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Laboratério de AStroquimica e Astrobiologia
da Universidade do Vale do Paraiba

- Produgéo de amostras de interesse astrobiologico e ambientes astrofisicos simulados
~de baixa temperatura (gelos astrofisicos)

- Degradacao de espécies quimicas em ambientes gelos astrofisicos simulados.

- Determinacéao de secdes de choque e tempos de meia vida em ambientes
astrofisicos via via FTIR /QMS.

- Comparacao de espectros IR de laboratério com observacoes. astrondmicas (ex. ISO,
- GEMINI,Spitzer).

- Identific;a(;éo de espécies novas em observacdes em Radio (ROI, ALMA) previstas de
serem produzidas nas simulacdes experimentais de ambientes astrofisicos.

- Simulacdes realistas do efeito do sol/estrelas - SpaceWeathering (UV+elétrons
simultaneamente) em amostras frias/sélidas no meio interplanetario (superficie de
luas, cometas, asteroides, equipamentos aeroespaciais).



Lampada de UV 10.2 eV (Lyman alfa)

~1milhao reais
(FAPESP, CNPQ, FINEP, FVE/UNIVAP)

controlador de temperatura

Canhao de Elétrons (100eV-5000eV)

Bomba turbo molecular +
wilvula gaveta Analisador residual de gases (RGA)

gt Vélvula misturadorapara GC/IMS

s 7 -

' "’ Giés de arraste para GC/IVS

[ | T ]
X ' GC/MS

o

Bomba mecanica OIL-FREE

Camara de vicuo principal
(Expenimentos)

; Lampada UV
Camara de vicuo auxiliar + tubos + | - (cavidade ressonante + tubos + vily

vilvulas + medidor de pressio o G g o
(Mistara dos gases) istura gasosa para lampada a“;’;‘ B
Gases Gerador de RF para (4 90% + H, 10%) L p

diversos limpada UV . , i
Bomba mecinica para a linha de gés da £ h ¢ e ) er
lampada UV cf medidor de pressiio. | . —— ﬂ To detectar

Irradiation
{ions, electrons

Laboratorio de Astroquimica e Astrobiologia
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Aula 1:

| Introdugao a Astroquimica e a evolugao

quimica do Universo

Nucleossinteses, evolucao estelar, meio interestelar, Formacao de
moléeculas nos Césmos, Observacgoes. (IR e'Radio) e experimentos.

Aula

Introdugao a Astrobiologia e V1da no
‘contexto cosmico

Exoplanetas, habitabilidade, panspermia, extremofilos.
Exper1mentos de astrobio. |



‘Aula 1: _ _
Introducgao a Astroquimica e evolugao

quimica do Universo

Nucleossinteses, evolug_ao estelar, meio interestelar, Formagao de
moléculas nos Cosmos, Observacdes (IR e Radio) e expenmentos.




A) Formacao dos primeiros atomos e aumento
da complexidade elementar no Universo

Big Bang

Inflation

Expansion







Al) A teoria do BigBang
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12s moléculas organicas
13s moléculas

22 geracéao de estrelas
12 geracao de

estrelas

1°s Atomos

(H, He, Li, Be)
RCF ~2.7K
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<— Big bang
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A2) Universo primitivo (até ~ 1 seq )
Formacao das particulas elementares e hadrons

Energia radiante (raios gama) € convertida em matéria e anti-materia.
(Eq Einstein, E = m.c?)

Particulas elementares

pattcle o Vb‘_, ~10-32 até 10-° segundos
\ o7 S s | auas |
AVAY . VAV 22 z
\ E * | e 4 A
l\:\ - El&tron MNewutring do elétran Lip Dawn
© anti-particle gamma ray
photon .
E > ] @ - -
i Mien Neutrino de mdon Charm Strange
Formacao dos hadrons 2 T iy

107° seg até ~1 seg

proton  neutron

Anti-particulas (1/1bi)?
Ex. anti-elétron (pésitron)

1.6 fm
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12 Grande festa Césmica (Menos de 1 s apos Bigbang)

Quarks Leptons Panelinhas e Dialetos.

° w %

v)
Down i Electron MNeutrino

leptons

i

photon

Higgs boson

weak bosons

Strange i Meutrino Muon g
; Hictions between particles described by the &1

Neutrino Tau
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As primeiras Faml'lias!

Boso adro rmions
Photon, Mesons Baryons Leptons
W, W, Z ;
(pions, (proton, (electron,

Gluon,

Higgs

kaons, ...)

neutron, ...) neutrino, ...)

@

assoc1ados

O

Meson

i h—*h-ﬂﬁ x

X
Mesons qq

Mesons are bosonic hadrons.
There are sbout 140 types of mesons,

Electric Mass
charge GeVic?

Quark
Symbol Name Oniant

MAFIA
MEMBROS & CARGOS
=
3 7 3
chefe
consigliere
membros capo

Standard Hadrons

Made up-‘;f Quarks

Exotic Hadrons

H.H'\,'L mn

¢ o
9

Proton Meutron

Quark composition of a proton and a neutron (diagrams from Wikipedia)
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A3) Nucleossintese primordial (~10 seg até ~5 min )

Nessa época 0
Universo era parecido

) . @ P . com o nucleo do Sol.
?;f e P = Uma sopa de
1 1 particulas ionizadas
@P . 9 _ ., 09 ., (PLASMA)
) - e 9
*H H zHe n
— YO
Y V-8 +r0+0
IHe 2] He (1] ]
?J + .J,.-__' "u.},v unstabla)
::e ﬁ:’ J;JBR
_,' -‘J'
*P 2 TaeRn O
>, »J
\.J"f_JI_L:F |.1J = _.-'J il B : =
._.il,')) L9 . @
o _,J o
“Ba He Her

No fim da era da nucleossintese a composicdo da materia barionica do
universo era de 74% protons, 24% nucleos de helio e tracos de nucleos

de outros elementos leves como Litio, Deutério e Berilio. 15



A4) Atomossintese primordial ( de 5 min até ~ 380 000 anos)

Ao longo dos primeiros 380 mil anos a temperatura do universo decresceu
bastante chegando ate cerca de 3000 K, permitindo que os nucleos
formados (protons e néutrons) combinassem com 0s elétrons errantes
resultando em atomos neutros (recombinacéo).

