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Abstract. Our currentunderstanding of the absorption and emissiopepties of interstellar grains
are reviewed. The constraints placed by the Kramers-Knahégion on the wavelength-dependence
and the maximum allowable quantity of the dust absorptiandiscussed. Comparisons of the
opacities (mass absorption coefficients) derived fromrétédlar dust models with those directly
estimated from observations are presented.

1. INTRODUCTION

Interstellar dust reveals its presence in astrophysicat@mments and its (both positive
and negative) role in astrophysics mainly through its exd@on with electromagnetic
radiation (see Li [38] for a recent review):
« obscuringdistant stars by thebsorptionand scatteringof starlight by dust (the
combined effects of absorption and scattering are catkidctior);
« reddeningstarlight because the extinction is stronger for blue ltbhan for red;
« generating feflection nebulakby the scatteringof starlight by dust in interstellar
clouds near one or more bright stars;
« generating thediffuse Galactic light’seen in all directions in the sky by the diffuse
scattering of starlight of stars located near the Galadéingg

« generatingX-ray halosby the small-angle dust scattering of X-ray sources;

« polarizing starlight as a result of preferential extinction of one #inpolarization
over another by aligned nonspherical dust;

+ heatingthe interstellar gas by ejecting photoelectrons createtthé@wabsorption of
energetic photons;

« andradiatingaway the absorbed short-wavelength radiation at longeeleagths
from near infrared (IR) to millimeter (mm) in the form tfermal emissioywith a
small fraction at far-red wavelengthslasninescence
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In order to correct for the effects of interstellar extinctiand deredden the reddened
starlight, it is essential to understand the absorptionsaradtering properties of inter-
stellar grains at short wavelengths (particularly in theéagb and ultraviolet [UV]). The
knowledge of the optical and UV properties of interstellastlis also essential for in-
terstellar chemistry modeling since the attenuation of Uitpns by dust in molecu-
lar clouds protects molecules from being photodissocidtbd knowledge of the dust



emission properties at longer wavelengths are importamor(interpreting the IR and
submillimeter (submm) observations of emission from dusittsacing the physical con-
ditions of the emitting regions, (ii) for understanding fhr®cess of star formation for
which the dustis not only a building block but also radiat®aythe gravitational energy
of collapsing clouds (in the form of IR emission) and therefmaking star formation
possible, and (iii) for understanding the heating and ompdif the interstellar medium
(ISM) for which interstellar dust is a dominant heating s@uby providing photoelec-
trons (in the diffuse ISM) and an important cooling agente@msk regions by radiating
in the IR (see Li & Greenberg [45] for a review).

Ideally, if we know the size, shape, geometry and chemiaalpmsition (and therefore
the dielectric function) of an interstellar grain, we caricatate its absorption and
scattering cross sections as a function of wavelength. Hig@know the intensity of the
illuminating radiation field, we should be able to calcultte equilibrium temperature
or temperature distribution of the grain from its absonmptivoss section and therefore
predict its IR emission spectrum.

However, our current knowledge of the grain size, shapemgé&y and chemical
composition is very limited; the nature of interstellar titself is actually mainly
derived from its interaction with radiation (see Li [38] fareview):

« from the interstellar extinction curve which displays amast linear rise with
inverse wavelengthA(1) from the near-IR to the near-UV and a steep rise into the
far-UV one can conclude that interstellar grains must spanda range of sizes,
containing appreciable numbers safbmicronsized grains as well asanometer
sized grains;

» from the wavelength dependence of the interstellar patdnm which peaks at
A ~0.55um, one can conclude that some fraction of the interstel@ngmust be
nonspherical and aligned by some process, with a charsiitesize of~ 0.1 um;

« from the scattering properties measured for interstellat @hich are characterized
by a quite high albeda<0.6) in the near-IR and optical and a quite high asymmetry
factor (typically~0.6—-0.8 in the optical) one can infer that a considerabletifya
of the dust must be dielectric and the predominantly forasraktering grains are
in the submicron size range;

« from the IR emission spectrum of the diffuse ISM which is cuaerized by a
modified black-body ofA ~17B, (T=19.5K) peaking at~ 130um in the wave-
length range of 8fim < A < 1000um, and a substantial amount of emission at
A < 60um which far exceeds what would be expected from dustat20K, one
can conclude that in the diffuse ISM, (1) the bulk interstetlust is in thesubmi-
cronsize range and heated to @quilibrium temperaturaroundT ~ 20K, respon-
sible for the emission at > 60um; and (2) there also exists an appreciable amount
of ultrasmallgrains in the size range of a few angstrom to a few nanometachw
are stochastically heated by single UV photdoshigh temperaturesT(> 50K),
responsible for the emission &t 60um (see Li [39]);

