
tamanho do astro, se ele possui atmosfera ou se tem anéis ao

seu redor.

As the comet passes in front of the star,

it blinks out for ~0.2 seconds

Dr. Filipe Monteiro
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Polarimetria - Albedo

Grau de polarizacao Q A luz refletida por superficies fica parcialmente polarizada
_F linearmente. O grau e angulo de-pendem do angulo de
P(a) = ———2 x 100% fase, albedo e text
FL + F ase, albedo e textura.

F1,Fj: fluxos L e || ao plano de espalhamento

a = angulo de fase (Sol-objeto—observador)

: | ’ l L | L | y
— — — Tipe S ~0.25 : i
() que a curva revela 14 H Tipocipvwo 05; Pmax — L A 20Massalia (S, 0.21) s J
o B 24Themis (C, 0.07) #
» Ramo negativo (a < 20°): P <0 — - X 64 Angelina (E, 0.48) 8 ‘
: = * 419 Aurclia (F, 0.05) X
retroespalhamento coerente pelo regolito e w0 a . / "
—~ /
» ho: inversdo de polarizacdo (P = 0) — T
diagnéstico de textura S el
N
» Poain: minimo da curva — correlaciona com 2 4
Q.
albedo: > | Ramo
IOg Pv = Cl |0g Pmax -+ C2 negativo
G~ —-1.118, G =~ —1.779 B S
Determina albedo independentemente do tamanho! _ 9 |+ .
=]
» Prax: maximo (a ~100°) — principal 0 20 40 . 80 100 N VT W R m—
indicador de albedo Angulo de fase a (°)

Dr. Filipe Monteiro Pequenos corpos do Sistema Solar



Polarimetria - SPARC4 no OPD/LNA

Simultaneous Polarimeter and Rapid Camera in 4 bands

O instrumento SPARC4

Camera de imageamento simultaneo em 4 bandas fotométricas (g, r, i,z SDSS), instalada no teles-
cépio de 1.6 m do OPD/LNA (Pico dos Dias). Possui modo fotométrico e modo polarimétrico.

d 4 cdmeras EMCCD simultaneas (bandas g, r, i, z)

(d Roda delaminas retardadoras A/2 e A/4. O mdédulo Esquema f)ptiCO “a SPA RCA4
possui 16 posicoes de rotacao, separadas por 22.5° - --
Stokes Q e U. /EMCCD g}
O  Prisma de Savart para andlise de polarizacdo. Funciona ) 7 ) ( !_ EMCCD f]
i : . Foco 1.6m —> Lam. \/2 }-N Prisma Savart }-)1 Div. feixe X
como um divisor de feixe de duplo feixe (dual-beam), ) il [ EMCCD |
dividindo em dois feixes ortogonais, criando duas 0.22.5.45 67.5° \
imagens de cada fonte no detector. EMCCD z]

QO  Simultaneo em 4 bandas - indices de cor +pol. em g: 400-550nm  r: 550-700nm  : 700-820nm  z: 820-1000 nm

uma unica exposicao
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Polarimetria - SPARC4 no OPD/LNA

Object: 2006 WB date: 2024-11-21 mode: L2 S4C1 (g-band)
Source index: 15 aperture: 8.0 pix x2: 0.84 RMS: 0.024553 o0;: 0.97488 % k: 0.87891 yp: 0.0+-0.0 deg
q: -5.5218+0.9038 % u: -1.8552+0.8943 % p: 5.8251+0.9029 % 6: 99.29+4.43 deg
T e @ 1 1 4 3 % % F ¢ ¢ F Pk o0 @ ¢+ d 3 & % 5§ F -0 b oo

o10F [ Best fit model -
: ] I data '

fi(¢)—f.(9)
fi(@) +7.(¢)
(@)
(@)
(9]
T

Z(9)
|
o o
o o
w (@]
I |
e
|
rows (pixel)

