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Vorführender
Präsentationsnotizen
I have slightly changed the title of my talk, which is now: 
“Cosmic Crystals: Studies in Astromineralogy”.
 
My talk has 5 Sections:
Section 1 is a Historical introduction.
Section 2 is on the broader Context of astromineralogy and solids in space.
Section 3 deals with the Methods used in within my work.
Section 4 presents Selected results – not too many of them actually, because I think that my written habilitation thesis has been a more adequate place to present results.
Section 5 gives an outlook on future research projects.
 
My aim is to convey the fascination of my subject, not present result #47, #48, ... 
I want to impart the fascination of astromineralogy to the students in the audience.
Want to create a true link in our faculty between geosciences and astronomy.
Due to interdisciplinary character of my work, lots of introductory slides required.
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Vorführender
Präsentationsnotizen
The image behind me has been obtained with an electron microscope. It shows a tiny SiC tetrahedron, extracted from the Murchison meteorite. Its diameter is less than 1µm.
 
As we shall see, objects like this one constitute the subject matter of astromineralogy.
Before I turn to my historical introduction, let me say: Apart from speaking of my scientific work, I’d also like to convince you of the beauty of cosmic crystals.


P > Rationality


Vorführender
Präsentationsnotizen
Looking at this partly dust-obscured galaxy (NGC 3190), we may see the majestic beauty of this nebula. 
While terrestrial dust makes “dirty”, cosmic dust makes beautiful!
Beauty, wonder and rationality are intimately linked together here.

“Rationality”: because this galaxy, like other astron. objects, is (to some extent at least) 
comprehensible in a rational way.




Vorführender
Präsentationsnotizen
Beauty, wonder and rationality – the rationality behind the geometric shapes of many gems – 
are present in the world of minerals as well. 




Vorführender
Präsentationsnotizen
And sometimes, we see similar structures in both worlds.
At the left, we have a presolar graphite grain – presumably formed by a type II supernova.
It is only a few microns across. At the right, we see the Planetary Nebula Abell 39. It is larger than our solar system. 
We have 6 + ~17, about 23-24 orders of magnitude difference in the “real size” of the left and the right object.




What is Astromineralogy? Does it exist?

Gustav Tschermak (1836-1927), a renowned Austrian mineralogist, wrote:

Es werden ,,...nicht alle anorganischen Kérper als Minerale betrachtet, sondern blof} diejenigen,

welche ihrer Entstehung nach der Erdrinde zugehéren.”<I>

ST o A striking consequence of this definition:
18"6“5136";:39“&' ,Die Gemengteile, welche die Meteoriten zusammensetzen, sind keine Minerale.”(?)

Wolf von Engelhardt similarly stated in 1963:

»...dafl die Wortbildung ,kosmische Mineralogie® der urspriinglichen Bedeutung des Wortes Mineralogie
widerspricht.

Mineralogia ist urspriinglich die Wissenschaft von den festen Bestandteilen der Erdrinde ..." )

:> Astrornineralogy — a non-existing science?

G. Tschermak, Lehrbuch der Mineralogie, 8th edition, Vienna 1921, ) pl @ p 717
® W.v.Engelhardt, Probleme der kosmischen Mineralogie, Tiibingen 1963, p. 5-6.


Vorführender
Präsentationsnotizen
Now what is astromineralogy? Let’s ask this man, Gustav Tschermak, a well-known Austrian mineralogist, deceased in 1927, after whom a street very close to our observatory is named. Tschermak, still in the 8th edition of his Lehrbuch der Mineralogie, wrote – and I quote in German –: „Es werden … nicht alle anorganischen Körper als Minerale betrachtet, sondern bloß diejenigen, welche ihrer Entstehung nach der Erdrinde zugehören.”
 
A striking consequence of this definition is that there would be no minerals in meteorites;
and of course, no minerals in space. (Note that according to modern nomenclature, there do exist minerals that only occur in meteorites, such as: oldhamite CaS, osbornite TiN, …)
 
Another mineralogist, Wolf Freiherr von Engelhardt, wrote in 1963 – I quote – “daß die Wortbildung ‘kosmische Mineralogie’ der ursprünglichen Bedeutung des Wortes Mineralogie widerspricht. Mineralogia ist ursprünglich die Wissenschaft von den festen Bestandteilen der Erdrinde.“ 
 
If this were true still today, I should conclude my talk at this point. 
Astromineralogy – a non-existing science?


Astromineralogy does exist — since about 50 years

But: W. von Engelhardt continues:
»Kosmische Mineralogie als allgemein anerkannte Wissenschaft, die sich mit den festen
Bestandteilen des ganzen Kosmos beschiftigt, gibt es erst, seitdem die IMA 1962

in Washington eine Kommission fiir kosmische Mineralogie [ ...] gegriindet hat.“®

Today, the definition of minerals clearly does include extraterrestrial solids:

»Minerale sind natiirliche Festkorper der Erde, des Monds und anderer Himmelskérper.
Von wenigen Ausnahmen abgesehen, sind Minerale anozganisch und kristallisiert.” ®

|:> Mineralogy has extended its scope from terrestrial to cosmic minerals.