Viséo quéantica (orbitais = distribuicéo de
probabilidade)

A T

Visao classica
(6rbitas)
__,.-2

1 Angstrém oo m
e

Nessa epoca 0 universo deixou de ser opaco a radiacao
como (o interior solar; espalhamento da luz pelos elétrons
livres) e comecou a ser transparente. Podendo ser
observado nos dias de hoje como a radiacdo cosmica de
fundo (2.7K)




Mais sobre a radiacdo cosmica de fundo (RCF).

- Recombinacao (3000K); Expansao do Universo + Efeito Doppler ( 2.7 K - Ondas de
radio (mm)); RCF (Flutuacdes; galaxias iniciais, Topologia do Universo).

Intensity

Recombination

Devido a expansao do universo
(efeito Doppler)Hoje

Dark Energy
Accelerated Expansion
Afterglow L.ight

Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation _

Quantun
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years



O universo foi “mudando de cor” a medida que
evoluiu (expandiu).

Temperature
3K

300 K (room
temperature)

6000K (surface
of sun)

3,000,000 K

peak wavelength

1mm (radio waves)

10 microns (infrared)

0.5 micron (visible light)

1 nanometer (x-rays,
gamma-rays)
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Mais sobre a radiacdo césmica de fundo.

Intensity [MJy/sr]
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-63* =13 ar

Centigrade
JUNE 1992

-300 +300
microkelvin

300,000 YearsABE

Cosmic Microwave Background Spectrum from COBE

T T T T T
COBE Data —+—

Black Body Spectrum ——

10 2 14 16 18 20 22
Frequency [1/cm]
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ADb) 128 estrelas e nucleossintese estelar (~ 1bi ano)

Nuvem de

Stage 3/4




 Estrelas do tipo solar Queima do hidrogeénio (cadeia p-p)

o
gf‘f\u

Density (kg/m3)

Einstein 1905
2

8l E = mc




Exemplo de reacoes

12C +4He — 190 ++
160 + *He — PNe +7
20Ne +4He — MMg + 7
36Ay + ‘He — 0Ca+7
Mg +*He — BSi+7

288i + *He — %S +7

328 +4He —36Ar +y

36A) + YHe — 0Ca + f

2+ 2C 5> Mg+
L2+ 12C¢ 5 2Mg+n
R2c+12C > ENa+p
160 + 160 — 38 +v
160 + 160 > 318 +n

160 + 160 > 3P + p

Owygen fusion

 Estrelas do grade massa
MNonburning hydrogen

Hydrogen fusion
Helium fusion

Carbon fusion

Neon fusion

Magnesium
fusion

Silicon fusion

i

‘.1};_& ¢ | % ';_J-'.!I

Iron ash e
ﬂ ﬁ""‘:\."- ::I:." - My --r:-{r:':fr;.lr#-ﬁ
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123s estrelas e nucleossintese estelar (~ 1bi ano)

- s .,
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Elements up to the weight of iron are manufactured in stars. -



A6) Um pouquinho sobre Evolucao estelar

Biografia estelar
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O Dlagrama HR (Hertzprung—Russel)

Vento estem
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Estagios finais e Ventos

" Estégibs finais de estrelas do tip'(-)'.sola'r' |

Nebulosa Planetaria

Estagio fihéis de estrelas do grade massa |

Supernova -: & I'! '.I:;__ i : :, . + _fj.:r y - S 3 -

.Comp_afagao de
tamanhos!!

Vetos estelares Enrlquecem o
Meio mterestelar atomos novos”

+
Estrelas de néutrons,
buraco negro

* ana branca



123s estrelas e nucleossintese estelar (~ 1bi ano)

Elements heavier than iron are formed when a supernova explodes. o,




Tabela Periddica com os atomos e sua origem

H []Big Bang He
Li |Be CJSupernovae [ Small Stars B |C I|N 1{‘} . F [Ne
Na|Mg [ ]Large Stars  []Cosmic Rays Allsile I's .EI At
K |Ca|Sc|Ti|V |Cr|Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge| As|Se| Br| Kr
Rb| sr| v | zr [Nb[mo| Tc|RulRn|PalAg|ca] in [sn[sb| Te| I [xe
Cs|Ba|. |Hf|Ta|W |Re|Os| Ir | Pt|Au|Hg| TI|Pb| Bi|Po| At|Rn
Fr |Ra

\'[La|Ce|Pr|Nd|Pm|Sm| Eu[Gd| Tb| Dy|Ho| Er [Tm| Yb| Lu

Y Ac|Th|Pa| U [Np|PulAm|Cm|Bk| Cf|Es|Fm|Md| No| Lr
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Tempo
Enriquecimento quimico

supernova explosions

Intferstellar
cloud

- 7 New, second-
& A oo generation
First-generation = e A W, = slars
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.... as galaxias e aglomerados de galaxias

Galaxy Cluster Abell 2218
(Gravitational Lensing)




B) O meio interestelar
O espaco entre as estrelas esta cheio de coisas (radiacao, particulas,

campo magneéticos, poeira cosmica , moléculas, etc...)

The Interstellar Medium - ¥ it

Heliosphere Hydrogen Wall Interaction Zone Interstellar Medium

Heliopause The Local Interstellar Cloud » - The G Cloud

Voyager 1 Spacecraft
Asteroid Belt e
. Solar Gravity Lens -
“ AsVeiwed from the Focal Line

\ :
- i
oce (@@ o6 i - |
- .

