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In order to determine the precise nature of cosmic dust, wawsmbination of multi-wavelength
ground- and space-based spectroscopy, imaging, labpdéats and modeling. Dust grains scat-
ter, absorb and re-radiate light according to their optfmaperties, which are sensitive to e.qg.
the temperature, chemical composition, size, shape, dfticelatructure of the dust grains. For
example, graphite and diamond are both polymorphs of carwad will form under very simi-
lar conditions, but their interactions with light are venjferent. This work provides a primer on
how to apply basic physics concepts to understanding how @asare and use the optical proper-
ties of candidate cosmic dust species. We discuss the walgichuneasurements are made, how
simplifying assumptions commonly made in astronomy mayeguoblems and how measurable
and calculable parameters from laboratory experimentseatirectly or indirectly compared to
parameters derived from astronomical observations. Finaé examine the simplifying assump-
tions with the most commonly used “synthetic” optical prdgs for cosmic dust and highlight
forthcoming laboratory data as a potential replacement.
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1. Introduction

In order to study dust in space, astronomers rely on combining theoratidabbservational
data with laboratory studies of analog materials. The precise nature of tr@laty investigations
cover a wide range of methods, samples and outputs. Frequently, thedisisoanect between
the laboratory assumptions and the data to interpret astronomical obsesvatie purpose of this
paper is to provide an introduction to how the optical properties of solidelt@ned and how
these datasets relate to astronomy.

There are multiple terms and symbols used to describe various ways in whitlnligtacts
with solids and frequently the same letters (especigliyin order to prevent confusion, terms and
symbols will be precisely defined.

In §[3 we will consider how we describe and quantify the various ways iolwlight interacts
with solids; in §B we discuss how we analyze astronomical observatiotsialextract properties
of the cosmic dust observed; and ifi]§ 4 we look at how laboratory measate (e.g. absorbance
and absorptivity) compare to parameters extracted from astronomicahaltiens (e.g. optical
depth, absorption/extinction efficiency). I{]8 5 we discuss how labgratata are used to extract
more intrinsic properties (e.g. complex refractive index) in order to bel usenodeling astro-
nomical enivronments; in § 6 we show comparisons of spectra derived lzboratory spectra of
bulk and particulate samples as well as calculations that assume sphedicaiaspherical grains.
Finally, in §[T we discuss the most commonly used optical constants (comptagtiet indices)
and we discuss the simplifying and erroneous assumptions in the most comnsewyoptical
constants datasets and how we can improve upon them.

2. How light interacts with solids

dx
I inc density = 0
Incident light . .
Transmitted light
Propagation
through Itrans
Reflected light the medium
1 refl

Figure 1: Light interacting with a parallel-faced slab of solid maaér

Consider light entering a slab of solid material with parallel faces as sho®igifi. Incident
light hits the face of the slab; some light is transmitted and some light is reflecesinfing the
material is perfectly homogeneous, the light will propagate through the maditihit reaches the
other face, at which point some light will be reflected and some will be tranginitteaddition, as
the light propagates through the material, some light may be absorbed.
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Transmittance T * is defined as the ratio of the intensity of transmittég{9 and incident
(linc) light, i.e. lyans/linc. Similarly reflectivity, R and absorptivityA are the ratios of absorbed to
incident light and reflected to incident light, respectively. Since all lighidiest on the slab must
be either transmitted, reflected, or absorbed, we get:

Iinc = |tran57L Ireﬂ + |abs

|trans:1_@_@5 (2.1)
Iinc Iinc Iinc
Therefore,
T=1-R-A (2.2)

Note that all these properties are wavelength dependent.

While factually correct, Eq. 212 presents an over simplified view of the gackooking at
Fig. [§ we can see that reflection at the second surface must be negfililg.f8.2 to hold. The
problem is demonstrated in Fif]. 2, which shows that the measured valuek andR will be
strongly affected by back-reflections. In particular the absorption eflihht reflected from the
back of the sample as it transits towards the front will affect the measutsminothT andR and
thus the inferred values .