01F .+ =+ ¢ &+ 1 & & & & | 1 I AR A LI R R B R B n
s by by by
=R R S S I SR Y NP, . SN
5 00| 9 ' 0 : i 0 — 4 :
g : + :
. T T I A A A i IR s
0 50 100 150 200 250 300 350
waveplate position angle, ¢ [deg]
Mede apenas os parametros Q (polarizacao vertical/horizontal) e U (polarizacao a +45°). o . e = S

columns (pixel)
A curva de assimetria segue uma modulacao em 46:

* Grau de Polarizacéo Linear (P): P= 1/¢? + u?
A(B) = g - cos(40) + u - sin(40)

« Angulo de Posicdo da Polarizagdo (0): © = %arctan( “ )
Onde g = Q/l e u = U/l sao os parametros de Stokes normalizados. Na SPARC4, como a I

lamina gira em 16 posicoes fixas de 22,5°, um ajuste de minimos quadrados (fitting) ou
uma Transformada de Fourier discreta isola as amplitudes de g e u.
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Radar Planetario (Ativo)

d O radiotelescopio é modificado para funcionar como um transmissor e receptor
simultaneamente (ou em dupla com outra antena).

d  Envia-se um sinal de radio para o asteroide e analisa-se o eco refletido. Ao medir o tempo que
o sinal de radio leva para ir e voltar (A t), os astrbnomos calculam a distancia exata até o
asteroide, sendo possivel mapear o asteroide e determinar suas dimensoes exatas.

(d O espectro Doppler desse eco revela a rotacdo do asteroide, além de propriedades da
superficie do asteroide.

d As imagens detalhadas de asteroides feitas por radar ndo sao fotografias dpticas, mas sim
mapas matematicos gerados a partir da decodificacao do espectro Doppler e do atraso de

tempo do sinal (chamadas de imagens Delay-Doppler). R TR EE O e R T S E L
[ Af =0.14 Hz smoothed ]

0
S
1
o)
o

SC/OC = 0.22

N
o
L 27 o) R A

N
o
| TN R

Echo power (std. dev.)
B
o
|

-6 -4 -2 0 2 4 6
Doppler frequency (Hz)
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Radar Planetario (Ativo)

Arecibo/GBO/JPL/NASA/NSF

Fonte: Arecibo website

Dr. Filipe Monteiro | Pequenos corpos do Sistema Solar 52



Espectroscopia

Coleta de Luz: Um telescopio capta a luz fraca
refletida pelo asteroide.

Dispersao: A luz passa por um espectrografo
(equipamento com redes de difracao ou prismas),
gue separa a luz em suas cores e comprimentos
de onda constituintes.

Registro: Um sensor capta essa imagem e gera o
chamado espectro de reflectancia.

Analise de Dados: O grafico resultante é cruzado
com bases de dados de laboratdrio de rochas e
meteoritos para determinar a classificacao
taxonomica (como os tipos C, S ou M)

Dr. Filipe Monteiro
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Espectroscopia

Fluxo (uni. arbitrarias)

Asteroide
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FILXO LUnl. arpitrarias)

Estrela Analoga Solar
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Espectroscopia

Asteroide Estrela Analoga Solar
2007 250000 -
17.5 -
15.0 - 200000 -
- m
L 0]
,E 12.5 - E
b= 2 150000 -
g g
© 10.0 - ©
= =
= >
o 7.5- o 100000 -
> >
= =)
E de
5.0 -
50000 -
2.5 -
0.0 - e Asteroide/Estrela
075 1.00 125 150 1. ' 175 2.00 225 2.0
Comprimento de ¢ o de onda (um)
1.6 -

> 1.4 -
No caso do espectro de um asteroide, vocé divide
o espectro do asteroide pelo espectro da estrela
calibradora (chamada de analoga solar).

