
1 AY230-Dust

VIII: Dust

A. Motivations

• Dust plays a vital role in nearly all aspects of astrophysics

• This includes simple observations (reddening, extinction)

• And basic physical processes, e.g. heating and cooling

• A full course could be devoted to the topic. We will discuss only the basics here.

B. ISM Abundances: Oxygen

• Why should we study ISM metals to learn about dust?

� Dust is composed of metals, i.e. no metals = no dust

� A discussion of the metals in the ISM will motivate the presence of dust

• Why begin with Oxygen?

� It is the most abundant metal (by number)

� Solar abundances (aside)

N Mainly derived from meteoritic abundances

N e.g. Anders & Grevesse

N Table (logarithmic scale εX with H=12)
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• Observing Oxygen in the ISM
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� Study O0

N O0 is the dominant ionization state of O in a neutral gas

N Furthermore, charge-exchange reactions imply O0/H0 = O/H

� Focus on the OIλ1355 transition

N Semi-forbidden line with f1355 = 1.25 × 10−6

N Why such an ‘unusual’ transition?

◦ Consider OIλ1302 with f1302 = 0.049

◦ Approximate column density

log NO = log NH − 12 + εO (1)

≈ 21− 12 + 8.74 (2)

= 17.7 (3)

◦ Central optical depth of OI 1302

τ 1302
0 =

1.497 × 10−2

b
Njλfjk (4)

≈ 9500(b/5 km/s)−1 (5)

◦ For the same gas cloud, OI λ1355 has

τ 1355
0 ≈ 0.2 (6)

N This implies that the OI 1355 transition lies on the weak portion of the COG
(N ∝ Wλ)

• Meyer et al. (1998, ApJ, 493, 222): HST/GHRS observations of Oxygen

� High resolution

� High SNR

� Fig
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� Table

ABUNDANCE OF INTERSTELLAR OXYGEN 223

high-S/N GHRS observations of the O I j1356 absorption
in the low-density sight lines toward the stars • Ori and
i Ori, et al. have found a total oxygen abun-Meyer (1994)
dance (gas plus grains) in Orion that is consistent with the
stellar & Lambert and nebular determi-(Cunha 1994)
nations et al. et al.(Baldwin 1991 ; Rubin 1991 ; Osterbrock,
Tran, & Veilleux Storey, & Torres-1992 ; Peimbert,
Peimbert In this paper, we present new O I j13561993).
data ; our total GHRS sample includes 13 sight lines toward
stars in seven distinctly di†erent Galactic directions at dis-
tances ranging from 130 to 1500 pc, with most closer than
500 pc. These sight lines were particularly chosen for their
wide range in physical conditions so as to search for evi-
dence of density-dependent depletion variations in the gas-
phase oxygen abundance as well as spatial variations.

2. OBSERVATIONS

The GHRS observations of the interstellar O I j1356
absorption line toward the stars c Cas, v Per, d Ori, v Ori,
15 Mon, q CMa, and c Ara were obtained in 1995 October
and November using the echelle A grating and the large2A.0
science aperture. The detailed characteristics and in-Ñight
performance of the GHRS instrument are discussed by

et al. and et al. The observationsBrandt (1994) Heap (1995).
of each star consisted of multiple FP-split exposures cen-
tered near 1356 An FP-split breaks up an exposure intoÓ.
four subexposures taken at slightly di†erent grating posi-
tions so as to better characterize and minimize the impact of
the GHRS Digicon detectorÏs Ðxed pattern noise on the S/N
ratio of the data. Each of these subexposures was sampled
two or four times per Digicon diode (depending on the
brightness of the star) at a velocity resolution of 3.5 km s~1.

The data reduction procedure discussed in detail by
& Ebbets was utilized to maximize the S/NCardelli (1994)

ratio of the O I spectra. Basically, this process involves four
steps.

1. The subexposures comprising each FP-Split exposure
are merged in diode space so as to create a template of the
Ðxed pattern noise spectrum.

2. Each subexposure is divided by this noise template.
3. All of the rectiÐed subexposures are aligned in wave-

length space using the interstellar lines as a guide.
4. The aligned subexposures are summed to produce the

net O I spectrum of each star.

As illustrated in for Ðve of the stars in our echelleFigure 1
sample, the resulting continuum-Ñattened spectra reveal
convincing detections of the interstellar O I j1356 line in all
seven sight lines. The measured S/N ratios of these spectra
are all in the 400È600 range.

The GHRS spectra of j Ori and f Per displayed in Figure
were obtained in 1994 February using the G160M grating1

and the small science aperture. These spectra were0A.25
reduced in the same manner as the echelle data and are each
characterized by a velocity resolution of 16 km s~1 and a
S/N ratio of about 500. The measured equivalent widths of
the interstellar O I j1356 absorption in these spectra, as well
as those in the echelle sight lines, are listed in TheTable 1.
uncertainties in these line strengths reÑect the statistical and
continuum placement errors summed in quadrature. Table

also includes the previously reported GHRS O I j13561
measurements toward • Ori and i Ori et al.(Meyer 1994),
m Per et al. and f Oph Cardelli, &(Cardelli 1991), (Savage,
SoÐa 1992).

The O I column densities listed in were calculatedTable 1
from the j1356 equivalent widths using Zeippen,the
Seaton, & Morton oscillator strength of(1977)
f \ 1.248 ] 10~6. Although the quoted uncertainty in this
f-value is 15%, Cardelli, & Savage have empiri-SoÐa, (1994)
cally veriÐed that it is consistent with the better determined
f-value appropriate for the O I j1302 transition. In the cases
of c Cas, v Per, d Ori, • Ori, v Ori, i Ori, 15 Mon, and
q CMa, the j1356 absorption is weak enough for N(O I)

TABLE 1

GHRS INTERSTELLAR OXYGEN ABUNDANCES

N(H)a log nH b Wj(1356)d N(O I)e
Star (cm~2) (cm~3) log f (H2)c (mÓ) (cm~2) 106 O/Hf