I refl . meas
1

Figure 2: Light interacting with a parallel-faced slab of solid madér the effect of internal reflections.
The reflectance iR as defined above. The amount of light absorbed by a singlegasbkrough the slab is
denoted byQ. lyans measis the amount of transmitted light that gets measured, Whi{emeasis the amount

of reflected light measured.

In addition, there are several phenomena that can affect the direshiission of light, as
shown in Fig[B. During propagation of light through a medium, light can Fracted, absorbed,
or scattered. These processes will affect the light collected by dedgnttre laboratory.

*which is also referred to atsansmissivit){ﬂ]
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* REFRACTION: reduction in

propagation speed; causes light to
bend

* ABSORPTION: occurs if the frequency
of the light is at a resonant frequency
of the medium. Transmission is
related to absorption, only
unabsorbed light is transmitted

Refraction

Absorption &
luminescence

* LUMINESCENCE: spontancous
production of light, due to excitation
by absorption of incident light

* SCATTERING: light changes direction

Scattering

Figure 3: Light interacting with a parallel-faced slab solid (part 3.

Let us now consider the opacity or absorption properties of the solidigiflF-the incident
flux linc is diminished by the passage of the light according to the absorptive piexpef the
medium. Now we can define the light lost by interacting with the mediuh assuch that:

dl/\ = |inc_ Itrans

But the amount of light absorbed/transmitted depends on the thicknessgékhef mediumdx,
(and the wavelength) so that:

d|)\ = —k;\ pl, (X)dX
wherek, is the opacity or sometimes called the mass absorption coefficient, measured jpear
unit mass, ang is the mass density of the medium.

Ly (X) =15 (0)e™aPx (2.3)

Flux decreases exponentially with penetration into a medium. This is the BedvdralLaw. Now
we can combine the opaciky with the densityp to get “extinction coefficient” or sometimes just
absorption coefficiefita = —k, p so that Eq[2]3 becomes

IX == Iince_ax (24)

In fact, we need to combine BqgR.2 with Hq.]2.3 and the scenario depictingréfestion
from the second surface of the medium as shown in [fig. 2. In this caseatmsntitted light is
given by:

T= (1— Rl)e’ax(l— Rz)
Assuming that the surface reflections are identiBak= R, = R, we get:

T=(1-R?%e ™ (2.5)

Thut NOT mass absorption coefficient!
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Assuming that reflections at surfaces are negligible (or can be eliminatesdify slabs of differ-
ing thicknesses, sef] [2]) and combining Eq] 2.4 with out definition of transroéth (from the
beginning of §P) we get

T=e™=¢? (2.6)

Absorbanceag, is the exponent in the decay of light intensity due to absorptios: ax =k px,

whereaq is extinction coefficientk, is the opacity (or mass absorption coefficient) gnis the
mass density of the medium. Optical depthof an absorbing material is defined by:

IX - Iinceir)\ (2.7)

From equation§ 214, 3.6 apjd]2.7 we see that the absorlzaiscgimilar to optical depttr, .
In order to compare astronomical data in which we have a wavelengtmdepieoptical depth we
can use absorbance after accounting for surface reflections. Nogawrelate the absorbaneg (

and absorptivity &) via equationg 2|1, 3.2 ajd P.6:
A=1-¢?

To summarize these measurable optical properties from lab experiments:

. |
Absorptivity, A= 225

Inc

Absorbance a= ax =k px
A=1-e?
T=(1-R?A

3. Modeling Astronomical Observations

A spectrum can be represented by a sum of the fluxes contributing to i& $ymtem contain-
ing a star or even a group of stars the spectrum can be broadly dekbyibe

Fotal ()\ ) =F (A ) + qust()\ ) (3-1)

A star can usually be approximated by a blackbody with a temperdiunehereas the dust
is made up of contributions from dust grains of difference sizes, shapepositions and crystal
structures. The flux from an individual dust grain is a product of tlemék curve B) ) for the
temperaturd of the individual dust grain and an absorption efficiency faQgifor a grain of that
size, shape, composition and crystal structure.