1.0 -

4

A operacao matematica é a divisao porque o
objetivo é obter a reflectancia da superficie do
asteroide

Reflectancia (norm. aem 0.75 um)
r—l-
b

0.8 -
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Espectroscopia - Exemplos

1:7
MIT-Hawaii-NEO Survey smass.mit.edu Lar
1.6F " . (4) Vesta
NASA’s 3m IRTF/SpeX -
1.5+ Apophis spectrum at 14 Jan 2021, -
E o4l Earth distance: 0.21 AU L2t
§ | Sg-type taxonomy g Pyroxene band
o 13f 1 [F' 2 !
8 2 I F
512 EE
v =
% 1.1 E : T
- \ f 0.8 EET 87503 (howardite)
1} = :
Pyroxene band
0.9} _
ool o o
o ; 1 ] " 0 0.5 1 1.5 2 25
0.5 1 1.5 2 2.5 Wavelength (um)

wavelength [;m]

Reddy et al. 2018
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Espectroscopia - Exemplos

Table 2. Spectral Band Parameters and Composition for Apophis

1.7 — , , , ,
e MIT-Hawaii-NEO Survey smass.mit.edu
| NASA’s 3m IRTF/SpeX
1.5+ Apophis spectrum at 14 Jan 2021, -
= .2l Earth distance: 0.21 AU
£ | Sq-type taxonomy ‘
813} ”' 1 ]
8 1
5 1:2} :
;_‘j 1.1} |
~
1t )
0.9} ]
0.8 L— - [

0.5 1 1.3 2 2.5
wavelength [;m]

Reddy et al. 2018
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Parameter This Work Binzel et al. (2009) MITHNEOS
Band | Center (um) 0.99 + 0.01 1.01 £ 0.01 0.99 + 0.01
Band Il Center (um) 1.87 £ 0.04 1.84 £ 0.11 2.03 £ 0.08
Band | Depth (%) 17.0 + 0.1 153 +0.3 17.2 £ 0.2
Band |l Depth (%) 6.8 + 0.1 3.3+03 52 +0.2
Band Area Ratio (BAR) 0.42 + 0.03 0.56 + 0.07 0.30 + 0.03
Temp. corrected BAR 0.39 £ 0.03 0.54 £ 0.07 0.27 £ 0.03

Olivine composition (mol %)
Pyroxene composition (mol %)
ol/(ol+px)

Temp. corrected ol/(ol+px)

Fa (28.6 + 1.3)
Fs (23.6 + 1.4)
0.63 + 0.03

0.63 + 0.03

Fa (30.1 £ 1.3)

Fs (24.8 + 1.4)

0.59 £ 0.03

0.60 £ 0.05

Fa (284 £ 1.3)

Fs (23.4 + 1.4)

0.65 £ 0.03

0.66 + 0.03
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Espectroscopia

Tholen Bus Bus-DeMeo
0.34-1.04um 0.44-0.92um 0.45-2.45um
ol e == 2 S xe
S )
©
L 3 —p — / s 3 e | W Vv
T, S o A & ;& Sv
/E“"’"‘" K\A = TR~ X T g 4 T
2 = 4 X
e 2 . 7~—Cgh /_ O A ﬁ S Al
/.——E—O——O—O-‘ B \\q/b g 7 —C /\AK /~—L - B ,"—-' Xe
é ® : b POt SN Y sl /ﬁ R
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g S = Cgh pC Sa
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D ) - - — A
------------------- > Depth and width of 2um Depth and width of 1um
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Espectroscopia

F. E. DeMeo and B. Carry, 2014
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Conclusoes

¢ Conhecer as caracteristicas dos asteroides permite identificar de onde
vém os asteroides proximos da Terra e mapear a distribuicao de
materiais no Sistema Solar, em participar, da agua.

¢ Contribuir para a restriciao dos modelos de formacao.

¢ Defesa Planetaria: Determinar a densidade e coesdo, o que ira definir a
melhor estratégia de prevencao de impacto. Ex. Asteroides Tipo S sao
mais densos e coesos; Tipo C podem ser "pilhas de entulho"(rubble
piles).

% E preciso um esforco global mais intenso para caracterizacdo desses
pequenos corpos.
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. _

Tamanho = forma = rotacao = composicao
mineral = albedo geométrico = orbita precisa
= risco de impacto = densidade bulk = estru-
tura interna

IMPACTON
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Obrigado! . s
Email: filipeastro@on.br , : : :
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