Astromineralogy is the science of gathering mineralogical information on asteroids, comets
and circumstellar/interstellar as well as extragalactic dust .()

(€ W.v.Engelhardt, Probleme der kosmischen Mineralogie, Tiibingen 1963, p.5-6.
(5)S. Matthes, Mineralogie, 6th edition, Berlin-Heidelberg 2000, p. 1.
©)Th. Henning (ed.), Astromineralogy, 2nd ed., Berlin-Heidelberg 2010, cover text


Vorführender
Präsentationsnotizen
Fortunately, Wolf von Engelhardt goes on to say that the International Mineralogical Association has established a commission on cosmic mineralogy in 1962 and that, since that time, cosmic mineralogy, or astromineralogy, is a generally recognized branch of science, dealing with cosmic solids.
Today, the official definition of minerals clearly does include extraterrestrial solids:
Minerals are natural solids occurring on the Earth, on the Moon and on other celestial bodies.
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Vorführender
Präsentationsnotizen
This slide schematically shows the receding horizons of astromineralogy. 
Originally, crystalline terrestrial solids were the only subject matter of mineralogy.
Later on, cosmic mineralogy started exploring lunar minerals and minerals on many planetary/cometary surfaces.
Today – incredibly! – we are in the position to ask for the mineralogical composition of dust grains – tiny mineral grains – in quasars more than 5 billion light-years away from the Earth!
The most powerful tool to do this is infrared spectroscopy. The figure at the right hand side shows the mid-IR spectrum of the quasar PG 2112+059, at a redshift of 0.5, measured with the Spitzer satellite and published by Ciska Marwick-Kemper (a former student of Xander Tielens, by the way).


Objects and questions of astromineralogy
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Vorführender
Präsentationsnotizen
As we have seen, cosmic dust is the main subject matter of astromineralogy. Let me now list (but not answer) some questions of astromineralogy:
Do we find meteoritic material that is older than our solar system (“stellar”/presolar material)? If so, what does it consist of?
What (which material / which minerals) causes interstellar extinction? 
Which minerals occur in comets?
Which minerals condense in stellar outflows?
How to calculate the absorption and scattering properties of small (mineral) grains?
As a side-note, I’ like to add that astromineralogy is closely linked to astrochemistry and that I have the honour to have a founding father of astrochemistry, Alexander Tielens, sitting in the audience.
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Vorführender
Präsentationsnotizen
We have defined astromineralogy and identified small solid particles (dust grains) as one main topic of this discipline. Now I’d like to further motivate my research by asking ( S8):



Why to study dust and minerals in space? — (1)
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The short answer :

Dust and minerals in space
are an essential agent in the
cosmic circuit of matter.

Without dust, no terrestrial
planets.

Without astromineralogy,
no full understanding
of cosmic dust.

1Ll


Vorführender
Präsentationsnotizen
The short answer to this question is: Dust and minerals in space are an essential agent in the cosmic circuit of matter.
Without dust – no terrestrial planets.
Without dust – no solid bodies in our universe at all.
Without astromineralogy – no full understanding of cosmic dust.
The picture on the left hand side shows the cosmic circuit of matter – and especially the role that cosmic dust plays in it (maybe comment this still further).


Why to study dust and minerals in space? — (2)

(1) The formation of condensed matter (dust, ices, minerals) creates
2-dimensional surfaces
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Vorführender
Präsentationsnotizen
(1)  The formation of condensed matter (dust, ices, minerals) creates 2-dimensional surfaces.
A universe without solids/liquids would be a universe without surfaces.
This would imply: No life in our universe.
(2)  Dust grains can efficiently redistribute energy due to their lattice structures, due to their internal degrees of freedom They „thermalize“ UV/vis. radiation & re-emit it in the IR. 
Many structures (e.g. H2) can only form due to a thermalizing agent.
(3)  Dust grains can take up momentum from radiation fields and transfer it to the much larger masses of gas in their vicinities, thereby initiating mass loss processes.
(4)  Dust grains serve as catalysts for chemical reactions.



Which “astrominerals” do we know so far?

Table 1 Overview of the presence of the different dust species in astronomical environments
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Vorführender
Präsentationsnotizen
We have seen that dust grains occur in various astronomical environments – Young stars, AGB stars, post-AGB stars, Planetary Nebulae, Massive Stars, SNR, and of course in external galaxies as well.
This table gives an overview of the mineral species that have been found in space so far. Underlined in green are those species which were in the focus of my studies so far – among them oxides like spinel and corundum, carbonates and amorphous silicates.


Some of the examined “astrominerals”

Carbonates:

Oxides:
Dolomite CaMg[COs],

Corundum oa-Al,O4

Calcite Ca[CO4]

Hibonite CaAl,,0,4

Spinel MgAl,O,

Perovskite CaTiO,

Rutile TiO, Various Phyllosilicates:

Anatase TiO, e.g. Talc Mg[CO,],

Montmorillonite
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Vorführender
Präsentationsnotizen
Here we have a similar overview in the form of a ‘picture gallery’.
However, not all the minerals shown and named here have been successfully identified in cosmic environments.
This situation is known from astrochemistry, where many molecules have been studied in the laboratory before or even without detection in space.
It is necessary to study a large number of species before eventually a small subset of them can actually be ‘found’ in space (by IR spectroscopy etc.).


Jena database of optical constants

This is were most of our results went to:
http://www.astro.uni-jena.de/Laboratory/Database/databases.html
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Vorführender
Präsentationsnotizen
This is my final slide on “Motivation & Context”. It shows screenshots of the Jena database of optical constants.
In a joint effort, this database has been built up and gradually extended over many years by Harald Mutschke, Thomas Henning and their co-workers.
Together with my former master student Hannes Richter, I have been able to visualize the data and to contribute individual datasets on oxides, carbonates and amorphous silicates.
 
But – how to derive optical constants? This question shall be addressed in the next section.
 





Vorführender
Präsentationsnotizen
In the background: electric arc furnace for synthesis refractory solids (e.g. spinels)
 
(Hier sollten erst 15min – 1/3 der Vortragszeit – verstrichen sein.)


Methods & instruments applied in the course of my habilitation thesis

Flux density [Jy / arbitrary units]

HD 142527 (our data reduction)
HD 142527 (Malfait et al. 1999)
featureless dust at 38K
montmorillonite emission at 38K
talc emission at 38K

Mutschke,
Zeidler,

Posch et al.,
A&A 492 (2008),
117
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Vorführender
Präsentationsnotizen
This slide gives an overview of the methods applied.
The top row shows equipment of the Jena Astrophysical Institute.
The pictures at the bottom refer to astronomical spectroscopy (Herschel, ISO).
More on those – actually on the three main – methods of astromineralogy will be said in the following.