Astronomers often consider a simplified case in which the spectRgm(A ), can be inter-
preted as a product of the underlying continuum and an absorptiofeafficfactorQ, for the
entire spectrum (e.g[][3]). Then:

Fotal(A) =Y x Q) x By (T) (3.2)

whereB, (T) is the Planck function for a black body of temperatiite, is a composite value in-
cluding contributions from all dust grains of various sizes, shapgstallinities and compositions;
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andY a scale factor that depends on the number of dust particles, their geoonesiscsection and
the distance to the star.

Using a simple continuum-divided spectrum assumes the type of spectranbeddy Equa-
tion B.2. Dividing the entire spectrum by the fitted underlying continuum leanbsthe absorption
efficiency QQ,) of the dust (assuming all dust species have the same blackbody temgerahe
continuum-divided spectrum is effectively an optical depth spectrumgg{2.7) which is due to
the absorption efficiency for a composite grain that will represent all@ftiains present.

In reality the spectrum should be represented by:

n,m
Fr=F.+ Yi x Qx j x By (Ti) (3.3)
i=1)=1

where eactB; represents a single dust (or stellar) temperature black body (of whioh &nen in
total), eachQ; represents the absorption efficiency for a single grain type as definéd bize,
shape, composition and crystal structure #pis a scale factor that depends on the number of dust
particles, their geometric cross section and the distance to the star. In thjsweasubtract the
stellar flux ) and are left with:

n,m
qust: Yj X Qj X Bi (3.4)
i=1)=1

For optically thin cases, we often then assume the dust is dominated by a singkra¢ure
(c.f. [A]) so that

Faustd Qx x By (T)

which is very similar to our original simple model for the dust emssion as sho\q i3.2.

Now that we have a way to extract either optical depth or absorption eftiege Q-values) from
observations we need to compare with laboratory data.

4. Comparing Laboratory and Astronomy properties of dust

To compare laboratory data with astronomical observations we need t@textw@rsion of
the laboratory data that is comparable to the absorption effici€peplue. To get this we need
to consider howQ-values are defined. For a non-blackbody dust grain we define sor@inn
Cross-sectior,ps as the effective geometrical cross-section of the particle once we riciayut
not being a blackbody:

Oabs= Qabsx Y

where Y is the geometrical cross-sectional area of a dust grain. Now if we cambiolv the
absorption cross section gives rise to absorption we get:

labs _ A _ gl (4.1)

Iinc
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whereA is the absorptivity (see [§ 2) is the number density of absorbing particles, &nd the
pathlength or thickness of the absorbing zone.

P
- - 4.2
Mmol X My (4.2)

whereMp,q is the molar mass of the solid amal, is the mass of a hydrogen atom. Combining
equationg 4]1 anld 4.2 we get:

Qabs= YoL (4.3)
It is clear from equatiof 4] 3 that Q-valuEsabsorptivity such that:
Mmor X M
Qabs= (A where { = %

Qabs OA (4-4)

Consequently, while the shape, peak position and FWHM of spectrarésashown inQ-values
will be identical to those fo, the absolute values depend on the pathlength and on the cross-
section areas of a given grain distribution.

To summarize how laboratory data correspond with astronomical obserahtiata,

Absorption efficiency Q) = Absorptivity, A(A)

Optical depth 1) = Absorbancea(A)

5. Complex Refractive Indices and Dielectric Functions

While we can extract optical properties of solids that are directly compmtalobservations
(i.e,Q=A, see Eq.4]4), this is sometimes not what is needed for modeling. In partitulamwant
to understand the effect of grain size and shape on the optical preperifeve have a system that
contains grains of multiple sizes and temperatures, we want to use othericnbptisal properties
of the slab solids, i.e. the complex refractive indexand the dielectric functios.

m=n+ik (5.1

E=g+ie (5.2)

wheren, the real part of the complex refractive index, relates to the speedphpgation of light
through the medium (i.e. how we first learn about refractive index);karide imaginary part is
related to absorption of light.