c Cas . . . . . . . . 1.5 (0.2) ] 1020 [0.60 \[2.36 1.1 (0.1) 5.4 (0.5) ] 1016 367 (62)
f Per . . . . . . . . . 1.6 (0.2) ] 1021 0.11 [0.23 8.0 (0.5) 4.8 (0.6) ] 1017 306 (49)
v Per . . . . . . . . . 3.3 (0.5) ] 1020 [0.46 [0.69 2.1 (0.2) 1.0 (0.1) ] 1017 316 (53)
m Per . . . . . . . . . 1.9 (0.2) ] 1021 0.18 [0.44 10.8 (1.3) 6.0 (0.8) ] 1017 321 (53)
d Ori . . . . . . . . . 1.6 (0.2) ] 1020 [0.87 [5.21 0.9 (0.1) 4.4 (0.5) ] 1016 282 (46)
j Ori . . . . . . . . . 6.5 (1.2) ] 1020 [0.38 [1.39 4.0 (0.5) 2.0 (0.3) ] 1017 316 (71)
• Ori . . . . . . . . . 1.5 (0.2) ] 1020 [1.02 [5.17 1.1 (0.2) 5.4 (1.0) ] 1016 370 (81)
v Ori . . . . . . . . . 2.9 (0.4) ] 1020 [0.73 [3.59 1.8 (0.2) 8.9 (1.0) ] 1016 307 (55)
i Ori . . . . . . . . 3.4 (0.3) ] 1020 [0.66 [4.55 2.1 (0.2) 1.0 (0.1) ] 1017 303 (40)
15 Mon . . . . . . 2.3 (0.4) ] 1020 [0.97 [4.52 1.3 (0.3) 6.4 (1.5) ] 1016 278 (81)
q CMa . . . . . . . 5.3 (0.4) ] 1020 [0.95 [4.95 4.0 (0.3) 2.0 (0.2) ] 1017 372 (40)
f Oph . . . . . . . . 1.4 (0.1) ] 1021 0.52 [0.20 6.4 (0.6) 4.0 (0.4) ] 1017 284 (32)
c Ara . . . . . . . . 5.4 (0.6) ] 1020 [0.59 [1.20 3.9 (0.2) 2.0 (0.2) ] 1017 378 (51)

I) is the total hydrogen column density (^1 p) in the observed sight lines. Thesea N(H) \ 2N(H2) ] N(H
values reÑect the column densities measured by et al. and the weighted means of theH2 Savage 1977 Bohlin,
Savage, & Drake and & Savage N(H I) data.1978 Diplas 1994

b Mean hydrogen sight line density is calculated from N(H) and the stellar distances.
is the fractional abundance of hydrogen nuclei in in the observed sight lines.c f (H2) \ 2N(H2)/N(H) H2d Measured equivalent widths (^1 p) of the O I 1355.598 absorption line.Ó

e Derived O I column densities (^1 p) in the observed sight lines. The m Per and f Oph values are taken from
the analyses of et al. and Cardelli, & SoÐa The f Per, j Ori, and c Ara values areCardelli 1991 Savage, 1992.
corrected for a slight amount of saturation using respective Gaussian b-values (^1 p) of and2.0~0.5`2.0, 5.0~2.5`= ,

km s~1. The other sight lines are assumed to be optically thin in the O I j1356 transition.3.0~1.5`=
f Abundance of interstellar gas-phase oxygen (^1 p) per 106 H atoms in the observed sight lines. The

uncertainties reÑect the propagated N(H) and N(O I) errors.

� N(H) is evaluated from 21cm emission and H2 data

� < n(H)>= NH/d with d measured from parallax

� Results
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• Oxygen is uniformly distributed throughout the ISM

� i.e. the ISM is well mixed

� Presumably, the same is true for all elements
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� Fuel for future star formation

• Modest offset between the ISM and the Sun

� Error in the Solar determination? (it has dropped by 2× in the past decade)

� Dust depletion? (Is some O locked up into dust grains?)

C. ISM Abundances: Other metals

• Dominant ionization state in an HI region

� Consider the radiation field

N The ISM has a very high opacity to radiation with hν > 1Ryd

N But, it is optically thin to radiation with hν < 1Ryd

� Ionization potential

N IP(HI) = 13.6 eV

N Majority of abundant elements have IP < 1Ryd for the first ionization state

N Majority of abundant elements have IP > 1Ryd for the second ionization
state

N O0, N0, Ar0 are obvious exceptions

N Table
Complete Ionization Potentials for the First 10 Elements http://www.chemistrycoach.com/ionization_potentials_f.htm

1 of 2 5/13/05 12:13 PM

Complete Ionization Potentials for the First 10 Elements (eV)
Z element 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
1 H 13.6          
2 He 24.6 54.4         
3 Li 5.4 75.6 122        
4 Be 9.3 18.2 154 218       
5 B 8.3 25.2 37.9 259 340      
6 C 11.3 24.4 47.9 64.5 392 490     
7 N 14.5 29.6 47.5 77.5 97.9 552 667    
8 O 13.6 35.1 54.9 77.4 114 138 739 871   
9 F 17.4 35.0 62.7 87.1 114 157 185 953 1103  
10 Ne 21.6 41.0 63.5 97.1 126 158 207 239 1196 1362

 

First 5 Ionization Potentials (eV) only, for other "A" group elements
Z element 1st 2nd 3rd 4th 5th  Z element 1st 2nd 3rd 4th 5th
11 Na 5.1 47.3 71.6 98.9 138  38 Sr 5.7 11.0 43.6 57 71.6
12 Mg 7.6 15.0 80.1 109 141  49 In 5.8 18.9 28.0 54 ?
13 Al 6.0 18.8 28.4 120 154  50 Sn 7.3 14.6 30.5 40.7 72.3
14 Si 8.2 16.3 33.5 45.1 167  51 Sb 8.6 16.5 25.3 44.2 56
15 P 10.5 19.7 30.2 51.4 65.0  52 Te 9.0 18.6 28.0 37.4 58.8
16 S 10.4 23.3 34.8 47.3 72.7  53 I 10.5 19.1 33 ? ?
17 Cl 13.0 23.8 39.6 53.5 67.8  54 Xe 12.1 21.2 32.1 ? ?
18 Ar 15.8 27.6 40.7 59.8 75.0  55 Cs 3.9 25.1 ? ? ?
19 K 4.3 31.6 45.7 60.9 82.7  56 Ba 5.2 10.0 ? ? ?
20 Ca 6.1 11.9 50.9 67.1 84.4  81 Tl 6.1 20.4 29.8 ? ?
31 Ga 6.0 20.5 30.7 64 ?  82 Pb 7.4 15.0 31.9 42.3 68.8
32 Ge 7.9 15.9 34.2 45.7 93.5  83 Bi 7.3 16.7 25.6 45.3 56.0
33 As 9.8 18.6 28.4 50.1 62.6  84 Po 8.4 ? ? ? ?
34 Se 9.8 21.2 30.8 42.9 68.3  85 At 9.5 ? ? ? ?
35 Br 11.8 21.8 36 47.3 59.7  86 Rn 10.7 ? ? ? ?
36 Kr 14.0 24.4 37.0 52.5 64.7  87 Fr 4 ? ? ? ?
37 Rb 4.2 27.3 40 52.6 71.0  88 Ra 5.3 10.1 ? ? ?