Methods, #1: IR astronomy (mostly from space)

Tronsmission

Transmission

Mauna Kea

Wavelength (um)

After an idea by E.E.Becklin

SOFIA

IR spectroscopy is crucial for
studies of cosmic dust

T T
— CaCOg, Mean CDE, T = 50K

Example of an
IR-spectrum of a
Planetary Nebula
(Posch et al.
2007)

NGC 6302
1SO-LWS, cont. subtr.

Arpm

IR satellites used.:
* ISO, Spitzer & Herschel

Ground-based:
* ESO’s 3.6m telescope
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Vorführender
Präsentationsnotizen
Cosmic dust is usually cold. Therefore, it mainly radiates at IR, i.e.at MIR (5-40µm) wavelengths. Even on top of high mountains like Mauna Kea (> 4000m), the Earth’s atmosphere absorbs a lot of MIR radiation – and some of it even above the troposphere!
See Figure “Sombrero”, where the “blue curtain” denotes the amount of absorption.
Continuous astron. IR spectra are thus best obtained by means of space observatories,
I have been using, and hope to further use, data from ISO, Spitzer and Herschel.


Methods, #2: Laboratory spectroscopy (mostly MIR)

Most extensively used spectrometer (AlU Jena):
Bruker FTIR 113v. A-range: 1.6pm to >200um

Samples: grains extracted from meteorites, synthetic solids,
natural minerals, nanoparticles from the gas phase
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Talc
—
: talc 300K e
Spectroscopv mOdeS. 0,0 ——talc 10K (-0.1 offset) | 1000
* Powder transmission T E=a -
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spectroscopy i

» Reflectance spectroscopy

of polished surfaces Zeidler, Mutschke, Posch et al., (2008)
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Vorführender
Präsentationsnotizen
Which kind of lab spectroscopy did we apply?
Powder transmission spectroscopy
Transmission spectroscopy with thin platelets (Vis, NIR)
Reflectance spectroscopy using polished bulk surfaces
 
Most extensively used spectrometer: Bruker FTIR 113v;  l-range: 1.6µm to >200µm.
 
Samples: synthetic solids, natural minerals, grains extracted from meteorites, nanoparticles from the gas phase…
 
I have to underline the importance of sample preparation and sample analysis!
TEM: no coating required. Copper grids are used (“TEM-Netzchen”)
REM: carbon coating required (auf Bildern u.a. daran erkennbar, dass keV angegeben sind)



Reflectance
spectroscopy
IS 1St choice!
(but not always

possible)

ynthetic Spinel


Vorführender
Präsentationsnotizen
You could assume that using powders with sub-µm sized grains is the best approximation for astronomical dust spectroscopy. But it is not! Why? Because mineral powders may have grain shapes which are very different form the shapes of the grains condensing in stellar outflows. And this may – for crystalline materials – strongly influence IR band positions, profiles etc.!
 
Measuring the reflectance of a bulk surface has two big advantages:
- Bulk crystals can be oriented and orientation-dependent OC can be derived.
- IR spectra can then be calculated for arbitrary grain sizes & shapes!
 
But: Reflectance spectroscopy is not always feasible! E.g.: too little mass available (CAIs)



Methods, #3: Calculations

C1l: From R(A) / T(L) spectroscopy to optical constants n (A), k (L)
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Vorführender
Präsentationsnotizen
In order to bring together and to compare the results of astronomical IR spectroscopy and laboratory studies, calculations have to be performed.
Here again, 3 main groups of methods have been applied:
C1: From T(l), R(l) to the optical constants n(l), k(l)
Apply e.g. Lorentz oscillator model
C2: From n(l), k(l) to IR absorption and scattering properties Qabs (l), Qsca (l)
Apply e.g. Mie theory; its generalizations to nonspherical grains
C3: From Qabs (l), Qsca (l) to synthetic energy distributions 
Apply radiative transfer calculations



Summary of methods

Theoretical approaches:

Classical theory of optical constants
of solids (Lorentz oscillators, KKR)

e=¢gy+2Q?/ (02— w?—iv )

Mie theory

Radiative transfer calculations

Experimental methods:

Astronomical IR spectroscopy

Laboratory (UV to IR) spectroscopy

Common goal:
Insight into the composition
& structural properties of cosmic dust

22



Vorführender
Präsentationsnotizen
(KKR = Kramers-Kronig Relations.
They are mathematical relations, connecting the real and imaginary parts of the complex refractive index.)
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Vorführender
Präsentationsnotizen
I finally come to selected results of my work. This slide shows:

- Recent Herschel-PACS images of the cc. shells of CW Leo
(l = 70µm, 100µm, 160µm from top to bottom)
Shell separation: 10”--35”, corresp. to 500--1700yrs
Mechanism of shell ejection is still unclear. Solar-like magnetic cycle? Higher ML rate from magnetic cool spots?

- Mira Ceti as seen by Herschel PACS (l = 160 µm)
Strongest arc at r=40”. Triple origin with bipolar outflow, ML, and ISM playing roles

- The 69µm forsterite band as a temperature indicator
Here, seen in PN 6543 and post-AGB star OH231.8+4.2. Note: lambdap = lambdap (T)! 
But: there is a degeneracy with the Fe content


Questions examined

* What is the ‘cosmic’ role of oxide (as opposed to silicate) dust?

* What is the mineralogy of (meteoritic) CAIs?

* Why to care about near-infrared properties of stardust? D
& ab.
* Can we find carbonates in space, and — if so —where?