The complex refractive index and the complex dielectric function are closkdied:

m= V&

g =R(mP) =n? -k
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£ = J(mP) = 2nk
To understand how the real and imaginary parts of the complex refrantiex affect light ,
let us consider light as an idealized, sinusoidal wave described by:

H= H0 e—i(wt—KX)

where Hg is the initial wave amplitudeg is the angular frequency, ard is the wavenumber
(2m/A).
Once the light enters a medium, the velocity becomesc/m so that:

H= Hoefi(wtfkmx)
substituting in fom from Eq.[5.1 we get:

H= Hoe—i(wt—K[n—i-ik]x)

H— Hoefi(wtfknx)ekax (5.3)

The intensity (flux) of the light is proportional to the square of the amplitiitielt is clear from
Eq. that the intensity will decrease exponentially with a decay const2rikef 471k/A

Combining the Beer-Lambert Law (Ef. P.3) and Eq] 2.4 with the wavefunatighe light
traveling through the medium we get the variation in intensity (flux) to be:

Fy (x) = HZ(X) _ Hoe—i(wt—Knx)e—‘;—"kx — Jjnce

WK and a = 4—nk

line = Hoe !¢
inc o€ A

whereaq is extinction coefficient anll is the imaginary part of the complex refractory index.
T=(1-R?%?

Therefore by measuring the transmission and reflection from a samplemgetamine the
imaginary part of the complex refractory index, To get the real pam we need to either use
Kramers-Kronig analysis (sef [5]) or we can use this relation:

R (N—1)24Kk?
- (n+1)24+k2

6. Comparing laboratory and “theoretical” spectra

One of the ways in which we use complex refractive indices is to calculatgrapend de-
termine the effect of, e.g., grain shape, size etc. However, sometimesatadcapectra are not
precisely the same as those directly measured. For instancf} Fig. 4 ¢eftfif) shows the differ-
ence between the absorption cross-sectmpy for hematite (FeO3) for direct measurements vs
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those calculated using spherical grains (from Mie theory) or contindmiisbutions of ellipsoids.
It is clear from the figure that spherical grains are far from providingood approximation to
reality.

A similar situation was demonstrated for silicon carbide (SJC[][2, 7]) as shiowigf (right).
In this case we see the comparison between spectra calculated frontdapon@asured complex
refractive indices and those calculated from “synthetic” indi§ps [8F ®ynthetic” data from[]8]
was produced by compiling and manipulating data from many disparate labyosatidlies of SiC
and then the complex refractive indices are extracted assuming that therduns are spherical.
In fact the calculated spectra are only valid if the grains in the model aerisph Comparing the
spectra generated from the synthetic and real refractive indicesensgsén that they are different.
Furthermore, the problem of using spherical grain models is demonstk&tedill investigate the
problems of synthetic spectra further in the next section.

T T

; o SiC Pegourie SiC

- 1 ___ Spherical _____ Spherical
i .

_._._._cDs _._._._cDs
0 SO DHS DHS

experimental
107 modeled — Mie theory
E modeled — flat CDE

——— modeled — peaked CDE

10 18 20 25 30 35 40

Wavelength (um)

Figure 4: Left: Comparison of absorption cross sections for hematite@gefrom Marra et al. (2011).
The black line labeled experimentaldg,smeasured directly from a distribution of small grains of latite.
The colored lines are the,ys Spectra calculated from complex refractive indices fokkiglab) hematite.
Right: Comparison of calculated absorption efficiencies for Si@gisynthetic []3] and laboratory-measured
[E] complex refractive indices for SiC. Mie theory = sphailligrains; CDE = Continuous distribution of
ellipsoid; CDS = continuous distribution of spheroids; didS = distribution of hollow sphere, which is
used as a proxy for fluffy grainﬂ[9]. Se@e [i 7] for more infation on the new SiC data.