Planets notta scale - 4 . Alpha Centauri

Kuiper Belt - -
0yag
Objects Spacecraft

2N

<
Termination Shock Bow Shock/Wave

-

1000 AU = 138.6 Light Hours
]




O me-io _in_-terestelar (‘o espago entre 'as_ est‘relas)
. Evolugao estelar — Ventos — Enr1quec1mento do meio 1ntereste1ar
(elemento e moleculas) '

. Formagao de novas estrelas (+ rlcas em metals)
S B

Campo de
radiacao forte
(UV, Raios X)

-Gas ionizado

HII (~10% K)

NGC3603 Gaseous Pillars - M16 ~HST - WFPC2



Proprledades do meio 1ntereste1ar

+

. Comp051gao Atomos, Moleculas Agregadcas moleculares graos

~ de poeira (agregados.de moleculas refratarias. Carbono S1l1catos) e
N radlaga@ (fotons eletrons 1ons e ralos cosmlcos)

+




-

o Regides do MI: Nebulosas, Nuvens difusas (quente e rarefeitas
N<1); Regides ionizadas (HII, T~10*K); Nuvens densas (N~10°),

Nuvens Moleculares (T~10K); Gldbulos de bock; Discos proto-
planetarios, Envoltorlos c1rcunste1ares Nebulosas planetarias e

.outros. = . |
Thackeray’s Globules in IC 2044 . Reflection Nebula in the Pleiades«1C 340
i +

ﬁ*b&ge | ilubble,




O gas interestelar

Cerca de 99% da matéria interestelar é
composta de gas. A poeira constitui
cerca de 19%o.

Destes 99% temos que cerca de 90% ¢é
formado por H ou H,, cerca de 9% ¢é He
e apenas 1% é formado por elementos
mais pesados do que o hélio.

Table 1: Components of the interstallar medium

Scale
Fractional . Temperature | Density State of ) ) )
Componhent Height _ Primary observational technigques
Volume " (K) (atoms/em?®) hydrogen

Radio and infrared molecular emission and

Malecular clouds < 1% 70 10—20 1|:|2—1II|E rmalecular o
absorption lines

Cold Meutral kedium

(CNM) 1—5% 100—300 s0—100 20—=&0 neutral atomic HI 21 crm line absorption

Warm Meutral

) 10—20% S300—400 | s000—10000 02—05 neutral atamic HI1Z1 cmline emission
hediurm (W)

Warm lonized

) 20—a0% 1000 sooa 02—0.5 ionized Ho erission and pulsar dispersion
hedium (I

H Il regions < 1% 70 cooo 1|:|2—1|:|4 ionized Ho emission and pulsar dispersion

Coronal gas ionized
Hot Ionized Medium | 30—70% | 1000—3000 10°%—10"  107*—1072 | (metals also highty
(HIk) ionized)

¥-ray emission; absorption lings of highly
ionized metals, prirmarily in the ultravio @6




de moléculas

ica do

ImiCa

Vd
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C) O vento estelar e formacao das moléculas

é essencial para a formacao
teretelares e aumento da complexidade qu

O vento estelar tem

1

telares e

CIrcuns

terestelar.

melo 10N




*VVento solar (auroras, tempestades solares,...)

*\Vento estelar — formacao envoltorio circunstelar. Concluinte do meio
interplanetario.




Evolucdo temporal, aumento da fase de ventos

>
Nebulosa Planetaria

R Nebulosa da Ampulheta (MyCn 18)
- Envoltorio de Estrela gigante -
~ vermelha M < 8 Msol (iustracéio)

sol ' i

Vento estelar — material circunstelar (estrutura em forma de disco,
esferica, bipolar, jatos polares) — meio interestelar



Mais ventos de nebulosa Planetarias

- Abel 39

NGC 6826 Twin Jet Nebula_MZ-9 '



Vento de estrela supermassiva M ~ 120 Msol
~ Eta Carinae

Material depositado '_ B
no meio interestelar



| Magérial dépoéitadd

no meio interestelar .

Ventos de uma remanescentes de supernova

nebulosa do carangue]0 -



A poeira interestelar

vento

chemistry

plasma diatomic

atomic | polyatomic complex molecules
.

|

cluster formation

Grao circunstelar/ interestelar

r
grain formation | dilution
100
nanometers T~ graphite and

A ¢ M A, -
silicates ‘5;( -

Sedimayr 1994

Moléculas carbonaceas (C, PAHSs, SiC)

Moléculas volateis —mantos (H,0, CH,...



logdonsity

radial velocity

dopronof condonnation

Logtd Density {g/om™)
S Ll e
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Ver videos:
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http://homepage.univie.ac.at/peter.woitke/AGB_popular.html




Processes occurring in the
circumnstellar envelope

SIC &
nucleation

- Carbon-rich .
red giant

graphitization

 oay

-

kRS T
llH.'.
1'.1.1-

. Hydrogerfation, ,
v JG/SIC to G/H/SIC

LA
LT
-
e & plhis

o

L=

i 8 BE '.,"‘ 'h:?:q "

& & &

Merino et al. Nature 2013

FAH
s desorptione

Processes occurring
in the laboratory

R(A") = 2R 3R* 5R* 8R"
T (K) = 2,000 K 1,500 K 1,200 K 750 K
npem™ = 10%cm® 10" cm® 10'0 ¢m? 10 cm®
Time (year) =1.5 year 3 year 6 year 10 year
| ] L 1
2,100 K: 1,500 K: 1,200 K: 1,000 K:
CVD SiC formation  SiC graphitization H-induced etching PAH formation
of graphene/SiC and desorption

45



Graos interestelares e a formacao do H,

-Probabilidade de reacao na fase gasosa baixa.

- Graos (T~10K) agem como catalisadores.

Langmuir-Hinshelwood-Mechanism

/’

[

e o)
=4
“ &
— I
Eley-Rideal-Mechanism
b=

o W
A I
I h I
<Hot Atom"-Mechanism

H, r
“ b
@ @ o ..

Radiation Induced Desorption




Formacao de gelos de agua no espaco

Ver video:

TS S

Y
-
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Diagrama de Fase e Pressao de Vapor

P, atm )
218 -4 ------ ————-

1.0} -------
0.0006 |--------

Vapor

Desorca

|
!
|
!
!
|
\

Ponto
Critico

Gas

2

i .
273.15 \ 373 674

273.16

No espaco!!!