« from the spectroscopic absorption features at 9. rh&nd 3.4um and emission
features at 3.3, 6.2, 7.7, 8.6 and 1/t which are collectively known as the “UIR”
(unidentified IR) bands, one can conclude that interstellest consists of appre-
ciable amounts of amorphous silicates (of which the Si-étsting mode and the



O-Si-O bending mode are respectively responsible for tha8d 18um features),
aliphatic hydrocarbon dust (of which the C-H stretching enasl responsible for
the 3.4um feature), and aromatic hydrocarbon molecules (of whiehGkH and
C-C stretching and bending vibrational modes are resptan&bthe 3.3, 6.2, 7.7,
8.6 and 11.3im “UIR” features), although the exact nature of the carr@rghe
3.4um feature and the “UIR” features remain unknown.

The inferences from observations for interstellar dustreanized above are quite gen-
eral and model-independent. But these inferences are fittient to quantitatively
derive the absorption and emission properties of intdestgrains. For a quantitative
investigation, one needs to magedor specific assumptions concerning the grain size,
shape, geometry and chemical composition which are stilivetl constrained by the
currently available observational data. To this end, orexlado adopt a specific grain
model in which the physical characteristics of interstedhast are fully specified. While
a wide variety of grains models have been proposed to exhlaimterstellar extinction,
scattering, polarization, IR emission and elemental depleso far no single model can
satisfyall the observational constraints (see Li [39] and Dwek [22]&ment reviews).

In view of this, in this article | will first try toplace constraints on the absorption
and emission properties of interstellar dust based on gan@rysical arguments; these
constraints are essentially model-independent

In astrophysical literature, the most frequently used tjtias describing the dust
absorption and emission properties are 1tiess absorption coefficiefdlso known as
“opacity’) Kaps With a unit of cnfg=1, and theemissivitye,, defined as the energy
emitted per unit wavelength per unit time per unit solid angér unit mass, with
a unit of ergstsricm g1 The Kirchhoff’s law relates), to Kapsthroughe, =
KabsA ) B, (T) if the dust is large enough to attain an equilibrium tempeet when
exposed to the radiation field, 8y = Kap{A) [y dT B, (T)dP/dT if the dust is so small
that it is subject to single-photon heating and experiefigsperature spikes”, where
B, is the Planck functiondP is the probability for the dust to have a temperature
in [T, T+dT]. Other often used quantities are thksorption cross sectiongs and
absorption efficiencyQaps With the latter defined as the absorption cross sedigg
divided by the geometrical cross sectional afg&, of the grain projected onto a plane
perpendicular to the incident electromagnetic radiatiearb (Bohren & Huffman [8]).
For spherical grains of radi, Cyeo = ma? so thatQups = Cabs/naz. By definition,
Kabs= Caps/M= Caps/ (VP), Wherem, V andp are respectively the dust mass, volume,
and mass density; for spherical graiRgss= 3Qans/ (4ap0).

In 82 | will apply the Kramers-Kronig relation to place a lowimit on 3 (the
wavelength dependence exponent index 8 and an upper limit on the absolute value
of Kaps The state of our knowledge of interstellar grain opaciti} e presented in 83
(with a focus onB) and in 84 (with a focus on the absolute valuegiJ, followed by a
summary in 85.

2. CONSTRAINTS FROM THE KRAMERS-KRONIG RELATION

As already mentioned in 81, with specific assumptions madeearming the grain size,
shape, geometry and compositiam,principle one can calculate the absorption cross



sectionCgyps and the opacitykaps @as a function of wavelength. But this is limited to
spherical grains; even for grains with such simple shapsplasroids and cylinders, the
calculation is complicated and limited to small size pareareedefined as72a/A. As a
result, astronomers often adopt a simplified formula

B Ko, A <A0,
KabsU\)—{ KO()\/)\O>7B . A> A, (1)

whereAg and the exponent indg& are usually treated as free parameters, wkglés
often taken from experimental measurements of cosmic thagbgs or values predicted
from interstellar dust models; or

(Qabs/@)g A <o,
(Qabs/@)o (A /20) P, A >0,

where agaimg and 3 are free parameters ai@aps/a), is usually taken from model
calculations.