 

Return to

Chemistry Coach Forms

Let us know what you think. Contact Bob Jacobs at

bobsalsa@comcast.net

� Low-ion: Dominant species of an element in an HI region

N e.g. Fe+, C+, H0, O0

N High-ions: Si+3, C+3

• Observations

� Majority of resonance lines have λ < 3000Å
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� UV spectroscopy is required ⇒ Space observatory

� HST: FOS, GHRS, STIS (COS?)

• Example: µCol (Howk et al. 1999)

� Absorption lines are significantly offset from the stellar velocity → ISM

� Analysis

N Apparent optical depth method (Savage & Sembach 1991)

N Convert each pixel i into an apparent column density

N i
a(v) =

mec

πe2

τ i
a(v)

fλ
(7)

N Here, τ i
a = ln[Ii(v)/I∗i (v)]

N The column density is then

NTOT =

∫
N i

a(v)dv =
∑

i

N i
a (∆v)i (8)
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266 HOWK, SAVAGE, & FABIAN Vol. 525

at 1560.309 with an integrated equivalent width ofA! Wj \
14.7 ^ 0.9 This is equivalent to a combined equivalentmA! .
width from the C I transitions at 1122.518 and 1122.438 ofA!

implying that the C I transitionsWj \ 0.47 ^ 0.03 mA! ,
make a negligible contribution to the Fe III measurement
(Wj \ 19 ^ 4 mA! ).

3.3. Analysis Methods
In theory one can separate an observed interstellar

absorption proÐle into individual absorbing clouds along
the line of sight, if the data fully resolve these individual
entities. By Ðtting models for the absorption from each
cloud, or component, one can determine the column den-
sities, central velocities, and Doppler parameters for each
absorbing cloud along a given line of sight. An excellent
example of applying this approach to study the abundances
in the di†use ISM is the work of Spitzer & Fitzpatrick
(1993), who used the GHRS to study the abundances and
physical conditions toward HD 93521. In practice one can
run into signiÐcant uncertainties with this approach, partic-
ularly for clouds closely spaced in velocity. An example of a
region where the component Ðtting techniques become diffi-
cult, leading to a lack of uniqueness, is the principal absorb-
ing region along the line of sight toward k Col (component
1 ; km s~1). The Fe II and Mg I proÐles[17.0 [ vLSR [ 15.5
suggest that there are multiple blended components in this
velocity range. However, constraining a Ðt to the data for
the less depleted species of S II and Si II is more difficult.

To derive accurate column densities for the components
along the line of sight to k Col, we will apply the component

Ðtting technique for the higher velocity gas (components
2È5) but will primarily rely upon the apparent column
density, or method described by Savage & SembachN

a
(v),

(1991) for dealing with the central low-velocity blend we
have designated component 1.

3.3.1. Apparent Column Density Method
In analyzing the low-velocity components toward k Col,

we will make use of the so-called apparent column density,
or method, which gives information on the velocityN

a
(v),

structure of the absorbing material that is model indepen-
dent (Savage & Sembach 1991). In short, a continuum nor-
malized absorption proÐle for a transitionI(v) 4 e~qa(v),
having wavelength, j, and an oscillator strength, f, is related
to the apparent column density per unit velocity, byN

a
(v),

N
a
(v) \ m

e
c

ne2
q
a
(v)
fj \ 3.768 ] 1014 q

a
(v)

fj(A! ) , (1)

in units atoms cm~2 (km s~1)~1, where j is given in InA! .
the absence of unresolved saturated structure, which can be
identiÐed by comparing proÐles for di†erent tran-N

a
(v)

sitions of the same species, Savage & Sembach (1991) have
shown this method provides a valid, instrumentally blurred
representation of the true column density as a function of
velocity, N(v).

Examples of proÐles for the (presumably) nonde-N
a
(v)

pleted species S II, the moderately depleted Mg II and Mn II,
and the highly depleted Fe II, are shown in Figure 9. For
each of these ionic species two transitions with di†erent
oscillator strengths are plotted. One can see that the exam-

FIG. 9.ÈRepresentative plots of the proÐles for the ions Mn II, Fe II, S II, and Mg II. For most of the absorbing components, these proÐles exhibitN
a
(v)

little in the way of unresolved saturated structure. The proÐles of Fe II are discrepant near km s~1 (component 2), suggesting the presence ofN
a
(v) vLSR B ]20

unresolved saturation in these transitions.

N Line profile fitting

� Column densities
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TABLE 7

ADOPTED COLUMN DENSITIES

log N
X

(cm ~2) b

log N
X

a Comp 1 Comp 2 Comp 3 Comp 4
SPECIES cm ~2 (3 km s~1) (20 km s~1) (31 km s~1) (41 km s~1)

H I . . . . . . . . 19.86 ^ 0.015c . . . . . . . . . . . .
C I . . . . . . . . . 12.96 ^ 0.03 12.87 ^ 0.03 12.21 ^ 0.09 . . . . . .
C I* . . . . . . . 12.50~0.12`0.10 12.50~0.12`0.10 . . . . . . . . .
C I** . . . . . . \12.16 \12.16 . . . . . . . . .
C II . . . . . . . . . . . . . . . . . . . . 13.75 ^ 0.05
C II* . . . . . . . . . . . . . 13.23 ^ 0.03 . . . 12.36 ^ 0.05
N I . . . . . . . . . . . . . . 14.25 ^ 0.08 . . . 13.17 ^ 0.02
O I . . . . . . . . \17.0d . . . . . . 13.58 ^ 0.03 13.83 ^ 0.02
Mg I . . . . . . . 12.61 ^ 0.02 12.55 ^ 0.02 11.72 ^ 0.02 10.28 ^ 0.11 10.52 ^ 0.04
Mg II . . . . . . 15.14 ^ 0.02 15.08 ^ 0.02e 13.95 ^ 0.12 12.50 ^ 0.02 12.82 ^ 0.02
Al II . . . . . . . . . . . . . 12.64 ^ 0.05 11.47 ^ 0.05 11.27 ^ 0.06
Al III . . . . . . 12.01 ^ 0.05 12.01 ^ 0.05 . . . . . . . . .
Si II . . . . . . . . 15.14 ^ 0.02 15.10 ^ 0.02f 13.98 ^ 0.05 12.78 ^ 0.02 12.85 ^ 0.02
Si II* . . . . . . 11.47~0.17`0.12 11.47~0.17`0.12 . . . . . . . . .
Si III . . . . . . . . . . . . . 12.65 ^ 0.08 11.83 ^ 0.10 10.84~0.21`0.16
P II . . . . . . . . 13.48 ^ 0.02 13.45 ^ 0.02 11.98 ^ 0.13 . . . . . .
S II . . . . . . . . 15.21 ^ 0.02 15.19 ^ 0.02g 13.82 ^ 0.02 \12.85 \12.85
S III . . . . . . . . 13.82 ^ 0.02 13.82 ^ 0.02 \12.59 \12.53 . . .
Ca IIh . . . . . . 12.35 ^ 0.06 12.19 ^ 0.08 11.85 ^ 0.08 . . . ¹11.0
Ti IIi . . . . . . . 11.84 ^ 0.08 11.78 ^ 0.09 10.95 ^ 0.09 . . . . . .
Cr II . . . . . . . 12.62 ^ 0.03 12.47 ^ 0.04 12.03 ^ 0.05 . . . . . .
Mn II . . . . . . 12.55 ^ 0.02 12.48 ^ 0.02 11.61 ^ 0.05 10.82 ^ 0.09 10.55 ^ 0.14
Fe IIj . . . . . . 14.31 ^ 0.01k 14.13 ^ 0.02k 13.78 ^ 0.02 12.63 ^ 0.02 12.61 ^ 0.02
Fe III . . . . . . 13.37~0.11`0.09 13.37~0.11`0.09 . . . . . . . . .
Ni II . . . . . . . 12.98 ^ 0.06k 12.86 ^ 0.08k 12.35 ^ 0.04 . . . . . .
Cu II . . . . . . \11.5 . . . . . . . . .
Zn II . . . . . . . 12.57 ^ 0.08k 12.55 ^ 0.08k 11.16 ^ 0.08 . . . . . .