I, K
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P, atm

ZaTy e = Cponto Diagrama de Fase e Pressao de VapOr

. critico

1Of--—----
0.0006f------- ! |Gas
N | 750 tor ~1000 mbar ~1 atm
A 27315\ 373 674
273.16
T, K 2 M2 cO CDE CH4 CZH4 CEHE
1 '-E # i ) - ¥ ‘ L | :-':' *--r-. NHa
D-E : ' 1~ -
E i ' <
-1 —: . ¥ ] g
- _- . < L
E b - A 4 ,"/
G -4— .' T ’/
= 23K | 55 K p " H,0O
-5 3 .
o p
D 61 . .
: ~ - ] ] Pressao tipica em GELO ,/ VAPOR
Obs: Solugdes — 73 / experimentos )
1atm ‘B —: / L ,//
e - Se T | : Adsorgéo
Y 10 23 K Se T T: Desorgéo
-11 I L) I L I L I L L L L L I L | I I 1 I L] I L] | I I L | L I L I L
20 30 40 50 60 VO 80 90 100 110 120 130 140 150 160 170
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- " g ‘N - N Meio interestelar'.‘:?.'
Faixas de Pressao - 102 2 10 mbar |

' ' ' - 10%a 102cm'3
Atmospheric pressure  Height

10" mbar

10" mbar

10" mbar

I

10" mbar 1.000km

10~° mbar

102 mbar 500 km

1077 mbar Ultra-high vacuum




Formacgao de outras moléculas no espago

Reagdes na fase condensada ou na superficie de graos de poeira
_ ‘ i . ""‘-‘.:-_;;:

X-rays
UV | R
r SRS Ao
o ]
e

I
R & .
. & ar |
Q@ = 5

o
e |
;.s"-}* L _' Particulas

& . - energéficas
' _ + ’ i ,l
+ 1
ll'

Particulas
II

energéticas
: R

: 1
T 1

Reacoes na fase gasosa
(colisdes) , . .

B Y £

| r % )
D

'wr‘;‘ g™ - +
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Algumas reagoes tipicas na fase gasosa e fase condensada.

(a) radiative association

09—*@#

reverse reaction — phntudmuuahun

%+ O -0-0|

(b) three-body reactions

reverse reaction — collisional dissociation

0:-0:0-0:0-0-0—-0:0:0

+ | (c) neutral exchanges

@+0—}@+o

(e) recombination reaction

(e1) radiative recombination (atomic)

@+ e- —ho+%

(d) ion—molecule reactions

O-6-0-:0

charge transfer reactions

O 6-B-0

(e2) radiative association
-+0+0—->6+0
e- +0—0G

(e2) dissociative recombination (molecular)

(f) negative ion reactions

°+ G—h°+8'
0+G—:~@ + e-

@"‘9-_"9"'0
@+e-—»o+o

(g) condensation reactions

@mm pram)—:-@ (solic)

(i) carbon insertion reactions, e.g.

Q- -0%

Vo a # "

®.-0-20-0

reverse reaction — splintering of grains

r@+ #’+@

(h) surface reactions

~ (h1) heterogeneous catalysis

0.
@ | 1O
06 o0

CX RN X R R R I ,',._-.:

(h2) adsorption or
(h3) mannal dasnrphun




Gréao interestelar tipico (coberto por um manto de gelo)

Gas-phase Photodesorption
I
bombardment - Molecular -
L

formation

I g M UV irradiation
&% rarbdhaceousshell '.# co
H,0 - "': -Irs:m:ate ::une T

Chemical
processing

~0,Imicrom
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Mais sobre gelos astrofisicos

» Graos de poeira fria: nucleos de silicatos/carbono + cobertura de
moleculas volateis condensadas (H,0O, CO, N,, NH,, etc...)




Planetary Nebula Mz3

iubble,

NASA, ESA, and The Hubble Heritage Team (STScl/AURA) * Hubble Space Telescope WFPC2 = STScl-PRC01-05




- Processamento pela Radiacao: { Fotons, -
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v VOV eletrons,
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Sol,

Galaxia,
Magnetosfera.
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oleculas complexas!
- Aminoacidos.

Star-Birth Clouds - M16

PRCHS-24b - 8T 521 OPD - November 2, 1995
A Hester and P. Scowen [AZ State Univ ), HASA

HST - WFPG2

| Peptide'QS, )
'RNA, DNA?

p el




Vento solar (ions baixa energia) LT T

VEGA 2

polar coronal hole projection

\ fast wind
quiel Sun projection /

LEALLL BRI

(cm2.sec-eV)~!

TTTT

LRELLLY L

ELECTRON FLUX

T

:,_|_|_;_a_|_u_|J_1_zJ_u_J|d_| L ianl Ll L bpibl }
1 10° 10° 10’ 10'
ELECTRON ENERGY (eV)

aclive regions

aclive region
projection

Table 1. Averaged properties of solar wind at | au (adapted from Kroll & Trivelpiece 1973, Toptygin 1985
and Zirin 1988).

Properties Quiet times Disturbed times

Density? ~10 ions cm™? 2040 ions cm™3

Bulk speed ~450 km s~ (100-600 km s~ ~750 km s~! (700-900 km s~)
lon temperature ~8 x 10° K ~3x 10°K

Proton energy ~0.6 keV ~3 keV (1-10* keV)

Electron energy ~0.3eV (0. 1-10% eV) ~1.5eV {0.]—]04 eV) 10?
Magnetic field 38 x 107°G 10-30 x 107 G
Energy flux ~0.5 erg cm > ~15 erg cm™>

APOLLO 16 SUBSATELLITE

PROTON FLUX (cm2-sec-ster-keV)™!

10®
PROTON ENERGY (keV)

Figure 1. (a) Electron fluxes in comet Halley measured by the Vega 2
(Gringauz et al. 1986), Giotto (D’Uston et al. 1989) and at lunar orbit
. measured by APOLLO 16 subsatellite (adapted from Lin et al. 1577), (b)
Pllllng etal. 2006: MNRAS: 372; 1379; The proton energy spectrum due to solar wind at lunar orbit measured by

APOLLO 16 subsatellite (Lin et al. 1974).