Looking more closely at the left panel in F[g. 4 we see that there is a stillerdifte between
the best model spectrum (with the “peaked” continuous distribution of eidpsgraing) and
the directly observed,,s values. There are several reasons for this including scattering from
particular material and non-ellipsoidal grain shapes. Looking at Figs.ahd[B, we can see that
internal scattering in a slab will affect the measurements of transmittancef@ectance and thus
any derivation of absorbance, absorptivity or complex refractivieesd Fig [ shows how using a
distribution of particles has this effect and thus may affect the measureofehtandR and thus
the inferred absorption properties. Early laboratory studies comparedtlgf measured spectra
with those calulated from the complex refractive indices and found diao@es. It was suggested
that the discrepancies implied the need to correct the measured speatreveddhe discrepancies
were due to experiment methods, non-identical samples and non-dilutéepdigicibutions, rather

*peaked” denoted a distribution in which not all shapes of ellipsoids ofkgabundant. There are more grains
that are nearly spherical and severaly prolate or oblate.
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than an intrinsic difference in the optical functions. It was shown thatres &s care is taken with
the measurement, identical results can be achieved with particulate and slplesaf the same

material [1p]
I

refl meas

® o P o0
(5] @ ® °® @ ®
® ®
\ v ]
[trans meas

Figure 5: Schematic depiction of the effect measuring reflectancermmdmittance from a distribution of
particles. Light scattered to the sides is not detectedtireelR andT measurements and leads to overesti-
mates of absorption

7. Selecting Optical Constants: A case study of astronomictailicates

7.1 A brief history of the classic “10um” silicate feature

One of the most commonly observed features associated with cosmic dustss-tiaded
“10um” silicate feature. It was first observed in the late sixties as an emissiorrdeatihe
infrared (IR) spectra of several evolved stdrd [11]. Shortly tHeze# was observed in absorption
in the interstellar medium (ISM]J1Z, JL3]). Since then, it has been found inynaatrophysical
environments including the solar system and extrasolar planetary system§I¢] and references
therein), the circumstellar regions of both young stellar objects and evilterthediate mass stars
(asymptotic giant branch [AGB] stars, and planetary nebulae; ¢.4.[(l%, many lines of sight
through the interstellar medium in our own galaxy (e.f.] [L7, 18]; in nearioydistant galaxies
(e.g. (D).

Initially this feature was attributed to silicate minera[s][20] based on spectra dgfirasof
crystalline silicate species predicted to form by theoretical mode]s[[21, Rajvever, lab spec-
tra of crystalline silicate minerals showed more structure within the feature thseneed in the
astronomical spectra (see e.q.][f3 24]). Subsequent comparisomatittal glasses (obsidian
and basaltic glass; from e.g[ ]25] and with artificially disordered silicqtgs[Z2] showed that
disordered silicate is a better candidate for thgtOfeature than any crystalline silicate mineral.

7.2 History of laboratory spectra for the 10um feature

Since the discovery of the L0n feature, there have been many laboratory studies producing IR
spectra and optical constants of various samples for comparison with aredingoof observational

10



Using Optical Constants Angela K. Speck

data. In addition, “synthetic” complex refractive indices have beernveérfrom observational
spectra (based in part on real mineral data) in order to match the otdeateres (e.g[ 2§, PP,130]

The first laboratory spectra used in astronomical silicate studies wemysihlline silicates
and natural glasses (e.d.,][25]). Various studies have attempted thecpebthmorphous” samples
through chemical vapor deposition (e.d.,|[26]), smokes (d.g}, [31])irfadiation of crystalline
samples (e.g.[T27]), and laser ablation of crystalline sampfeb ([32]th&urefinement of labo-
ratory techniques were achieved by the group at Jena (eo[ 33,2 detailed discussion of
these previous laboratory data sgd [35].