a Total sightline column densities derived from integrations of proÐles, unless otherwiseN
a
(v)

noted.
b Adopted column densities for the components considered here with ^1 p errors, given in atoms

cm~2. Column densities for components 2È5 are derived from our component Ðtting analysis. Values
for component 1 were derived through integrations of proÐles, unless otherwise noted.N

a
(v)

c Derived using the continuum reconstruction method (see Appendix A).
d A 2 p upper limit derived from the 1355.6 line.A!
e Based on the Mg II 1239, 1240 lines.A!
f Based on the Si II 1808 line.A!
g Based on the S II 1250 line.A!
h The Ca II data given here are from the proÐle-Ðtting results of Shull, York, & Witt 1977(see their

Table 1).
i The Ti II data given here are from the proÐle-Ðtting results of Welsh et al. 1997 (see their Table 3).

They have estimated the errors in the column density values to be D10%È20%. The errors we have
adopted in this table are slightly higher than this estimate.

j We have excluded the Fe II 2344 line and those lines with j \ 1200 in deriving this valueA! A!
because of possible oscillator strength uncertainties.

k The adopted column density given is derived from our component Ðtting measurements (see text).

In a few cases we have chosen to use the component
Ðtting results for component 1. These cases have been
marked in Table 7 and include Ni II, Fe II, and Zn II. The
Zn II observations show a systematic o†set of 0.08 dex
between the integrated column densities of the two tran-
sitions. This cannot be due to saturation e†ects since the
stronger of the two lines gives a higher apparent column
density, exactly the opposite of the expected behavior in the
presence of saturation. This behavior may be caused by
uncertainties in the oscillator strengths of the transitions.
We have chosen to adopt the component Ðtting results for
Zn II because we believe the column densities are a better
compromise between the two proÐles than the valuesN

a
(v)

and the formal errors are more representative of the true
errors.

The Ðnal adopted column densities for components 2È5
are from our component Ðtting results. Most of the values
given in Table 7 are the result of simultaneously Ðtting all
the available transitions of a given species, with exceptions
noted in the table. Table 7 also includes our derivation of
the H I column density along this sightline, which is
described in Appendix A.

4. ABUNDANCES IN THE LOW-VELOCITY GAS

In this section we discuss the observed abundances in the
low-velocity absorbing regions (components 1 and 2) along
the line of sight to k Col and the implications of these
abundances for interstellar dust. This velocity range (from

to ]29 km s~1) not only contains the vastvLSR B [17
majority of the warm neutral absorbing column but also

� Relative abundances



7 AY230-Dust

N Define: [X/H] = log N(X)/N(H) - (εX − 12)

N Tab 274 HOWK, SAVAGE, & FABIAN Vol. 525

TABLE 9

NORMALIZED GAS-PHASE ABUNDANCES

[X/S]c [X/Si]d

ELEMENT log (X/H)a Comp 1 Comp 2 Comp 3 Comp 4
X ]12.00 [X/H]b (3 km s~1) (20 km s~1) (31 km s~1) (41 km s~1)

C . . . . . . . . 8.55 . . . . . . . . . . . . [0.10 ^ 0.06
N . . . . . . . . 7.97 . . . . . . . . . . . . [0.10 ^ 0.03
O . . . . . . . . 8.87 . . . . . . . . . [0.52 ^ 0.04 [0.34 ^ 0.03
Mg . . . . . . 7.58 [0.30 ^ 0.02 [0.42 ^ 0.03 [0.18 ^ 0.12 [0.31 ^ 0.03 [0.06 ^ 0.03
Al . . . . . . . 6.48 . . . . . . [0.39 ^ 0.05 [0.24 ^ 0.05 [0.51 ^ 0.06
Si . . . . . . . . 7.55 [0.26 ^ 0.02 [0.37 ^ 0.03 [0.12 ^ 0.06 . . . . . .
P . . . . . . . . 5.57 ]0.05 ^ 0.02 [0.04 ^ 0.03 [0.14 ^ 0.13 . . . . . .
S . . . . . . . . 7.27 ]0.08 ^ 0.02 . . . . . . . . . . . .
Ti . . . . . . . 4.93 [0.95 ^ 0.09 [1.07 ^ 0.05 [0.53 ^ 0.09 . . . . . .
Cr . . . . . . . 5.68 [0.92 ^ 0.03 [1.13 ^ 0.04 [0.20 ^ 0.05 . . . . . .
Mn . . . . . . 5.53 [0.84 ^ 0.02 [0.97 ^ 0.03 [0.47 ^ 0.05 ]0.06 ^ 0.09 [0.28 ^ 0.14
Fe . . . . . . . 7.51 [1.06 ^ 0.02 [1.30 ^ 0.03 [0.28 ^ 0.02 [0.11 ^ 0.03 [0.20 ^ 0.03
Ni . . . . . . . 6.25 [1.13 ^ 0.06 [1.31 ^ 0.08 [0.45 ^ 0.04 . . . . . .
Zn . . . . . . 4.65 ]0.06 ^ 0.08 [0.02 ^ 0.08 [0.04 ^ 0.08 . . . . . .

a The logarithmic ““ solar ÏÏ abundances of the elements, are used in deriving the normalized gas phaselog (X/H)
_

,
abundances. We have adopted the solar system meteoritic abundances from Anders & Grevesse 1989 except for C, N
and O, which are photospheric values from Grevesse & Noels 1993.

b We present the sightline integrated values of [X/H] in this column. Thus [X/H] 4 log MN
X
/NHN [ log MX/HN

_
.