95 per cent HT, 4 per cent He and traces of C, N, O, Ne, Mg, Si and Fe ions.




Raios cosmicos e particulas enérgicas do vento solar

INTERSTELLAR ATOMIC NUCLEI

/
COSMIC RAY

(paricles fom’ s)

SUPERNOVA

-
=
L=

E
=

FIELD LINES
Credit: George Kelvin

10° 10° 10° 10°
Distance to the Sun (ALU)

system

VA San T .Y Pilling et al. 2011, PCCP



Typical dense cloud grain Licavy cosmic ray

3 [ce mantle

Time scale

) Al
Confined sputtered 10"
mg}lccu les (each A)

2

I\}i] U,'rlL'l\',
Ton track

Sputtered  # .' _ 0\ > | Spultered Processed
molecules A _ Re-adsorbed light species ; nmh:_wle::
e~ A © . molecules Pluma |/ Atomizagdo, |
j fragmentagép molecular,
usters peqenos

)

Spuitered |
species I

clustersimaiores
|

Water-rich 1ce mantle

Sputtered

I.'. .ﬂc I:: ) Q(.
" Silicate/Carbon grain moleculay
Processed

molecules

| wm

00 nm

10 nm

Fig. 7. Schematic view showing the interaction between a heavy-ion cosmic ray and a typical interstellar grain inside dense clouds. The ion track
along the coagulate sub-micron size grains, the grain mantles, the processed and the sputtered molecules are indicated. Figure insets were adapted
from Andrade et al. (2008) and indicate the physical-chemical changes on the grain mantle due to the impact of a heavy ion.

Atomizacao, moléeculas novas, sputtering, clusters

Craait SASSTT AMASA Hubhbile



D) Como essas moléculas sdo detectadas?

- Telescopios Infravermelhos

: ) i W33a, Proto estrela — Gelo organico!
(bandas vibracionais)

s1:: HI:DI:IH

||,

I S I I N N I
2 3 4 &6 6 7 8 9 20

wavelength (pam)

Radiotelescopios
(linhas rotacionais e
ro-vibracionais) PR —— 262 GHz

12912 Mo
Orion KL

"» 2
compact ridge g |E ;
T S5

| (Jy Beam™ )




Espectroscopia Molecular no IR — Bandas vibracionais (GELO)

L E=1NgN - Ny ]

Mo

symmetric stretch

e.g. Stretching mode

|ce &t 190 K

S Liguid ot 25°C
Wapor at 29°%C

asymmetric stretch

Y
librations

4000

3600 3400 3200 3000
gy enurrier, o

CVAO

Zz

3000

Gelo de H,0+ CO,




Espectroscopia Molecular no microondas/radio — Bandas rotacionais-
vibracioanis e bandas rotacionais (FASE GASOSA)



http://web.mit.edu/5.33/www/lec/spec5.pdf
http://www.ias.ac.in/initiat/sci_ed/resources/chemistry/rotational.pdf

Absorgéo da radia(;ﬁo Atmospheric Absorption Bands
10 70

pela atmosfera _ MMJUUMV w' » Q'

. MUJ_UEB R Gﬁﬁ / k_w Water Vapor

ﬂn Q Carbon Dioxide
l Oxygen and Ozone

Methane

Nitrous Oxide

Major Components

Rayleigh Scattering

T
Wavelength (um)

o
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Observatorios IR

SOFIA (nasa)

SOAR (Chile) UKIRT - Hawai

VLT (Chile) — Interferometria

Coisa em comum?
Grandes altitudes.

64



Telescopios espaciais e Sondas S +

IRAS (1983)

HST(1999,.) .

Ex. Stardust, Cassini, MarssRover:

+



Observatodrios na faixa de microondas e radio

+

distant celestial
radio source T

video
display

primary parabolic
reflector surface
{dish}

magnetic
tape

incoming
radio
waves

subreflector

feed horn

cables (for carrying the signal
to the control room for processing)

+




Radio telescoplo FAST Chlna (Malor do mundo, 500m dlametro)
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W
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Bangladesh

FAST's surface is made of 4450 triangular panels (11 m side)
Pointing: anywhere within +40° from the zenith
Working frequency range: 70 MHz to 3.0 GHz.

1" cambodia
Ho Chi



Observatorios na faixa de microondas e radio

‘Multi-dishes Inferferometry

epeated for several
different quasars

‘accurate to 2 em




Nuvens moleculares:  bercario estelar

____________________________________________________________________



bercario estelar

Nuvens moleculares

Nebulosa de Orion
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Aonde mais essas moléculas sao encontradas?
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Moléculas em Galéxias distantes.
12 moléculas organicas (idade do universo ~2 -3 bi anos)

T T

Galaxy IRAS FOO183-7111
Redshift z=0.327 v

- ™ & Mean =

[ Gas f

Water -

¥ [ . lce
3 'Car'h-::n
E -:il;'EIIJIII.'fI:
B
&
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| T .- Fé‘:_r;\::::‘ Hydrocarbons -
+ First Look Survey E .
- Hyperluminous Galaxy v
FladEhPft z=1.83
Telescopio espacial S N !
'SPITZER RN o ;
. ) E L] !"I‘
L : :
'5 ;
Rest Wavelength [microns]
:
i B
-
1‘ -

| —_— _ il .
‘Moléculas organicas em galaxias distantes!



Moleculas em dISCOS protoestelares (gas e gelos)

Nuvem de atomos (ex H, He C,N,O,. )emoleculas (ex.
H,, silicatos, agua, CO, CO,, etanol, acetona, amonia, ....)

'

<

-
#
jﬂ.'

ul"')

| _ik! 3

e

.“‘;"-p !
' WT‘. ‘q.“-'

Sistemas planetarios, Cometas, etcs.