 What can we learn from the far-infrared spectra of hydrous silicates?
* How to calculate the infrared extinction by stardust grains with complex shapes? (Calc.)
* What can we learn from the stardust formed in 47 Tucanae?

, . (Ast. Obs.)
* How did Herschel change our views on the mass loss of AGB stars?

Globular Cluster 47 Tucanae
(FORS/VLT)

50 PR Phos 20408 Juve 2006}

24


Vorführender
Präsentationsnotizen
 What is the ‘cosmic’ role of oxide (as opposed to silicate) dust? 
 What is the mineralogy of (meteoritic) CAIs?
 What can we learn from the stardust formed in 47 Tucanae?
 Can we find carbonates in space, and – if so – where?
 How to calculate the infrared extinction by stardust grains with complex shapes?
 What can we learn from the far-infrared spectra of hydrous silicates?
 Why to care about near-infrared properties of stardust?
 How did Herschel change our views on the mass loss of AGB stars? 
 
Highlighted in red: Questions that will be shortly addressed in the following 


Astromineralogy of CAls

Calcium-Aluminume-rich Inclusions (CAls) mainly
occur in carbonaceous chondrites.

They were formed 4567 million years ago.

CAls are supposed to be the oldest known solar
system objects. Type B CAls (bright inclusions) in the

Studying CAls yields information on very early SRS HEDUNLD T (Ll (-
stages of planetary systems.
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-> Paper: Posch, Th., Mutschke, H., Trieloff, M., & Henning, Th., 2007, ApJ, 656, 615
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Vorführender
Präsentationsnotizen
Calcium-Aluminum-rich Inclusions (CAIs) mainly occur in carbonaceous chondrites.
They were formed 4567 million years ago (more precisely: 4567.2+/-0.6 Myr ago)
CAIs are supposed to be the oldest known solar system objects. 
Studying CAIs yields information about the early stages of planetary systems. 
 
The slide shows:
Type B CAIs (bright inclusions) in the chondrites Leoville and Allende 
Spitzer spectra of protoplanetary disks (Sargent et al. 2009)
“Proplyds” in the Orion Nebula



Main Minerals of CAls

Mineralogically, CAls are divided into three groups:

- Type A CAls primarily consist of melilite Ca,(Al,Mg)[(Si,Al),O-]

- Type B CAls additionally contain fassaite (Ca,Na)(Mg,Fe,Al,Ti)[(Si,Al),Of]
- Type C CAls arerich in the feldspar plagioclase (Na,Ca)(Si,Al),Oq4

Melilite
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Vorführender
Präsentationsnotizen
Mineralogically, CAIs are divided into three groups:
- Type A  CAIs primarily consist of melilite  Ca2(Al,Mg)[(Si,Al)2O7]
- Type B  CAIs have a composition intermediate between melilite and fassaite  
  (Ca,Na)(Mg,Fe,Al,Ti)[(Si,Al)2O6]
- Type C  CAIs are rich in the feldspar plagioclase  (Na,Ca)(Si,Al)4O8 
 
Fassaite is a Al,Ti-rich diopside, only mineral among those named above to have been identified in astronomical IR spectra.
 
We focused on Type B CAIs; wanted to derive their MIR spectra and interpret them.
Work has been performed together with the mineralogist Mario Trieloff


MAC [cm?/g]

Mid-IR to Far-IR spectra of type B CAls

CAl Leoville:

Chemical analysis and IR bands
show composition

70% melilite

15% spinel MgAI,O,

15% diopside CaMgSi,Oq

(= 60um band)

4500
4000 - spinel CAl Leoville: 5 x MAC .

)

Y

3500
spinel

|

3000 ~

2500-_
2000—_
1500——
1000-

500 -

70% melilite, 15% spinel, 15% diopside

0l— : : —_—

10 20 30 40 50 60 70
A [um]

CAl Allende:

Spectroscopy indicates

80% diopside CaMgSi,Oq

20% nepheline (Na,K)AISIO,

EDX analysis furthermore points to
spinel, sodalite, melilite, anorthite

5000

CAl Allende: 4 x MAC

4000

3000 ~

MAC [cm?/g]

N
o
o
o

1000

80% diopside, 20 % nepheline |

_— . . S
10 20 30 40 50 60 70
A/ um


Vorführender
Präsentationsnotizen
CAI Leoville: Chemical analysis and IR bands show composition
70% melilite 
15% spinel MgAl2O4
15% diopside CaMgSi2O6
( 60µm band)
 
CAI Allende: Spectroscopy indicates
80% diopside CaMgSi2O6 
20% nepheline (Na,K)AlSiO4
EDX analysis furthermore points to spinel, sodalite, melilite, anorthite 
 
Grey: measured powder transmission spectrum 
Black: „Model“ spectrum derived by M. Trieloff et al.
So far, no triple 10µm or comparable structure found in IR spectra of PPDs. Why?
Maybe too large grains in PPDs, leading to a smearing out of IR bands? 
But: Presence of spinel and diopside – also inferred from IR spectroscopy of dusty astronomical environments.
 



(General) importance of the NIR range

Region around 1um: k (A) lacking for many minerals. Strongly dependent on “impurities”
BUT: Without k NIR, no calculation of dust grain energy balance!