Here we have used the value of (1 p systematic) derived in Appendix A as This treatmentlog NHI \ 19.86 ^ 0.015 NH.
has neglected contributions from H`. However, our photoionization modeling (see ° 4) implies the corrections are
relatively small (B[0.04 to [0.05 dex to the listed values).

c For the components 1 and 2 we have referenced the gas phase abundances to solar by comparing the column
densities to that of sulfur. Thus [X/S] 4 log MN

X
/NSN [ log MX/SN

_
.

d For components 3 and 4 we have referenced the gas phase abundances to solar by comparing the column densities
to that of silicon. Thus [X/Si] 4 log MN

X
/NSiN [ log MX/SiN

_
.

categorized by Sembach & Savage (1996). Similarly, the
relative abundance pattern seen for component 2 is mostly
within the small range of ““ halo ÏÏ cloud values. This is some-
what deceiving, however, since the earlier GHRS data for
the k Col sightline (SSC) were used by Sembach & Savage
(1996) in deÐning this spread of values. The new data pre-
sented here for component 2 support the claim of Sembach
& Savage that the upper limit of [X/S] for many elements
shows relatively little cloud-to-cloud variation about the
mean for each species. What is perhaps surprising, given the
new distance to k Col, is that a cloud within B400 pc of the
sun pc) has abundance patterns similar to clouds(z [ 180
at relatively large heights from the plane. However, if one
adopts the distance derived from the Vacca et al. (1996)
absolute magnitude scale, namely d D 790 pc, the z-height
becomes z D 360 pc from the midplane. This is more than
one H I scale height above the midplane.

In the gas of component 1, the values [Si/S] and [Mg/S]
are slightly higher than those seen along the f Oph sightline
warm cloud. Using the oscillator strengths suggested by
Fitzpatrick (1997), Si and Mg show quite similar abundance
patterns. Given the similarity of the Si II 1808 line proÐleA!
to those of Mg II jj1239, 1240, this is not a surprising result.
The similar abundance behavior of these elements is seen
even more clearly in plots of the gas-phase abun-[X/S]

v
,

dance of an element X as a function of velocity.
Figure 11 presents plots of the normalized gas-phase

abundances for several elements as a function of velocity,
using the adopted solar system abundances listed in Table 9
(principally the meteoritic abundances of Anders & Gre-
vesse 1989). We have plotted the ratios of P II, Zn II, Mg II,
Si II, Mn II, Fe II, Ni II, and Cr II to S II in this Ðgure. For all

of the species but Ni II, the width of the data bins is one-half
a resolution element (i.e., B1.75 km s~1 or two of the orig-
inal data points for proÐles taken with four substeps per
diode). We have binned the Ni II proÐle to one point per
resolution element. The error bars represent the sources of
errors discussed in ° 3.2 as well as a contribution from
possible velocity scale o†sets. The latter was derived by
shifting one proÐle relative to the other by one-half a
resolution element (in both the positive- and negative-
velocity directions) and adding the resulting errors in quad-
rature to those of ° 3.2. These velocity shift error estimates
are the primary cause of the asymmetric error bars in
Figure 11. The range over which data points are plotted in
this Ðgure is determined by the signiÐcance of each point
once we have added all of the sources of noise. This presen-
tation assumes that the andN

a
(v) B N(v) [X`/S`]

v
B

The former of these assumptions is justiÐed by our[X/S]
v
.

examination of the proÐles of each of the ions forN
a
(v)

which unresolved saturation might be present. In no case
do we Ðnd evidence for saturation e†ects in the transitions
presented in Figure 11. The latter of these assumptions is
likely valid for material in the warm neutral medium. In the
lower right-hand corner of each panel we have included a
bar representing the maximum degree of uncertainty the k
Col H II region is thought to add to the individual measure-
ments, as discussed in the previous subsection.

There is an increase in the gas-phase abundances of the
elements Fe, Mn, Cr, Ni and possibly Si near vLSR B ]20
km s~1, which is associated with the signiÐcant strength-
ening of component 2 in moderately and heavily depleted
species. However, one of the more striking aspects of Figure
11 is the relative constancy of the ratios plotted here over

N Fig

Mg Si P S Ti Cr Mn Fe Ni Zn
Element

−2.0

−1.5

−1.0

−0.5

0.0

0.5

[X
/H
]

N S/H, Zn/H, P/H have roughly Solar values

N Why are Fe, Ni, Si, and Mn sub-solar?

N Does the ISM have a different nucleosynthetic pattern than the Sun?

D. Dust Depletion

• In the Galactic ISM, the majority of Fe, Si, Ni, Cr, and Ti
are ‘locked up’ inside dust grains

� Key point: We observe gas-phase abundances
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� Consider Fe, which is highly refractory

N(Fe) = N(Fe)gas + N(Fe)dust (9)

N For N(Fe)dust > 0, we have [Fe/H]gas < 0 in a solar metallicty gas

N Consider a cloud with [Fe/H]gas = −1

fgas =
Mgas

Mtot

= 10[Fe/H]g = 0.1 (10)

• How do we know it is dust?

� Redenning is observed

� Extinction is inferred

• Condensation Temperature

� G. Field: Observed winds for Red Giants

N Observed Silicate absorption features

N Concluded → Material contains dust grains

N Grain forms as winds push gas off the Red Giant

N This is the dominant mechanism for forming dust cores

� TC : Temperature at which 50% of the gas condenses into the solid phase

� Expect smaller fgas for higher TC because it will have had
a longer time to form dust

� Plot [X/H] vs. TC

400 600 800 1000 1200 1400 1600
TC

−3.0

−2.5

−2.0

−1.5

−1.0

−0.5

0.0

[X
/H
]

Zn

Si

Cr Fe

Ni

Cu

Ge
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� Strong evidence that the observed gas-phase pattern of the ISM is due to dust,
not nucleosynthesis

• Depletion/density relation

� Jenkins (1986, 2003): Noted a correlation between nH and depletion

� Measure nH

N Observe 21cm emission

N Determine the distance to the star

N < nH >= NHI/d (ignoring H2)

� Examine the correlations

Figure 1: Observed element depletions as a function of the generalized line-of-sight depletion multiplier
defined in 1. In each case, the dashed line represents the best linear fit to Eq. 1 which ultimately defined
the constants (slopes) and (intercepts) listed by Jenkins (2003). Cases excluded in the best-fit
determinations of these constants include upper and lower limits (arrows) and those with

(open circles: these cases can be perturbed by uncertain corrections for
photoionization due to penetrating, high energy radiation). Errors in the observations are designated by the
sizes of the symbols (smaller symbols represent less certain results), according to the legend in the lower
right panel. Cases for which fewer than 3 other elements were available to establish a measure of are
shown in gray rather than black. The open circles in different panels with negative correspond to

CMa, which has an extraordinarily large fraction of ionized gas in front of it (Gry, York, & Vidal-Madjar
1985; Jenkins, Gry, & Dupin 2000).