Moléculas em discos protoestelares e nuvens densas

e Graos de poeira fria: nucleos de silicatos/carbono + cobetura de
moléculas volateis condensadas (H20, CO, N2, NH3, etc...)

Objetos estelares jovens (YSOs) e discos proto
planetarios (N~ 10%-108 cm= T ~ 10-50 K)

Ver videos:

S

Baas
=



Moléculas em cometas

.Composicao basica dos cometas:

(~80% &gua. CO, CO,, CH, )

Hale-Bopp

Nucleus

10 km



Exemplo de Espectroscopia de Cometas no IR

Comet Halley (Combes etal 1988)
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Exemplo de Espectroscopia de Cometas no UV
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Exemplo de Espectroscopia de Cometas na faixa radio
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* _ Elsila etal. 2010, Met. Plant Science



Moléeculas em gelos extraterrestres: outras evidéncias observacionais

Table 1. Ices in the Solar System.

e Luas e Planetas Planet

Satellite Observed Species
[ Hef. )
Artist impressions of Enceladus fupiter SO, HaS. HaO
R = : T ; b Europa Ha: (O, SCg, COs, HaOag
Ganimede Ho O, Og, Oy, CTCO4
Callisto Ha}, S50, T4

(Calvinn et al. 1995; Nash and Betis 1995)

Saturn

Mimas Ha0O»
Enceladus HaO)
Tetis Ha0
Dione Hz(O, Og
Rhea Ho O, Oy
Hyperion HoO
Iapetus Ho O

(Morrison et al. 1984; Cruikshank
et al. 1984; Thomas et al. 1956)

Uran

Miranda HaO
Ariel H-O
Umbriel H,O
Titania Ho O
Oberon Ho O

(Cruikshank et al. 1995)

MNeptune
Triton Na, CHy, OOy, OO, HaO
(Brown et al. 1995)

Pluto® MNa, CHy., CO, HoO
Charon Ha0O»
(Cruikshank et al. 1995)

" After TATT resclution, in 2006, Pluto is a dwarf planet and is recognized
as the prototype of trans-Neptunian objects.
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. Planetas anoes
+Detecgao de agua em Ceres (atmosfera tenue de vapor de agua)

ESA's Herschel space observatory between 2011 and 2013

Ceres’ layers

Thim, dusty
oaiber rusk Water-ice layer

| Water signal detected on 11 October 2012
2 Il 2 IS I IS s Il 1 I 1 s ’ 'S 2 'l 1l




Aonde mais essas moléculas sao encontradas?

« Aminoacidos
» Bases de DNA.
« Acucares

* Precursores de Fosfolipidios —*

Murchison meteorite

Bugars 3 Bugar ficids  Dicarboaylic
als Sugar Aclds

aldehydes/ketones

amides
Cibydroxpacelose  Ghpceral

amines

carboxylic acids

total hydrocarbons

10 100
concentration (ppm)




| Mol_écula_'s_' em outros plané_tas, f

Ver videos:

- Tita

Metano e gelo de agua fazem o papel da dgua e silicatos na terra.
Toup ~ 100K P, ~15atm +




Universo Molecular!

Detected cosmic molecules In Interstellar and circumstellar environments (adapted from Wootten 2001).

Diatomic Triatomic 4 atoms b atoms 6 atoms 7 atoms 8 atoms 0 atoms 10 atoms 11 atoms 13 atoms
C, c-C,H Cy C,H C,H CHC,N  CH,CH CH,CN HC,N HC,,N
CH -CH C,H l-H,C,  CHCHCN  HCOOCH,  CH,CH.CN-  (CHg,CO
C,0 CN C,Sl C,H, CHC,H  CH,COOH - (CH),0  NH,CH,COOH
C,S C,0 I-CH, CHCN HC,N CH CH,CH,0H
CH, CS c-CaH, CHLNC HCOCH;  CH,0HCHO  HCN
HCN C,H, CH,CN CHLOH NH,CH, CeH
HCO CH,D* CH, CH,SH c-C,H,0
HCD* HCCN HGN HC;NH* CH,CHOH
HCS* HCNH* HC,NC HC,CHO
HOC* HNCO HCOOH NH,CHO
H,0 HNCS H,CHN C,N
H,S HoCo* H,C,0

H,CO H,NCN

H,CN HNC,

H,CS SIH,

H;0* H,COH* - . - .

NH, Alcodis, cetonas, acidos carboxilicos, aminas,

SIC o . v
: nitrilas, ésteres, ...

Hidrocarbonetos, PAHsS,

Nos meteoritos também foram encontrados
aminoacidos, bases nitrogenadas e agticares!
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A HYPER-BIBLIOGRAPHY OF
KNOWN ASTROMOLECULES

Recently Added Non-Detections: HSO, CH30CN, CH3INCO

Recently Added Isotopologues: CH2CHO, HNCO, CH3CHCN

Molecules can exist in a wide range of astrophysical environments, from the extremely cold regions
between stars to the atmospheres of stars themselves.

To date, nearly 200 molecular species have been tentatively or definitively identified in interstellar or
circumstellar clouds, while about 50 have been identified in siudies of comets in our solar system
Numerous isotopologues of interstellar and circumstellar molecules have also been observed.

Some detections reported on these pages may be controversial, but all are taken from the peer-reviewed
astronomical literature. A questionable identification may be removed at a later date if circnmstances
warrant.

Jacque Crovisier has amassed a comprehensive compilation of species observed to date in the
interstellar medium, in comets, or in non-terrestrial planetary atmospheres, plus additional ones which
may prove to be found.

wwmarnm CHICHCH20 wwmaras
Cometary Molecules I

Molecules on Planetoids

Planetary Molecules

olecules in own s and Stellar osSpneres
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CITATION

SOURCE(S)/LINES

Considerations Regarding Interstellar
Molecule:

Evidence for the Molecular Origin of Some
Hitherto Unidentified Interstellar Lines
A McKellar, Publ Astron Soc Pac 52:187-102

C(to4n)
Some Results with the COUDE Spectrograph
of the Mount Wilson Observatory
W 5. Adams, ApJ 03:11-23 (1841)
Radio Detection of interstellar CH
0.E.H. Rydbeck, . Elider, and W M. inine,
Mature 245.248-248 (1973)

Hubble Space Telescope Meas urements of
Vacuum Ultraviolet Lines of interstellar CH
Y. Shefier and 5. R. Federman, ApJ 859:1353-
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{Oph
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Observation of the CN Radical in the Orion
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E) Alguns experimentos de astroquimica
1 Fase gasosa
2 Fase condensada (gelos)

88



1 - Experimentos envolvendo a interacdo da radiacao (fotons,
elétrons, ions) com moléeculas na fase gasosa.