The Kramers-Kronig dispersion relation, originally deddcby Kronig [33] and
Kramers [32] from the classical Lorentz theory of dispemsad light, connects the
real (n'; dispersive) and imaginarym(’; absorptive) parts of the index of refraction
(m[A]=m +im”) based on the fundamental requirementadsality Purcell [55] found
that the Kramers-Kronig relation can be used to relate thi@etion cross section inte-
grated over the entire wavelength range to the dust voMme

(Quss/a) (A) = { @

|| Cenlr)cr =arFV (3)

where Cgy IS the extinction cross section, arféd, a dimensionless factor, is the
orientationally-averaged polarizability relative to thelarizability of an equal-volume
conducting sphere, depending only upon the grain shapeharstdtic (zero-frequency)
dielectric constangg of the grain material (Purcell [55]; Draine [18]). SinCgy; is the
sum of the absorptio@,psand scatterin€,ps Cross sections both of which are positive
numbers at all wavelengths, replaci@g by Capsin the left-hand-side of Eq3) would
give a lower limit on its right-hand-side; therefore we catitevEq.[3) as

/O " kabd M)A < 3PF /p . ()

It is immediately seen in Eql(4) thft should be larger than 1 for — o sinceF is a
finite number and the integration in the left-hand-side of(@qgshould be convergent
(also see Emerson [23]), although we cannot rule @ut 1 over a finite range of
wavelengths.

Astronomers often use the opackypys of the formula described in EgI(1) to fit the
far-IR, submm and mm photometric data and then estimateusiendass of interstellar
clouds:

d?F,

KabdA)BA(T) ®)

Mdust =



whered is the distance of the cloud, is the dust temperatur€; is the measured flux
density at wavelengtid. By fitting the photometric data points, one first derives the
best-fit parameterg, Ag, andT. For a givenkg, one then estimatasy,s: from Eq.[5).
In this way, various groups of astronomers have reportedi¢hection of appreciable
amounts of very cold dusf(< 10K) both in the Milky Way and in external galaxies
(Reach et al. [56]; Chini et al. [14]; Krugel et al. [35]; Sesimorgen, Krugel, & Chini
[59]; Boulanger et al. [10]; Popescu et al. [54]; Gallian@kt24]; Dumke, Krause, &
Wielebinski [20]).

As can be seen in EgI(5), if the dust temperature is very low,then has to invoke
a large amount of dust to account for the measured flux dessitihis often leads to
too large a dust-to-gas ratio to be consistent with that eegefrom the metallicity of
the region where the very cold dust is detected (e.g. see Pwhél. [20]), unless the
opacityKapsiS very large. It has been suggested that such a laygecan be achieved
by fractal or porous dust (Reach et al. [56]; Dumke et al. J2Ghn ks be really so
large for physically realistic grains? At a first glance of. @, this appears plausible if
the dust is sufficiently porous (so that its mass dernsity sufficiently small). However,
one should keep in mind that for a porous grain, the decreapenill be offset by a
decrease ifr because the effective static dielectric constgnbecomes smaller when
the dust becomes porous, leading to a sm&ldéactor (see Fig. 1 in Purcell [55] and
Fig. 15 in Draine [18]).

Similarly, if one would rather us®,ps/a of Eq.(2) instead okapsof Eq.(1), we can
also apply the Kramers-Kronig relation to place (1) a loweritlon 8 — 3 cannot be
smaller than or equal to 1 at all wavelengths, and (2) an uppéron (Qaps/a), from

/0 " (Qabs/a) (A)dA < 4TPF . (6)

Finally, the best-fit parametefs Ao, andT should be physically reasonable. This can be
checked by comparing the best-fit temperatlingith the dust equilibrium temperature
Tq4 calculated from the energy balance between absorptionrarsts®n

[ KAy otn A = [ kandA) 478, (Ta) A @
0 0

where c is the speed of light, and, is the energy density of the radiation field.
Alternatively, one can check whether the strength of theateuh field required by
Tq ~ T is in good agreement with the physical conditions of the mment where
the dust is located.

3. OPACITY: WAVELENGTH-DEPENDENCE EXPONENT INDEX

It is seen in 82 that the Kramers-Kronig relation requifes- 1 for A — oo. For the
Milky Way diffuse ISM, the 10Qum—1 mm dust emission spectrum obtained byiife
fuse Infrared Background Experimef@IRBE) instrument on th€osmic Background
Explorer (COBE) satellite is well fitted by the product of a single Rilarcurve of
T ~ 17.5K and an opacity law characterized By~ 2 (i.e. Kaps 0 A ~2; Boulanger et



al. [10]), although other sets df and3 are also able to provide (almost) equally good
fits to the observed emission spectrum (&.g¢ 19.5K andf3 ~ 1.7; see Draine [17]).
But we should emphasize here that it is never flatter fhanl.65 (Draine [17]).