A T
0=

Section of a spinel from Mogok, Burma
and of a Sri Lanka olivine crystal

10000

Measuring k (A) using platelets
—->“Complete” n+ik datasets
- Energy balance in radiation field

k(»)

Equilibrium dust temperature K]

- | == Y A f a2 Quans (D B(A, T.)dA,
0

rml,

-> Paper: Zeidler, D., Posch, Th., Mutschke, H., et al., 2011, A&A 526, A68
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Vorführender
Präsentationsnotizen
Olivine-Figure: black circle features the spot of the measurements
n (l), and k (l) are difficult to measure in the NIR region for many (pure, transparent, i.e. transion metal ion free) solids
Stress influence of k on radiative equilibrium temperature


(Low-T) FIR spectra of hydrous silicates

* Phyllosilicates are of interest due to their OH / H,0O content

* We studied several phyllosilicates mentioned in the astronomical literature

Phyllosilicate Formula Group
Chamosite Fes 55Al; ggl(Al,Siz)O,4(OH)g] Chlorite
Talc Mg; 33F€ 1[Si,040(0OH),] Talc-Pyrophyllite
Montmorillonite Al; sMg, »sF€q 17[S1,040(0OH),](Na,K)-1,2  Clay

H,O

Picrolite MQ5 g4F€0 17[S1,010(OH)q] Serpentine
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Vorführender
Präsentationsnotizen
Phyllosilicates are of interest due to their OH / H2O content
Studied several phyllosilicates mentioned in the astronomical literature
Phyllosilicates  Possibility of „water transport“ – also in (proto)planetary systems!


Comparison to astronomical FIR spectra

Flux density [Jy / arbitrary units]

200

150

100

o0

L] I L) L] L] I T T T I L] L] L] I L] L] T
HD 142527 (our data reduction) |

HD 142527 (Malfait et al. 1999)
————— featureless dust at 38K =

= eeeeeesees montmorillonite emission at 38K 1
_— ————— talc emission at 38K

80 100

% (um)

120 140

Paper: Mutschke, Zeidler, Posch et al., A&A 492 (2008), p. 117

Talc:

» Formed from enstatite
by weathering

» Chemical composition
Mg5[Si,0,0(0OH),]

» Feature discovered:
98.5um

» Search for “astronomical
counterpart” still ongoing
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Vorführender
Präsentationsnotizen
Talc:
Formed from enstatite – an abundant stardust component – by weathering
 Chemical composition Mg3[Si4O10(OH)2]
 Feature discovered: 98.5µm
 Again, no “astronomical” counterpart (except in meteorites)
Grey dust does the “job” as well – contrary to previous notions


Dust properties of AGB stars in 47 Tuc

= Imagine studying mineral formation at d = 13.400 light-years — outside our galaxy!
= This became possible due to the high sensitivity (down to milliJanskys) of Spitzer
= Lebzelter et al.: > 12 hours of Spitzer observing time

Cooveveee
Corveeveee
‘. . "";
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Vorführender
Präsentationsnotizen
Imagine studying mineral formation at d = 13.400 light-years – outside our galaxy!
 This became possible due to the high sensitivity (down to milliJanskys)  of Spitzer
 Lebzelter et al.: got  > 12 hours of Spitzer observing time
 
NASA‘s Spitzer satellite had a significantly higher sensititvity than ISO. 
Thereby it became possible to study the dust properties of AGB stars outside our galaxy 
Spectra: mainly LRS, wavelength range = 7-21µm


AGB stars in the globular cluster 47 Tuc

Why 47 Tuc? Because we have a wealth of information
on stellar properties:
=  Metallicity [Fe/H] =-0.7 (only 1/5 solar)

= Age: 11.2 (£1.1) x 10° years (only 1/5 less than the age of the universe)
= Turnoff mass: 0.9 Mg

Q: Is the pulsation mode connected to the dust composition?
TT— - Overtone pulsators <-> strong oxide bands
(esp. broad 11pum amorphous Al,O5, 13um MgAI,O, band)

—— - Fundamental mode pulsators <->dominant am. silicate bands
] (esp. broad 10um band)

TR et | LD zelter, Posch et al. 2005
log (P [d]) (ApJ 653, L145)
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Vorführender
Präsentationsnotizen
Why 47 Tuc? Because we have a wealth of information on stellar properties:
Metallicity [Fe/H] = -0.7  (only 1/5 solar)
Age: 11.2  (± 1.1) x 109 years (only 1/5 less than the age of the universe)
Turnoff mass: 0.9 M 
Period-Luminosity-Diagram for AGB stars available!
 
Q1: Can we find an „onset“ luminosity for  strong dust formation?
Yes we can! At ~2000L solar, corresponding to V21‘s luminosity
Q2: Is the pulsation mode connected with the dust composition?
   Hypothesis: Overtone pulsators <--> strong oxide bands
   (esp. broad 11µm amorphous Al2O3, 13µm MgAl2O4 band)
   Fundamental mode pulsators <--> dominant silicate bands 
   (esp. broad 10µm band)



V1-47Tuc:
Mira-like pulsation — strong silicate emission

Modeling the MIR spectrum of V1-47 Tuc:

» Using optical constants from the Jena database

» Best results achieved with a combination of
amorphous Mg,SiO, and amorphous MgSiO,

» Dust Temperature at inner shell boundary: ~700K

» Grain sizes from r = 0.005um to r = 0.25um

Flux [Jy]

L 1 L 1
7 8 ] 10 11 12 13 14 15 16 17 18 19 20 22
k [um]

Baier et al. 2011 Lebzelter, Posch et al. 2005
(ASPC 445, p. 313) (ApJ 653, L145)

So far confirmed by this study:

Mira-like pulsators (fund. mode), e.g. V1
dominated by amorphous silicate dust,
Semiregular pulsators (overtone), e.g. V21

additional crystalline oxide bands
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Vorführender
Präsentationsnotizen
Modeling the MIR spectrum of V1-47 Tuc:
 Using optical constants from the Jena database
 Best results achieved with a combination of amorphous Mg2SiO4 and amorphous MgSiO3
 Dust Temperature at inner shell boundary: ~700K
 Grain sizes from r = 0.005µm to r = 0.25µm
 
So far confirmed by this study:
Mira-like pulsators (fund. mode), e.g. V1, dominated by amorphous silicate dust,
Semiregular pulsators (overtone), e.g. V21, have additional crystalline (oxide) dust bands 



V13-47Tuc
Double-period (40d + 2"9) & ‘only’ oxide dust features?