Resultados: Fragmentacgédo, Canais de dissociacédo, o, t11/2

==

Sample ;
needle ﬂ)

Vacuum lons

chambei detector
Electrons

detector ; Discriminators
Ve L2y Drift tube
e

Electrostatic
lens

Soft X-ran

to beamline .
Pre-Amplifiers

a) Schematic diagram of the experimental setup employed in gas-phase expefithents.
b) Photography of equipment emploved at the soft X-ray beamline of LNLS.
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Outros exemplos
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2- Experimentos de Radiolise/Fotolise de Gelos astrofisicos

- Criostato (10K); to pump

- Camara UHV (< 10 mbar); FTIR
- Agente ionizante (puc-rio, GANIL, LNLS) ' R""’"'f}""'”‘““'*t R
- FTIR e QMS : | 5K s

.?"/f \i

K
Dietector

" UV, VUV o A ¢ ] . ) \/ﬂ

sample on . Vacuum
Csl window  Jop beam  chamber

.
L)
:
!
;
.
,
li‘,/
.

CRs

Star-Birth Clouds - M16 HST - WFPC2 .‘\

PRCHS-34b « 5T Sci OPO « Hovember 2. 1995
J. Hester and P. Scowen (AZ State Univ.), NASA
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DOITipdraearinerto ade geio cI1esSleld OINerndo o Ol'lla CO al( ( (
A&A 509, AST (2010) ) Astronomy
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2.2 Destruicdo de aminoacidos em ambientes espaciais com raios cosmicos
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FIG. 4. Evolution of IR spectra of (a) f-glycine (from f2 experiment) as a function of proton fluence (0, 12x 10", 1.2x 10",
3.2x 10", and 1.3x lll"‘_innﬁ em™7); (b) aglycine (from x1 experiment) as a function of proton fluence (0, 1.4 x 10", 1.3x10™,
and 32 10" ions cm ™). The absorption peaks around 2910, 2850, and 1550 cm ™ ! are artifacts from background subtraction.

Crystal struchures of glycine polymorphs were taken from Fabian and Kalman (2004). Ammows indicate the position of an
amide functional group around 1650-1700cm ",

suggesting the formation of peptide bonds in the sample. Color images
available online at www liebertonline.com/ast
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2.3. Formacao de aminoacidos, Hidrocarbonetos aromaticos e ligacdes peptidicas do espaco.
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Radiolysis of ammonia-containing ices by energetic, heavy,
and highly charged ions inside dense astrophysical environments
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Table 4. Assignment of infrared absorption features produced by the
radiolysis of the HyO:NH;:CO ice (1:0.6:0.4) by 46 MeV Ni ions at
13 K and after warming to 300 K.

Frequency
(cm™)

Wavelength  Temp.

(pm)

(K)

Molecule Notes

2233
2218-2200
2168
2147
~2112
1725
1683
1652
1637
1593
1558
1533
1506
~1490
1474
1440
1415
~1370

EWE
451-4.54
461
4.66
473
5.80
5.94
6.05
6.11
6.28
6.42
6.52
6.64
6.71
6.78
6.94
7.07
7.30

747

7.66
7.80

13

300

13, 300
300
300
300
300
300
13
300
300
300
300

q

13

q

13
13
300

N.O

nitriles’

OCN-

aliph. isocyanide®
NCO!

ester’

amides’

asym-N, 0]

a2

NH{CH,CO0~

2

?

NH*CH,COO~

NH

NO;

NH:CH,COO~

NH!CH,CO0

HMT

HCOO-

NH!CH,CO0

NH,CH,CO0-
191

(2]

TTentative assignment. [1] Proton bombardment of several ices (Hudson
et al. 2001); [2] Electron bombardment of N;:CO, (Jamieson et al.
2005); [3] Hudson & Moore (2000; [4] van Broekhuizen et al. 2005;
[5] UV photolysis of HoO:NH3:CH30H:CO:CO; ice (Munoz Caro &
Shutte 2003); [6] electron bombardment of CH3NH:CO» ice (Holtom
et al. 2005); [7] UV photolysis of ammonia-containing ices (Demyk
et al. 1998); [8] UV photolysis of N,:CH, ices at various pressures
(Imanaka et al. 2004); [9] proton bombardment of HyO:NH;:CO ice
(Hudson & Moore 2001).
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Fig. 6. a) Infrared spectra of H;O:NH3:CO ice (1:0.6:0.4) from 2400
to 1200 cm~' during heating to room temperature. The sample temper-
ature of each spectrum is given. Each spectrum has an offset of 0.02
for clearer visualization. b) Comparison between the irradiated ice at
13 K (top spectrum) and the 300 K residue (bottom spectrum). Vertical
dashed lines indicate the frequencies of some vibration modes of zwit-
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Figure 2. FTIR spectra from 4000 to 600 cm™! of non-irradiated ices at
13 K: mixed HyO:NH;z:¢c-CgHy2 (1:0.3:0.7) ice (top) and pure ¢-CgHj5 ice
(bottom). For comparison, spectra of pure HyO ice and pure NHj ice are
also shown.