However, most of the laboratory data available comes in the form of masspaibs coef-
ficients or some variation iQ-values and frequently have cover only a limited wavelength. In
order to incorporate dust species into models of astrophysical envirdsmwe need often need the
complex refractive indices. Consequently, many astronomers choose tgynthetic” refractive
indices because they cover the large wavelength range. Moreoverataty spectra often yield
~ 10um features that are not a good match to observed features. Synthedictivef indices as
usually derive in part from observations, and thus can match (somejati®ns.

7.3 Synthetic Functions

“Astronomical Silicate" -
w |
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Figure 6: Complex refractive index of “Astronomical Silicate” fror@]. Main figure solid lines =n,
real part of the complex refractive index; dashed lindg #maginary part of the complex refractive index.
Inset same as main figure but with logarithmic axes. Purple = fartdX-ray region, from alumina; Blue
= UV-optical, from crystalline olivine; Green - merge besveUV-optical measurements of olivine and
derivation from observations in the infrared; Orange -\dsttifrom infrared observations of the Trapezium;
Red - assumes an emissivity ind@x 2 based on some data from terrestrial silicates.

Complex refractive indices (otherwise known as optical functions) anemely important
as they are used as inputs for radiative transfer models and in analyzraiff¢ict of grain mor-

11
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phologies on spectral features. However, quality laboratory datacar@vailable for many of the
compounds believed to exist in space, particularly at ultraviolet-visible \{I$Yand far-infrared
wavelengths. Thus, the paucity of data for dust grains is problematic fdelimg dusty environ-
ments. Both Draine & Lee (1984) [28] and Ossenkopf, Mathis & Hennlr@92) [29] compiled
observational spectral data and derived dust opacities from whigltgeulated new optical func-
tions specifically designed to match the astronomical observations. Mamstigdraine (2003)
[BQ] updated the Draine & Lee optical function, but the major problems renTdie assumptions
implicit in those studies yield optical functions that will match some spectral festand can be
used for comparison of optical depths between different dusty enmieots, they do not provide
information on the true nature of the dust in space or how it varies frontitotto location. These
calculated optical constants fail to match many observed features[(d, 1136

In both cases, the optical functions are generated by compiling data frember of sources
in order to get the broad wavelength coverage needed. The regiondhtioe classic 10m feature
is based on astronomical observations rather than laboratory data. r&oel® Lee, the 1m
region was determined from observations of the Trapezium. MeanwhigerRepf et al. used the
mean 1@m feature from~500 evolved red giants fronf [B8]. In all casef [[Pg, 29, 30]) théilero
of the 1Qum feature comes from observations and thus cannot be used to diatifiessnces in
silicate features from place to place. Fig{fife 6 shows how the dafa]in [80]g&} were com-
piled. For the x-ray region, the data comes from laboratory experimemé @y (not amorphous
silicate.). For the UV portion, the data comes from laboratory experimentg esystalline (not
amorphous) silicate. The near-infrared regions is simply a merge betweealjdicent optical and
mid-IR regions, while the mid-IR comes from astronomical, not laboratorgmasions. Finally,
the far-infrared to radio region was determined assuming an emissivityda&). As will be seem
in other papers in this volume, the valugfis not so simple and depends and many factors includ-
ing composition, crystal structure, grain size and temperature (see[&4d{B Figure[Jr shows
the real , top panel) and imaginank( bottom panel) parts of complex refractive indices from
the most commonly used synthetic optical functidn$ [28[ 29, 30] together witHab-based data
[F7]]. The new optical functions are measure directly from a single sanfilersfree silicate with
otherwise solar abundances (sgd [35]) over a large wavelength.rétrig clear that the synthetic
optical functions have significantly different profiles to this new “realtag&t which will soon be

publicly available4]L].
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