5

� F∗ ∝ nH , the volume density

� Correlation indicates the environement (volume density) also
influences grain formation

N Dense clouds ⇒ More two body interactions

N Less dense clouds ⇒ More susceptible to SN shocks which destroys grains

N Environment affects the dust ‘mantle’ as append to the core

E. Interstellar Dust: Observations

• First evidence for dust:
Robert Trumpler (1930), Lick Obs. Bull. 14, 154

� Trumpler examined open clusters in the Galactic plane
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� Chose a subset with similar richness and assumed they
had similar physical origin

� Observed

N Apparent magnitude (m) of B and A stars

N Angular size (θ) of the cluster

� Determined

N Distance by adopting the absolute magnitude M for these stars according
to their spectral type

5 log d′pc = m−M + 5 (11)

N Physical size
δ′ = θd′ (12)

� Plotted the two quantities

1
9
3
0
P
A
S
P
.
.
.
4
2
.
.
2
1
4
T

N Observed a rising δ′ with increasing d′

N But the assumptions was that all of these clusters had the same δ′ !

� Introduced dust
5 log d = m + M + 5− ad (13)

N a is an extinction (photographic magnitudes/kpc)



11 AY230-Dust

N Trumpler adjusted a until δ′ was constant

N Determined
a = 0.8photomag/kpc (14)

• Other evidence for dust

(a) dark clouds with a relative absence of stars

(b) reflection nebula (Rayleigh scattering)

(c) reddeining of starlight and extinction

(d) polarization of starlight by aligned, non-spherical dust grains

(e) IR continuum emission

(f) diffuse galactic light – scattered from stars

(g) depletion of Fe, Si, Ca, etc. from the gas phase

(h) existance of large masses of H2 – formed on grains

(i) X-ray halos around point sources behind dust

F. Dust Absorption and Scattering

• General

� Dust scatters and absorbs light in the ISM

� Remits light at much longer wavelengths (IR)

• Extinction

� Ignore remission by dust

� Radiative transfer
Iν = I∗νe−τν (15)

� Define extinction (in magnitudes)

Aλ = 1.086τλ = 1.086NdQe(λ)σd (16)

N Nd = Column density of dust

N σd = Mean physical grain cross-section

N Qe = Efficiency coefficient for extinction

� In this case

Aλ = −2.5 log
Fν

Fν(0)
(17)

mλ −Mλ = −5 + 5 log dpc + Aλ (18)

• Extinction efficiency factor

Qe ≡
sν

σd

(19)

� sν = The optical cross-section (Thielens uses Cext)

� Qe is the sum of absorption and scattering

Qe(λ) = Qa(λ) + Qs(λ) (20)
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� Define albedo

w̃(λ) =
Qs(λ)

Qe(λ)
(21)

• Mie theory

� See Bohrem & Huffman (1983)

� Index of refraction: m
m = n− ik (22)

N Or, equivalently the dielectric constant

ε = ε1 + iε2 (23)

ε1 = n2 + k2 (24)

ε2 = 2nk (25)

m =
√

ε (26)

� Consider a spherical dust grain with radius a and an
incident wave with wavelength λ

!
Scattered and

diffracted wave

a

N Wave will be scattered and diffracted

N One needs to consider the propagation of the EM wave inside
the dust grain (a medium)

� Plane wave travelling in the ẑ direction

E = E0 exp [ iκz − iωt ] (27)

N In free space (vacuum)

κ =
ω

c
=

2π

λ
(28)

N In a medium with index of refraction m, κ = ωm/c, and

E = E0 exp
[
−ω

c
z

]
exp

[
−iω

(
t− nz

c

) ]
(29)

◦ The real part (n) introduces a phaes shift, i.e. a phase velocity v = c/n

◦ The imaginary part (k) introduces a damping
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◦ We conclude that any system that produces absorption
will also produce dispersion

� Mie theory involves expanding Q in a series expansion in x

x ≡ 2πa

λ
(30)

� Rayleigh limit

N Small x, i.e. a � λ

N We need only retain the leading terms in x

Qa =
σabs(x)

πa2
= −4x Im

(
m2 − 1

m2 + 2

)
(31)

Qs =
σscatt(x)

πa2
=

8

3
x4 Real

[
m2 − 1

m2 + 2

]
(32)

Qe = Qa + Qs (33)

N Wavelength dependence

◦ Qa ∝ λ−1 which is as observed

◦ Qs ∝ λ−4, i.e. the Rayleigh scattering expression

• Q evolution with x (Spitzer, Fig 7.1)

� Note the action at small x

N Qa ∝ x

N Qs ∝ x4

N Qa � Qs

� Note: Qe → 2 as x →∞
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N The particle absorbs an area πa2

N The particle diffracts an equal amount!

• Integral over Qe: Kramers-Kronig

∞∫
0

Qedλ = 4πa2

(
ε0 − 1

ε0 + 2

)
≡ 4πa2FK (34)

� ε0 is the dielectric constant of the grain in the low frequency limit ε0 = m2

� FK is as defined

• Grains also absorb momentum

� For an EM wave with flux F0, the momentum imparted is

F0

c
πa2Qa +

F0

c
πa2Qs ( 1− < cos θ > ) (35)

� Define

Qpr = Qa + Qs ( 1− < cos θ > ) (36)

= Qe −Qs < cos θ > (37)

N One often introduces a “phase factor” for scattering

g(θ) ≡< cos θ > (38)

N Limits

◦ < cos θ >= 0 is isotropic

◦ < cos θ >= −1 is back scattering

◦ < cos θ >= +1 is forward scattering

� Force on the grains

f =
F0

c
πa2Qpr (39)

G. Grain Temperature

• Heating processes

� Absorption of starlight (dominant)

Hrad =

∫
Qa(λ)

1

4
uλc4πa2dλ (40)

� Collisions with gas particles

� Exothermic chemical reactions on the grain surface

• Cooling

� Emission of IR radiation
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� In thermal equilibrium
κλBλ = jλ (41)

ndQaπa2Bλ = nd
ελ

4π
(42)

ελ = Qaπa2 · πBλ (43)

� Radiative losses (per particle)

Lrad =

∫
Qa(λ)πBλ(Td)4πa2dλ (44)

• Estimate the temperature

πa2c

∫
Qa(λ)uλdλ = 4πa2

∫
Qa(λ)πBλ(Td)dλ (45)

� Let uλ = optical and near-UV energy density (u ≈ 7 × 10−13 erg/cm−3)

� Assume (first), that Qa(λ) ≈ 1

� Blackbody

B =

∫
Bλdλ =

σT 4
d

π
(46)

� Reduce..

cu = πB(Td) (47)

Td =
( cu

4σ

)1/4

= 3.1 K (48)

� But, the IR excess from the Galactic plane implies Td = 20K !!
What went wrong?