Smaller 8 in the submm and mm wavelength range has been reported fdr col
molecular cores (e.g. Walker et al. [633:~ 0.9 — 1.8), circumstellar disks around
young stars (e.g. Beckwith & Sargent [4}. ~ —1-1; Mannings & Emerson [47]:
B =~ 0.6; Koerner, Chandler, & Sargent [28B =~ 0.6), and circumstellar envelopes
around evolved stars (e.g. Knapp, Sandell, & Robson [B74 0.9) including the
prototypical carbon star IRC + 10126 (Campbell et al. [18% 1).

However, these results are not unique since the dust tetopeend density gradients
in the clouds, disks or envelopes have not been taken intouatdn derivingf —
the B exponent was usually estimated by fitting the submm and mrotrgppeenergy
distribution by a modified black-body—# B, (T) under the “optically-thin” assumption,
with B andT as adjustable parameters. If the dust spatial distribigiont constrained,
the very same emission spectrum can be equally well fitted dgets with different3
values.

As a matter of fact, an asymptotic value Bf~ 2 (i.e. kaps [ A ~2) is expected for
both dielectric and conductingpherical grains: in the Rayleigh regime (where the
wavelength is much larger than the grain size)

18 &
Ap (&1+2)2+&5

: (8)

Kabs~

wheree(A) = €1 +1 & is the complex dielectric function of the grain at waveldnjt
For dielectric spheregaps0 A ~1e, A2 asA — o sinceg; approaches a constant(
&) while &, 0 A ~1; for metallic spheres with a conductivity of, kaps0 A ~e; 2 0 A2
asA — o« sinceg; =2A0/cJ A andé; < &. Even fordielectricgrains with such an
extreme shape as needle-like prolate spheroids (of sealialeng the symmetry axis
anda perpendicular to the symmetry axis), in the Rayleigh regira@xpeckaps0 A ~2:

21 &

9
3)\p [L‘|(81—1)—|—1:|2+ (LHEZ)Z ( )

Kabs~

whereL | ~ (a/1)?In(l /a) is the depolarization factor parallels to the symmetry ;axis
since for dielectric needles — constant and. (e1—1)+1> L &2, thereforekaps [

A1, O A2 (see Li [36] for a detailed discussion). Only fboth conductingand
extremely-shaped grains,ps can still be large at very long wavelengths. But even
for those grains, the Kramers-Kronig relation places areugimit on the wavelength
range over which larg&,ns can be attainable (see Li & Dwek [43] for details). The
Kramers-Kronig relation has also been applied to intdestelust models to see if the
subsolar interstellar abundance problem can be solvedfydlust (Li [40]) and to TiC
nanoparticles to relate their UV absorption strength tar ipeantities in protoplanetary
nebulae (Li [37]).

The inverse-square dependencegfs on wavelength derived above applies to both
crystalline and amorphous materials (see Tielens & Allasho#an[61] for a detailed dis-
cussion). Exceptions to this are amorphous layered megena very small amorphous



grains in both of which the phonons are limited to two dimensiand their phonon
spectrum is thus proportional to the frequency. Thereflareboth amorphous layered
materials and very small amorphous grains the far-IR op@in inverse proportional
to wavelength, i.ekaps[ A~ (Seki & Yamamoto [58]; Tielens & Allamandola [61]).
Indeed, the experimentally measured far-IR absorptiostsp® of amorphous carbon
shows akapsd A ~1 dependence atfim < A < 340um (Koike, Hasegawa, & Manabe
[29]). If there is some degree of cross-linking between #yets in the amorphous lay-
ered grains, we would expecklf < 2 (Tielens & Allamandola [61]). This can explain
the experimental far-IR absorption spectra of layerdatsilicates which were found to
have 125 < B < 1.5 at 50um < A < 300um (Day [15]). For very small amorphous
grains, if the IR absorption due to internal bulk modes (fdvick the density of states
frequency spectrum is proportional 20 2) is not negligible compared to that due to
surface vibrational modes (for which the frequency spectisi proportional toA —1),
we would also expect & 3 < 2 (Seki & Yamamoto [57]).