[ T ' T ' L L | T DA Lebzelter, Posch et al. 2005
@ ZoaEls (ApJ 653, L145-1.148)
‘hand’ fit ------
: Baier et al. 2011
E (ASPC 445, p. 313-314)
) . Sloan et al. 2010
x ”\\A\ Emr— (ApJ 719, 1274:
" V“N >40% of GC AGB stars
A show 13um band,
B only 20% of galactic ones)
7 l8 l9 110 lll 112 ll3 ll4 115 116 117 IIB 1l9 210 ‘22
A [um] 3 ua]
hand | pikaia Modeling the MIR spectrum of V13-47 Tuc:
Tp | 1200K | 1210K = Oxide features dominating
T 0.007 | 0.007 » Broad 10um silicate feature missing
A | 769% | 829% = Dust components: amorphous alumina, spinel,
ossibly Mg, ;Fe, 4O (see grey bars above

MgoiFens® 20% | 14 % P Y Mo1"Cos (_ _ 2/ ) _
I » Unusual dust composition —related to unusual pulsation
MgAl,O 9 ° .
et [ i behaviour?
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Vorführender
Präsentationsnotizen
Double-period (40d + 2nd) – only oxide dust features? 
Modeling the MIR spectrum of V13-47 Tuc:
 Oxide features dominating
 Broad 10µm silicate feature missing
 Dust components: amorphous alumina, spinel, possibly Mg0.1Fe0.9O
 Unusual dust composition related to unusual pulsational behaviour?
�V 13 is among those AGB stars in 47 Tuc which seem to have a very strong refractory oxide dust component.
 Consistent with oxides being at the „top“ of the condensation sequence for solar elemental abundances.
Comment on 13µm band and its history (Posch et al. 1999, Fabian et al. 2001, …)


Turning back to our galaxy!

. 'GALEX 2007 - | I Chandra 2005
. [UV] EES I : [X—ray]

e ko | |
5 :
\o-I |
I
{ |
'I |
| |
oy |
| |
w |

.:‘: \:\
: = |
| I

il | .

= '
. I ]
| |
i Herschel-PACS 2011 |
- [IR] |



Vorführender
Präsentationsnotizen
In this slide, we can see a multi-wavelength-image of Mira Ceti, the prototype of the Mira variables, which is 300light-years away from us. It is a double-star with d~55AU, P~500y. Mira B: Teff~10.000K, probably a white dwarf.
Mira A: AGB*, dM/dt=10-7 Msolar/y, vexp ~ 4 km/s
 
Image = combination of 3 totally different wavelengths:
GALEX UV, showing bipolar outflow, PACS (160 µm), Chandra X-ray
Strongest arc at r=40”. Threefold origin where bipolar outflow, ML, and ISM play roles


U Ant AQ And

TT Cyg

Herschel‘s new view on stellar mass loss

70um 160um composite

ra [ T T am T T T
Kerschbaum , Ladjal, Ottensamer, ..., Posch, et al., (2010)

* New detections of detached shells

* Probing mass loss history by analysing
radial intensity profiles

-> Clear sign of multiple shells

due to times of increased stellar winds
AQ And: every 2000-5000yrs?

SRl @Vi0:

Peaks in intensity profiles

dliin=t7s 14 268 33

- enhanced mass loss every 1500y?
- related to thermal pulses?
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Vorführender
Präsentationsnotizen
We have astro-archeology, we have astromineralogy … meeting each other here

Herschel enabled us to make new detections of detached shells (e.g. AQ And). Herschel can probe the mass loss history of AGB stars by analyzing their radial intensity profiles.
We found clear signs of multiple shells due to episodes of increased stellar winds. In the case of AQ And, shell ejection every 2000-5000yrs? In case of TT Cyg, every 1500 yrs? 
For omicron Ceti, 500--1700yrs?
 
It would have been tempting to find the origin of the detached shells in thermal pulses. But the interpulse periods are probably way too long for that.
 
Mineralogy of these dust shells: relatively “boring” – sorry – mainly amorphous carbon.
 



V. Future Work

3


Vorführender
Präsentationsnotizen
These 6 slides do not need extensive comments.
Time will be over at this point anyway.
Just add a few explanatory remarks on each slide…


Future Work

Laboratory Work (Jena)
High-temperature measurements: corundum, spinel, SiO,

Laboratory Work: Herschel-PACS-observations of 69um forsterite
band = need for more precise data on forsterite‘s FIR properties

IR spectra of clusters:
Will they lead to identifications of astronomical IR bands?

Analyze astromineralogically relevant existing IR spectra
Rich data sets from MESS and DIGIT projects (Kerschbaum, Gtidel)

Future astromineralogical IR spectroscopy / radio imaging
with SOFIA, ALMA, E-ELT, JWST
Follow-up studies on identified / unidentified dust bands
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Laboratory studies: high temperature measurements

i - e e At high-temperatures, minerals may have
e . i“ distinctly other IR properties than at room
a L temperature:

. LA | ‘ * band broadening
7 ) \*’ * band peak shifts to larger wavelengths
P - -

————— Circumstellar dust forms at several 100K
. ek 2 N(A), KA), Qaps(A), Qsca(d)

‘L / h \‘ - are needed for T = n x 100K

4l \L' ) - High temperature measurements
\'w&‘ BA A “’5 : 18 for SIOZ, a'AlzoS a.nd MgA|204

wavelength (microns)

Zeidler, Mutschke, Posch, 2011, in prep.
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Vorführender
Präsentationsnotizen
Explain the temperature effects that can be seen on the figures…


Cluster physics meets astromineralogy

J. Cami et al. 2010:

Cgo (+C) fullerenes
found in PN Tc1l
(Science, Vol. 329, 2010)
Are O-rich clusters
detectable as well?