• Recall that Mie theory indicates Qa ∝ λ−1

� Therefore Qa(UV) > Qa(IR)

� Approximate the ISM diffuse starlight as a dilute blackbody with TR = 104K

� Express

uν = ũ
ν3

ehν/kTR − 1
(49)

� Our equilibrium equation becomes

ũ

∞∫
0

ν3Qa(ν)

ehν/kTR − 1
dν =

∞∫
0

ν3Qa(ν)

ehν/kTd − 1
dν (50)

N Let x ≡ hν/kT

N Evaulate

ũT 5
RI4 = T 5

d I4 (51)

I4 =

∞∫
0

xdx

ex − 1
(52)
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� Therefore
Td = ũ1/5TR (53)

N ũ is related to the geometric dilution of starlight

N ũ ≈ 10−14

N Therefore, Td ≈ 16K

• Other expressions

� One can write Equation 53 as

Td =

(
hc

k

) [
4πJ

384π2ahc2ζ(5)

]1/5

(54)

N This gives

Td = 9

(
1µ m

a

)0.2

K (55)

N Grains are also somewhat hotter than above because they are less efficient
at emitting at UV and optical wavelengths

N There are also dependencies on composition

TSilicon = 13.6

(
1µ m

a

)0.06

K (56)

TGraphite = 15.2

(
1µ m

a

)0.06

K (57)

(58)

• Dust Density

� Recall our definition for extinction

AV = 1.086τV = 1.086 nd ` Qe(V )πa2
d (59)

� Adopt AV = 2, ` = 1, Qe = 2

nd ≈ 1.0 × 10−12
( ad

10−5cm

)2

cm−3 (60)

� Mass density

mdnd =
4

3
πa3

dρdnd = 4.3 × 10−27ρd

( ad

10−5cm

)
g/cm3 (61)

N For ice grains

ρD ∼ 1 g/cm3 (62)

aD ∼ 0.3µ (63)
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N Therefore
mdnd = 10−26 g/cm3 (64)

� Dust to gas ratio

N Take nH ∼ 1 cm−3

ρd

ρg

=
10−26g/cm3

(1 cm−3)2 × 10−24g
≈ 10−2 (65)

N Compare this against the value you get by assuming 100% of the Fe, Si, and
Mg is in dust and also 2/3 of the C

H. Extinction Laws

• Differential extinction

� Observe two stars with identical spectral type

∆m(λ) ≡ m2(λ)−m1(λ) (66)

= 5 log d2 − 5 log d1 + M2 −M1 + A2(λ)− A1(λ) (67)

N OB stars are best as they vary less with T

N Also, they are very bright

� Observe the stars at two wavelengths

∆m(λa)−∆m(λb) = [ A2(λa)− A1(λa) ]− [ A2(λb)− A1(λb) ] (68)

= ∆ ( A(λa)− A(λb) ) (69)

≡ E(λa − λb) (70)

N E(λa − λb) is referred to as the color excess

N Generally, one defines the color excess in the B and V bands

EB−V = A(λB)− A(λV ) = AB − AV (71)

λB ≈ 4350Å (72)

λV ≈ 5550Å (73)

• Extinction curves

� Define the selective extinction by normalizing relative to EB−V

e(λ) =
Eλ−V

EB−V

=
Aλ − AV

AB − AV

(74)

� Define the ratio of total to selective extinction

RV ≡
AV

EB−V

(75)

N RV ≈ 3.1− 3.3 in the Milky Way
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N RV = 3.1 is generally assumed but not well measured

N Larger RV implies larger dust grains

� Milky Way extinction curve

N Empirically measured

N Fitted by Cardelli et al. (1989)

N Fig (assumes RV = 3.1)

0 2 4 6 8
1/λ (µm)−1

0

1

2

3

4
A

λ/
A

V

Aα λ−1

2175Ang
Graphite bump

Silicates

� Other empirical extinction curves

N Empirically measured for LMC, SMC

N Synthesis curve for starbursts (Calzetti)
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0 2 4 6 8 10
1/λ (µm)−1

0

1

2

3

4

5

6

7

A
λ/

A
V

Milky Way
SMC
Calzetti

� Generic extinction law – Fitzpatrick & Massa (1990)

N Analyzed extinction throughout the Milky Way and found a single law was
not applicable

N Introduced a fitting function to allow for variations

e(λ) = c1 + c2x + c3D(x; γ, x0) + c4F (x) (76)

x ≡ λ−1 (77)

D(x; γ, x0) =
x2

( x2 − x2
0 )

2
+ x2γ2

(78)

F (x) = 0.5392(x− 5.9)2 + 0.05644(x− 5.9)3 [x ≥ 5.9 µm−1] (79)

◦ c2 gives a linear ’background’ term

◦ c3 parameterizes the 2175Å bump

◦ c4 parameterizes the far-UV extinction

1
9
9
0
A
p
J
S
.
.
.
7
2
.
.
1
6
3
F
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• Some useful relations (Milky Way)

AV = 2 mag/kpc (RV = 3.1) (80)

EB−V = 0.61 mag/kpc (81)

NH = 5.9 × 1021 EB−V = 2 × 1021AV cm−2 (82)

I. Polycyclic Aromatic Hydrocarbons (PAHs)

• Not dust, but large molecules

� Likely to dominate the observed 2175Å extinction bump

� Dominate IR emission near 12µm

• Structure

� Planar molecule consisting of C atoms in a honeycombed lattice

� Fused six-membered ‘rings’ with H atoms at the edges

� Fig 6.1 of Thielens

1
9
9
6
A
p
J
.
.
.
4
5
8
.
.
6
2
1
S

• Size and surface area

� C-C bonds are ≈ 1.4Å long

� A ring has an area of ≈ 5Å2

� For a PAH composed of NC atoms:

σPAH = 5 × 10−16 NC cm−2 (83)

N A PAH with 50 C atoms has σPAH ≈ 200Å2 and size of 6Å

N More typical are PAHs with 104 to 105 C atoms giving sizes of 30 to 60Å

N Compare with dust which ranges from 50 to 3000Å

• IR emission
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� Complex molecular physics

N C-H, C-C stretching modes

N C-H bending modes

N etc.