If there exists a distribution of grain sizes, ranging framedi grains in the Rayleigh
regime for which8 ~ 2 and very large grains in the geometric optics limit for whic
B ~ 0, we would expecpB to be intermediate between 0 and 2. This can explain the
smallB values of dense regions such as molecular cloud cores spetits nebulae and
protoplanetary disks where grain growth occurs (e.g. seakéi & Nakagawa [50]).

The exponent indeg is temperature-dependent, as measured by Agladze et al. [1]
for silicates atT = 1.2-30K andA = 700-290Qum, and by Mennella et al. [49] for
silicates and carbon dustit= 24—-295K and\ = 20-200Qum. Agladze et al. [1] found
that atT = 1.2-30K, 3 first increases with increasing, after reaching a maximum at
T ~ 10-15K it starts to decrease with increasihgAgladze et al. [1] attributed this
to a two-level population effect (Bosch [9]): because oftdgraperature-dependence of
the two-level density of states (i.e. the variation in tenapdre results in the population
change between the two levels), the exponent ifglexalso temperature dependent. In
contrast, Mennella et al. [49] found thAtincreases by-10%—-50% fromT = 295K
to 24K, depending on the grain material (e.g. the variatibf evith T for crystalline
silicates is not as marked as for amorphous silicates). itrease off with decreasing
T at T = 24-295K is due to the weakening of the long wavelength altisor@s T
decreases because at lower temperatures fewer vibratiorts are activated. Finally,
it is noteworthy that the inverse temperature dependenge los been reported by
Dupac et al. [21] for a variety of regions.

4. OPACITY: ABSOLUTE VALUES

In literature, one of the widely adopted opacities is thatidfiebrand [26]:

i 250x 103(A/um)~t, 50um < A < 250um |,
Kabs(CT2g 1)%{ X< 10°(A/um) , SOum < A < 2504 (10)

6.25x 10° (A /pum) ™~ A > 250um .

Hildebrand [26] arrived at the above values from first estinta Kapd125um)
and then assuming3 ~ 1 for A < 250um and B ~ 2 for A > 250um. He
estimated the 128m opacity from Kapd125um) = 3Qapd125um)/ (4ap) =



3/ (4ap) [Qabd 125um) /Qext(UV)] Qext(UV) by taking a = 0.1um, p = 3gem 3,
Qext(UV) = 3, andQext(UV) /Qapd 125um) = 4000, whereQex(UV) is the ultraviolet
extinction efficiency aA ~0.15-0.3Qum.

The most recent silicate-graphite-PAHs interstellar dustiel for the diffuse ISM (Li
& Draine [41]) gives

L1y [ 292x10P(A/um) "2, 20pm < A < 700um |
Kabs(CM'g ™) ~ { 358x 104 (A/um) +%8 700um< A <10tum , D)
while KapdA) &~ 4.6 x 10° (A /um) 2 cmPg~! for the classical Draine & Lee [19]
silicate-graphite model. The fluffy composite dust modeMuadthis & Whiffen [48]
has KapdA ) ~ 2.4 x 10°(A /um) 18 cm?g~1 in the wavelength range of 1Q0n <
A < 1000um. The silicate core-carbonaceous mantle dust model of Lir&e@berg
[44] givesKapd A ) ~ 1.8 x 10° (A /um) 2 cmg 1 for 30um < A < 1000um. We see
that theseczps values differ by over one order-of-magnitude; e.g., theQj&% opacity
calculated from the composite modekfd135qum) ~ 2.35cn?g~1; Mathis & Whif-
fen [48]] is higher than that from the silicate-graphiteHB\model kapd 135Qum) ~
0.20cn?g~L; Li & Draine [41]] by a factor of~12.

While the Mathis & Whiffen [48] composite dust model predi@n IR emission
spectrum too flat to be consistent with the COBE-FIRAS olstémal spectrum, and
the dust IR emission has not been calculated for the Li & Gveen[44] core-mantle
model which focuses on the near-IR to far-UV extinction anthpzation, the silicate-
graphite-PAHs model has been shown successful in repnoglulce infrared emission
spectra observed for the Milky Way (Li & Draine [41]), the Siiagellanic Cloud (Li
& Draine [42]), and the ringed Sb galaxy NGC 7331 (Regan ¢b&l, Smith et al. [60]).
Therefore, at this moment the dust opacity calculated frioensilicate-graphite-PAHs
model is preferred.