[0
w0
1]
=
=

<

=
|

[11]

I'd think so

o

Wavelength (microns)

Buckyballs In A Young Planetary Nebula Spitzer Space Telescope * IRS

NASA / JPL-Caltech / J. Cami [Univ. of Western Ontario/SETI Institute) ssc2010-06a
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Vorführender
Präsentationsnotizen
Fullerenes at T ~ 330K (C60) and T ~ 180K (C70)
Attached to carbonaceous solid surfaces

Nobel prize of physics 2010 – graphenes!


Stratospheric IR astronomy: SOFIA

SOFIA Open Door 2.5 Meter Mirror and Aperture

- =

B e e T

© E.E. Becklin/ NASA

 SOFIA: working at 12-14km altitude since 2011
* “FORCAST” grism (5-8um, 25-37um) expected to be operative in 2012
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Ready for new discoveries: ALMA

© Helmut Dannerbauer, Fall 2011


Vorführender
Präsentationsnotizen
Basic data on ALMA:
Operating at sub-mm (very far IR) wavelengths of 300µm - 9.6 mm
66 antennas in final stage
Diameter: up to 12m each
Height of the site = 5000-metre high plateau at Chajnantor


Final slide

Do studies on absorption + scattering by small grains
help to understanding the growing city light domes?

© G. Zotti in Posch et al. (2010), ,Das Ende der Nacht*
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Vorführender
Präsentationsnotizen
Explain relation between LP studies and astromineralogy / extinction of small grains


Thanks to

Angela Baier (IfA)
Gabriele Born (AlU Jena)
Johann Dorschner (AlU Jena)
Thomas Henning (MPIA Heidelberq)
Josef Hron (IfA)
Cornelia Jager (AIU Jena)
Franz Kerschbaum (IfA)
Thomas Lebzelter (IfA)
Isolde Muller (IfA)
Harald Mutschke (AIU Jena)
Walter Nowotny (IfA)
Hannes Richter (IfA)
Mario Trieloff (Uni Heidelberq)
Jurgen Weiprecht (AlU Jena)
Simon Zeidler (AlU Jena)
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Vorführender
Präsentationsnotizen
Underline IfA Vienna – AIU Jena – collaboration


Motto

“Two things fill the mind with ever-increasing wonder and awe, the more

often and the more intensely the mind is drawn to them:

The starry heavens above me and ...

the minerals from the depths of the Earth.”

After a dictum by Immanuel Kant (1788)
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Information aus Element-Abreicherungsraten

Interstellares Gas: Einige Elemente
stark unterhaufig (im Verhaltnis zu

solaren Werten)

Um Faktoren > 100 unterhaufig:

Ca, Ti Al
Co, Ni, Cr, Fe

1E T
Ti
o F * S
F S
T E (1o0%) [N 1 Se®"
SO0 e * cl
> F Krl T 0 cd af T#
& Fale ) A B
_g’ E [+ Pb‘ +Zn Ge| Ly )
L Ga#

I 1 F K
bt ;(mx) _Nﬁ’+c“
{ F = n
>
<
_8‘ -2 E (1% of solar in the gas)
1]
< -3F
> r
= E ¢ Ophiuchus cool cloud

—4F

0,0 ;
054 ¢ O Na S
i o ©® ° P e K
o 104 . ¢ .
© 1 N
5 15 ® s 1
a i Mg .SI
S 20-
E 4
C 2,5j T
S 5ol i Abreiche-
53
< e e rungsrate
> als f(2)
B 10 15 20 25 30 [--{0Ach Salpeter
1977)
Ordnungszahl

I
0

" 1 1
500

Condensation Temperature [ K ]

L 1 L
1000

Abreicherungsrate als Funktion der Kondensations-
temperatur (Palme & Jones 2004)
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Beobachtungen & Modellrechnungen

I

e

Fv (bel. Einh.)

0.1 _
Tgem = 3100K

TSlauD innen = 550K
x,, =0.008

71% S-Osk, 15% am. Al,O,, 4% MgAl,O,

SV Peg, ISO-SWS
SED aus STR

T
10
Al um

N SV Peg ISO-SWS-Spektrum
& STR-Modell (DUSTY)

- ISO-Beobachtungen: durchgehende -
Abdeckung von 2 bis 45 (200) pm

- Beobachtete SED rekonstruierbar mit
STR-Rechnungen

- Bendtige: Datenbank optischer
Konstanten von Staubspezies
Modellspektren f. Photosphare

- Limitationen: Unvolistandigkeit der
Datenbanken; S/N beobachteter

Spektren

AR
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Results of condensation experiments

|dee: Statt Berechnung von C,, . aus den makrosko-
pischen optischen Konstanten: Messung der
Absorptivitat von frisch kondensierten Partikeln.
PartikelgrofRen im Sub-pum-Bereich.

lIIIIIII\\lII!\\\\III\|III\\II\\‘\:\III\III TT T T T T 17T

13 168 (318

Al'in 20 mbar O2

09—
Tiin 20 mbar O2

Fe in 20 mbar Q2

Transmission (shifted)
=)
o
I

Mg in 20 mbar O2

0.7

06 10 20 30 40 50
Wavelength (um)

" IR-Spectra of Al-, Ti-, Fe-, Mg-oxides
< TIO, produced by laser ablation

A%
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Methods: Lab spectroscopy