Figure 5. Comparison between the IR spectra of the two irradiated ices at highest fluences (this work) with IR spectra of different non-irradiated cyclic and
aliphatic hydrocarbons from the NIST database (Lindstrom & Mallard 2005). Skeletal formulae of each species (cyclohexene, 1,3-cyclohexadiene, benzene,
hexane, 1-hexene and 1-hexyne) are shown. Asterisks indicate the peaks that have possible identification in the spectra of irradiated ices. (a) From 3200 to

1500 cm~". (b) From 1600 to 600cm™!,
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lines indicate the fittings using equation (4) (pure cyclohexane), equation (5)
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Figure 2. Infrared spectra of a-glycine (tNH3CH,COO™) before (top dark line) and after different irradiation fluences. The arrow on the peak at 1034 cm ™!
indicates the location of the CN stretching mode employed to quumil'}' the sample. The pmkﬁ of daughter ﬁpctics formed on the irradiated sample at 14 K are
indicated by numbers: (1) CN™ (2080 (,JTl_l ): (2) CO (2137 em™'):; (3) OCN™ (2165 cm™'): (4) CO2 (2336 em™'); (5) H20 (3280 cm™ ). Samples at (a) 14 K
and (b) 300 K.
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2.4 - Experimentos de fotolise
com luz Sincrotron (UV, Raios X).

The measurements were performed
inside a high vacuum chamber from
Astrochemistry and Astrobiology
Univap’s laboratory (LASA)
coupled to SGM beamline at the
Brazilian Synchrotron light Source
LNLS at Campinas in june of 2013.
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Séo José dos Campos




2.4.1 Simulagao da lua Europa.




The gas samples were deposited onto a ZnSe substrate at 13 K and then heated (when was
the case) to specific temperatures to be irradiated. In-situ analysis were performed by a
Fourier transform infrared (FTIR) spectrometer at different photon fluences. Cross section,
photolysis yield and half-lives of the produced species were guantified.
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Figure 1. a) Diagram of the experimental setup (Stark chamber). b) Picture of the experimental hall of the Brazilian synchrotron
source (LNLS) with the experimental chamber coupled at the SGM beam line (arrow). ¢) Picture showing the Europa surface analog
inside the chamber ready to be irradiated by synchrotron light.

Pilling and Bergantini, MNRAS, 2015, APJ.




Irradiation of the Europa surface analog by X-rays.
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Absolute formation and dissociation cross sections (e.g. EUR 50K).
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Absolute formation and dissociation cross sections.

Table 4 - Dissociation cross sections and dissociation rate for parental species in Europa
surfaces simulation considering photons between 6 to 1200 eV (mostly soft X-rays). Half-life

obtained in the lab are also given. The uncertainty was estimated to be around 20%

EURSOK

EUR90K

G4 (cmzj

kb (s7)

t12 (lab)®
[10° s]

G4 (cmz)

kIa.b I:E"-l ::'

t12 Iflﬂbil a
[10° ]

Hg Oh

3E-18

3E-4

7.0E-18

7.0E-4

CO»

2.2E-18

2.2E-4

3.0E-18

3.0E-4

NH;

~6E-18

~6E-4

~2E-18

~2E-4

SO,

4.3E-18

4.3E-4

1.6

4.0E-18

4.0E-4

*Considering the half-life t;, = In(2)/k. where k is the photodissociation rate in units of s~ (see Table 4).
®For OHdb the destruction cross sections are 5 x107'% cm” and 8 x107% em” for exp EURS0K and EUR90K., respectively.

Table 5 - Formation cross sections and formation rate for selected parental species in Europa
surfaces simulation considering photons between 6 to 1200 eV. The uncertainty was estimated

to be around 20%. k=oxg ]

EURS0K

EUR90K

_
Celcm)

Kiap (57)

? N
Cr(cm”)

ks (s7)

H,O®

4.6E-18

4.6E-04

4E-18

AE-04

H-O»

9E-19

9E-05

HSOy

2.1E-18

2.1E-04

4E-18

AE-04

504

1.3E-18

1.3E-04

SO,~

1.6E-18

1.6E-04

2E-17

2E-03

CcO

1.6E-19

1.6E-05

9E-19

9E-05

OCN

7E-20

7E-06

1470 em™

OE-19

9E-05




2.4.2 Destruicdo de aminoaacidos e bases nitrogenadas em ambientes
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Table 2. Comparison between the half-lives values of solid-
phase amino acids and nucleobases in dense clouds due to UV
g cosmic ray nduced flux and soft X-ray flux.
e * Samples Half life in dense clonds (Myr)
i ' uve Soft X-rays”

o I T T T T T S [ T T T T P N T T T [ YT A MO 1

05 i 0 2 4 & 8 10 12 14 16 18

20 y . Glycine 1.84° 077
Exposure time (h e
4 i P (h) DI1-Valine - 0.3

=, DL-Proline - 2

P L L L i Figure 5. Integrated absorbance spectra of the solid-phase samples ¢  Adenine 8.27¢ 90:
Uracil 2.03° 20

3500 3000 2500 2006%801 1700 1600 1500 1400 1300 1200 1100 1000 Q0C

Viavenumber (cm ') function of irradiation time. For each compound, the photodissociation r

Figure 3. Photostability of the solid-phase amino acids due to the exposure k. 15 also indicated.
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7 Assuming a cosmic ray induced UV flux of 10° photons
em~? s~ ! (Prasad & Tarafdar 1983).

b Assuming a 150 €V photon flux of 3 x 10 photon cm
(for AFGL 2591, at 200 au from the X-ray source; Staiiber et al.
2005).

¢ Pure compounds at 12 K in Argon matrix; Peeters et al. (2003).
4 Pure compounds at room temperature; this work.
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2.4.3 - Producao de Adenina em ambientes extraterrestres

simulados (Lua Tita)

- Simulacao de Aerossois na atmosfera de Tita.
- N, 95% + CH, 5% (+ tracos H,0): 10°® mbar

- SXS (white beam; 0.5-3kev; ~10%2 fotons/cm S)
- Cryo-IR; (NaCl; 12 K.10-® mbar)

- In-situ FTIR, in-situ Q-MS, GC-TOFMS, RMN

- Adenina via elétrons secundarios.

Titan Tholin's from SXS beamline (0.1-3000 eV)
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