It has recently been suggested that the long wavelengthitppamn be estimated
from the comparison of the visual or near-IR optical deptthwhe (optically thin)
far-IR, submm and mm dust emission measured for the samenregih high angular
resolution, assuming that both the short wavelength eixtin@and the long wavelength
emission are caused by the same dust (e.g. see Alton et3l. Banchi et al. [5,6],
Cambrésy et al. [12], Kramer et al. [30,31])

v Qex(V)22x10718
S(A)  QapsA) Bi(T)

where 1y is the visual optical depti(A) is the surface brightness at wavelength
and Qex(V) is the extinction efficiency in th&-band @ = 5500A). With the dust
temperaturd determined from a modified black-body ? B, (T) fit to the far-IR dust
emission spectrunf3(is not treated as a free parameter but taken to be a choserenymb
QabdA) can be calculated from the far-IR, submm, or mm surface te861 ), and the
measured visual optical deptly [if what is measured is the near-IR color-excess, say
E(H — K), instead ofty, one can derivay from ty ~ 14.6E(H — K)]. In so doing,
Qext(V) is usually taken to be- 1.5.

(12)



The long wavelengtl s values recently determined using this method (Eg).[12]) are
generally higher than those predicted from the dust modetbié diffuse ISM. Although
this can be explained by the fact that we are probably lookindust in dense regions
where the dust has accreted an ice mantle and coagulatdtliffgy@ggregates for which
a higherkgps is expected (e.g. see Kriigel & Siebenmorgen [34], Pollacil.ef52],
Ossenkopf & Henning [51], Henning & Stognienko [25], Li & Lune [46]), the method
itself is subject to large uncertainties: (1) the grainpoesible for the visual/near-IR
extinction may not be the same as those responsible for tH&® fasubmm and mm
emission; the latter is more sensitive to large grains wthike former is dominated
by submicron-sized grains; (2) the dust temperafumaay have been underestimated
if the actual is larger than chosen; and (3) the fact that in many casesRAS |
(Infrared Astronomical Satelli}eg60um photometry was included in deriving the dust
temperaturd@ results in appreciable uncertainties since thg®lemission is dominated
by stochastically heated ultrasmall grains; ignoring temperature distributions of
those grains would cause serious errors in estimating teerdass (see Draine [16])
and therefore also in deriving the long wavelength opakify, These problems could
be solved by a detailed radiative transfer treatment of miberaction of the dust with
starlight (e.g. Popescu et al. [53], Tuffs et al. [62]) tdgetwith a physical interstellar
dust model (e.qg. the silicate-graphite-PAHs model; see Dr&ine [41,42]).

Based on the laboratory measurements of the far-IR and mortis spectra of
both amorphous and crystalline silicates as well as diseddearbon dust as a function
of temperature, Agladze et al. [1] and Mennella et al. [49)nd that not only the
wavelength dependence exponent infebxut also the absolute values of the absorption
are temperature dependent: the far-IR and mm opacity spsieatly decreases (almost
linearly) with decreasing temperaturefte~10—-15K and then increases with decreasing
temperature at very low temperature. While the linear ddpeoe ofkzps On T at
T > 10-15K was interpreted by Mennella et al. [49] in terms of-bmnon difference
processes, the inverse-temperature dependencg@n T at very low temperature was
attributed to a two-level population effect (Agladze et[al). Agladze et al. [1] and
Mennella et al. [49] also found that the far-IR and mm opacoftamorphous materials
are larger than that of their crystalline counterparts.sTikibecause for amorphous
materials, the loss of long-range order of the atomic aearent leads to a relaxation of
the selection rules that govern the excitation of vibradianodes so that all modes are
infrared active, while for crystalline solids, only a smalimber of lattice vibrations are
active.

5. SUMMARY

The wavelength-dependent mass absorption coefficientifgpaygd is a critical param-

eter in the determination of the total dust mass of IR-enuttilusty regions. The dust
opacity shows marked variation with local conditions. Doethie incomplete under-
standing of the size, shape, composition and structure stfghains, our knowledge of
the long wavelength dust opacity is subject to large unceits. We apply the Kramers-
Kronig relation to place a lower limit on the exponent ingg&and an upper limit on the



absolute value of the opacity (82), if the dust opacity iscdegd as a power-law func-
tion of wavelengthKaps~ A —?). Our current knowledge of the wavelength dependence
exponent inde) (83) and the absolute values of the opacity (84) of intdestelust is
summarized in the context of interstellar grain modelsptatbry measurements, and
direct comparison of the short-wavelength extinction wité long wavelength thermal
emission.
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