-
S
Bsp. eines gemessenen Reflexionsspektrums eines Mg-Al-Spinells:
N S S R = [(n-1)>+k?] / [(n+1)>+k?]
(n+i k)2=¢

natural spinel

Reflectance R
o
s
of refractive index)
active index)

annealed spinel

K (imaginary part of refra

T T T T T T T
5 10 15 20 25 30 35 40
Wavelength / pm

Hitzebehandlung (1h @ 1223K) verandert E=¢g+ 2:J' QJ'2 / (O‘)J'2 — 2| Yi ®)
das Kristallgitter von Spinell (partieller
Platztausch Al & Mg) | o, [1/em] Q [1/cm] y; [L/em]
1 803.6 159.7 825
2 666.6 522.9 31.9
3 577.3 132.1 115
4 492 4 660.2 30.8 C/'
5 478.6 655.5 14.0
6 308.1 151.0 6.9
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Methods: Mie theory

an

B
Mald fur WW kleiner Teilchen mit el.-mag. Strahlung Q_,.(A), Q«treu(M)

- folgen aus Mie-Theorie (unendliche Reihen fur Q.. (A) und Qg ., (A) flira=A)
entscheidend abhangig von Partikelform und Partikelgrof3e

- @ Apa= 8k G in2Kan2)2 i 4 aZke | Rl Sphnanscne Pantikel nmita << i
- Kugelresonanzen (Erohlich-Moden) zentriert um k2 =2 (und n — 0)

- (NB: keine notwendige Bedingung, aber, wenn erflllt, starke Resonanz)

= .
100 200 %00 400 900 W0 T M0 W 4900 4100 10 20 W0 40 S KO T A0 M0 190 1100

P ——— P 1012 # 1 18 2 2 24 M ¥ 1 82 8% U 3 &
Waleniinge [um)

| n(w) fur Spinelle k(w) fur synth. Spinelle @, @)
mit versch. Mg:Al-Verh.

M
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Backup slide on methods

AN

.. Teilchenhalbmesser

nstanten

Fig. 8. Erste elektrische Partial-
schwingung.

Voraussetzungen:
/ v’ Laboranaloga prapariert
v" Analytik durchgefiihrt

Comparison

an
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Backup slide on methods

I

B

272 Thomas Henning

) Measurements Chem./Struct.
Literature, on Bulk Samples, Characterization
Databases Thin Films etc. (TEM, EDX etc.)

Scattering Calculations Measurement of
for Spheres, Ellipsoids, CDE, Extinction, Absorption,
Core-Mantle particles, etc.. Scattering

Modelling of the Cosmic Environment,
Continuum Radiative Transfer

h 4

Comparison with Astronomical Spectralﬁ————

Fig. 3. Different approaches for determining the optical properties of cosmic dust.
After [22]

@




Backup slide on results

an

B

Leitfrage: 3 Korrelation:

Im Labor gemessesene Oxidbanden

<> Staub-Banden in ISO-Spektren ?
Bsp.1l: Emissionbanden bei 13, 17 & 32um:
Wahrscheinlichster Urheber:

Spinell (MgAI,QO,)

nermalized F,

5

:

13um-Bande: lange Zeit a-Al,O4
zugeschrieben (links oben Linie “...”)
Sekundarbanden bei 21 und 26um
nicht detektiert

&
!

narmalizad F,
2 2
-

Ay
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Another backup slide on

o
i
1.1 r T r T r
| —— Mg, ,Fe, O em.
—— g Her (1)
1.0 — gHer(2)
| —— V1843 Sgr

TR e

N 1SO-SWS-Staubresiduum von g Her u.
V1943 Sgr;

Staubemission von Mg, ;Fe; O

results

Die 19.5um-Emissionsbande:
- Erste Hinweise durch IRAS

- Hinreichend aufgelost erst mit ISO
(Posch et al. 2002)

- Beobachtet v.a. in Spektren
semiregularer Veranderlicher

- Kondensationstheorie unterstutzt
spektroskopische Evidenz fur

Mg Ee, O (mitX.=0.1)

M\

55




(1]

fe

O-rich dust species: results of a stationary wind

model

T
E

1.000F

0,100

0.070F

0.0 pil

Abundances:
hib, spin:
increasing

decreasing (reason:
acceleration of sil‘s
dilutes gas before
mwue-condensation)

[a/em?]

log p

=12

-14

_16 =

=18

oliving (Mg, Fe)zSits
pyromena [Mg,Fe)Si0y
quartz 5i0z

iron Fe

nioonite Cadlizlig
spinel Mgz,

[um]

100

1000

Parameters (Il):

I 2600
L=~
M=1Mg

dM/dt =5 10® Mglyr
Vinit = 2km/s (Vg = 7km/s)
El@ =05

SED strongly dominated
gy = 2011 Danc

Relative importance of
10pm band (silicates)
increased


Vorführender
Präsentationsnotizen
Hier dominiert Mwue noch gegenüber den Silikaten.
Das Ergebnis für Eisen stimmt wahrscheinlich nicht, da es die Aufheizung nicht berücksichtigt, die Fe verdampfen läßt!
Außerdem wären statt Fe eigentlich eine Fe-Ni-Mischkristalle zu betrachten (Gail&Sedlmayr 1999, S. 601).


Future Work

+ NanoSIMS

Ay

Philips CM200 electron microscope
at the University of Vienna
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Mount? Mont...? what?

1 I T T W S S T S S A N A A A A A A
montmorillonite(1:10) 300K
montmorillonite(1:10) 10K Montmorillonite (MM)

100 -
] »,Cold" (down to 10K) FIR
measurements using liquid He:

» Weak bands of MM become
stronger and sharper

» MM does not only show
a broad, 85-125um band

104

80

60

4 | ' L AL A
100 200 300
Mum]

Paper: Mutschke, Zeidler, Posch et al., A&A 492 (2008), p. 117


Vorführender
Präsentationsnotizen
Montmorillonite (MM):
„Cold“ (down to 10K) FIR measurements using liquid He
 Weak bands of MM become stronger and sharper
 MM  does not only show a broad, 85-125µm band
 So far, “negative” consequences for presence in cosmic environments

Also note FIR gradient getting steeper upon cooling to 10K!
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