� Also, complicated temperature distribution

� Bottom line, beware the challenges of estimating the IR emission for PAHs from
astrophysical sources

� Peeters et al. 2002, A& A, 390, 1089

E. Peeters et al.: The rich 6 to 9 µm spectrum of interstellar PAHs 1093

Fig. 3. Two examples to show the richness of the 6–9 µm region. We
recognise the 6.2 and 8.6 µm features. The 7.7 µm feature breaks up
in three components; two clear bands at 7.6 and 7.8 µm and a shoulder
at 7.4 µm. Furthermore, weak features are present at 6.6 and 8.2 µm.

defined and subtracted. In general, the influence of the contin-
uum determination on the profile is very small and hence does
not change significantly the band profiles nor the source clas-
sification performed hereafter. In some sources however, the
continuum determination is subject to some freedom. These
sources are indicated in Table 2.

The continuum determination around the 7.7 and 8.6 µm
features is quite arbitrary. We choose to draw first a general
continuum splined through points from 5–6 and 9–10 µm and
through points near 7 µm, excluding possible small features in
those regions (see Fig. 4, dashed line). In this way, the influence
of a silicate absorption feature in some sources (see Table 2)
is completely ignored. In addition, to separate and study the
individual 7.7 and 8.6 µm contributions, we have also drawn a
continuum under the 7.7 and 8.6 µm features themselves. This
second (local) continuum is determined by taking additional
continuum points near 8.3 µm – between the 7.7 and 8.6 µm
features (see Fig. 4, full line). In this way, an underlying plateau
component is defined.

Other ways of decomposing the broad, blended bands and
determining the underlying continuum will yield other results.
In particular, for different band shapes (Gaussian, Lorentzian,
etc.), different continua and profile parameters (central wave-
length and FWHM) are obtained (Boulanger et al. 1998; Uchida
et al. 2000). However, these differences will affect all sources
in a systematic way and while this will influence the profiles
of the derived features, this will not affect the source-to-source
variations we find.

Fig. 4. Illustrative examples of the continua underneath the 7.7 and
8.6 µm features. The dashed line represents the general continuum, the
full line the second (local) continuum. See text for details (Sect. 2.5.1).

2.5.2. Extinction

Extinction can have a serious effect on the apparent PAH spec-
trum (Spoon et al. 2002, see also Fig. 5). In particular, with
increasing optical depth of the silicate absorption feature, the
8.6 µm feature is decreased tremendously (see Fig. 5). To asses
the influence of extinction on the band profiles and their in-
tensities, the “standard” extinction law (Draine 1985; Mathis
1990; Martin & Whittet 1990) is applied to a template PAH
spectrum. This template spectrum is obtained by a continuum
divided spectrum of a source suffering no extinction. From the
resulting spectrum, the band profiles and band intensities were
derived in the same way as for the sources considered in this
paper (see Fig. 5). Although the full PAH spectrum changes
significantly with increasing AK , the normalised 6.2, 7.7 and
8.6 µm band profiles derived with the above discussed contin-
uum determination are hardly affected by the applied extinc-
tion, largely because the extinction is quite grey over this wave-
length region. But, the derived intensities and hence their ratios
are certainly influenced. For this work, no extinction correction
has been applied.

Five sources show water ice absorption at 6.0 µm (see
Table 2) and hence the profile of the 6.2 µm feature can be
influenced. In view of the profile of the water ice band, its in-
fluence would be expected to be strongest on the blue side of
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E. Peeters et al.: The rich 6 to 9 µm spectrum of interstellar PAHs 1105

Fig. 21. The absorption spectrum of a mixture of neutral PAHs a) com-
pared to the spectrum of the same PAHs in their positive state b). This
comparison shows that, for PAH spectra, ionisation has a much greater
influence on relative intensities than on peak frequencies, with the fea-
tures in the 6 to 10 µm region substantially enhanced with respect
to the rest of the spectrum (Figure adapted from Allamandola et al.
1999).

6.5 µm, vibrations involving combinations of CC stretching
and CH in-plane bending modes lie slightly longwards, be-
tween roughly 6.5 µm and 8.5 µm, and CH in-plane wag-
ging vibrations give rise to bands in the 8.3 µm to 8.9 µm
range. While the well-known interstellar features at 6.2, 7.7,
and 8.6 µm dominate this range, there are at least four weak in-
terstellar bands in this region as well, centred near 5.2, 5.6, 6.0
and 6.8 µm. Their correlation with the major features indicates
that they too originate from the interstellar PAH family. The 5.2
and 5.6 µm features most likely correspond to combinations
and overtones involving the CH out-of-plane fundamental vi-
brations which fall between 11 and 13 µm; the 6.0 µm feature
likely indicates a carbonyl (>C = O) stretch of an oxygenated
PAH (a quinone); and the 6.8 µm band probably corresponds
to a weak aromatic CC stretching – CH in-plane bending com-
bination mode of PAHs as for example in the fluoranthenes, or
the aliphatic –CH2– or –CH3 deformation in a methyl or ethyl
side-group attached to a PAH.

There are also other plausible interstellar PAH-related
species that are likely to be important in the emission zones
and which should be considered. Some examples include PAH
clusters and PAH complexes with metals such as iron (met-
allocenes). Furthermore, one can question whether PAHs re-
mains planar as they grow. And, if not, how does the 3-
dimensional shape influence the IR spectrum? It is noteworthy
in this regard that simple fullerenes do not have IR character-
istics which coincide with any prominent structure in the inter-

Fig. 22. Comparison of a typical ISM infrared emission spectrum a)
with a composite absorption spectrum generated by co-adding the in-
dividual spectra of 11 PAHs b). The interstellar spectrum is that of
IRAS 23133. The individual spectra were calculated using experimen-
tally measured frequencies and intensities and assigning a 30 cm−1

FWHM Gaussian band profile, consistent with that expected from the
interstellar emitters (e.g. Hudgins & Allamandola 1999b).

stellar emission spectra discussed here (Moutou et al. 1999b).
Further, and in spite of much effort, there has not been any re-
port of IR active transitions in carbon nanotubes, very large
curled aromatic networks. If such curled aromatic networks
(very, very large PAHs) do possess infrared activity, it appears
to be very weak. Thus here we focus on the PAH molecules
measured in the laboratory or theoretically calculated.

The shifts in the profiles shown by the observations pre-
sented above (see Table 2) are much larger than the binsize cor-
responding to the obtained resolution of the data. Hence, they
are chemical in nature, arise from local excitation conditions
and are not due to doppler broadening and shifting. Therefore,
these shifts and profile variations provide important new in-
sight into the variations of the interstellar PAH populations in
the different environments. Interpretation of these new spectral
aspects require probing deeper into the details of PAH spectro-
scopic properties in this region than heretofore. Here we con-
sider this new information as it affects first the 6.2 µm region
and then the 7.7 µm region.

6.1. The position of the PAH CC stretching band near
6.2 µm: Experiment and theory

There are several properties which determine the precise peak
positions of the infrared active bands which correspond to
pure CC stretching vibrations in any given PAH. These in-
clude molecular size, molecular symmetry, and molecular het-
erogeneity. The roles each of these play in determining the


