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Outline

• Spinning dust as a new, “anomalous” CMB 
foreground

• Ingredients of the theory

• Spinning dust radio lines: how bad is the 
contamination of Recombination lines?   

• Secondary science: PAHs



• What cosmologists want:

• What the Galaxy gives us:

WMAP 23 GHz WMAP 33 GHz WMAP 41 GHz WMAP 61 GHz

• Need to understand Galactic foreground 
emission.



The standard Galactic foregrounds

• Synchrotron Radiation 
Tν ∝ ν−α ∼ ν−3

• Thermal Bremsstrahlung 
(Free-Free)

Tν ∝ nenpe
− hν

kTe ν−2g(ν, Te)

• “Thermal” (vibrational) dust 

Tν ∝ ν2

• Recently, an additional “anomalous” emission was detected 

N(E) ∝ E−(2α−3)



First detection of the 
“anomalous emission”

OVRO 14.5 GHz

IRAS 100 microns

Leitch et al., 1997

Extremely good spatial correlation, despite the large 
frequency difference (two orders of magnitude !)

Also: Kogut et al. 1996, de Oliveira-Costa et al. 1997



The free-free hypothesis

• Leitch et al. (1997) find                    very similar to 
free-free radiation

• Hα emission : subsequent to the recombination of 
ionized Hydrogen.    

e + p  →  H* + γ → H(n=3) + γ → H(n=2) + γ → H(1s) + γ

• Upper bounds on Hα imply T > 106 K to explain the 
anomalous emission

• Heating enough gas to reproduce anomalous 
emission to T > 106 K requires ~ 100 times the 
energy input from supernovae. ⇒ Not free-free

εν ∼ ν−0.2

εff
ν ∝ nenpT

−1/2e−
hν
kT ḡff (T, ν)

εHα
ν ∝ nenpT

−1.2



Spinning dust emission. 
Draine & Lazarian, 1998
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Non thermal, 
non Maxwellian 

distribution function
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frequencies, where the absorption efficiency has not a simple
dependence on frequency anymore. We show the resulting
infrared emission and damping coefficients in Fig. 7.

8 PHOTOELECTRIC EMISSION

An electron ejected from the grain carries away an angular
momentum along the rotation axis (z-axis) equal to :

∆Lz = meρ
`

v′
φ − ρω

´

, (154)

where v′
φ is its tangential velocity in the grain frame. From

this we deduce that

Fpe =
me

mH

Jpe

2πa2
snH

p

2kT/πmH

, (155)

where Jpe is the photoemission rate and was described in
section 3.4. The excitation rate can be obtained by first
noticing that the rotational velocity is much smaller than
the velocity of ejected electrons:

aω " v′
φ (156)

so that we have, up to small corrections

∆L2
z = m2

eρ
2v′2

φ . (157)

We assume a cosine-law directional distribution for escaping
electrons, so that 〈v′2

φ 〉 = 1
4v2

e , where we denote ve the aver-
age velocity of the electron at the grain surface. The latter
satisfies

1
2
mev

2
e − (Zg + 1)q2

e

as
= Epe, (158)

where Epe is the average energy at infinity of the photoe-
jected electron. We finally get

〈∆L2
z〉 = m2

e
2
3

a4
cx

a2
s

1
4
v2

e =
me

3
a4

cx

a2
s

»

Epe +
(Zg + 1)q2

e

as

–

. (159)

So the normalized excitation rate is

Gpe =
me

4nH (8πmHkT )1/2 a2
skT

»

Γpe +
(Zg + 1)q2

e

as
Jpe

–

, (160)

where Γpe is the heating rate due to photoemission of elec-
trons, obtained from WD01b.

9 RANDOM H2 FORMATION

DL98b showed that the random formation of H2 molecules
on the grain surface does not make a major contribution to
rotational excitation. We use their result:

GH2
=

γ
4
(1 − y)

Ef

kT

»

1 +
〈J(J + 1)〉!2

2mHEfa2
x

–

, (161)

where γ is the efficiency of H2 formation, y = 2nH2
/nH,

Ef ≈ 0.2eV is the average translational kinetic energy of the
nascent H2, and 〈J(J + 1)〉 ≈ 102 gives its average angular
momentum.

10 RESULTING EMISSIVITY AND EFFECT

OF VARIOUS PARAMETERS

Throughout this section and unless otherwise stated, we will
take as a fiducial environment the CNM parameters specified
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Figure 8. Rotational distribution function for a grain radius a =
7 Å, in CNM conditions, for a single value of the dipole moment
µi(10−7cm) = 9.3 debye. The plot compares the solution of the
Fokker-Planck equation with the DL98b Maxwellian approxima-
tion (DL98b Eq. (57) used with our F , G). Note that DL98b pre-
scription gives (< ω2 >)1/2 = 2π×10.7 GHz, which is in excellent
agreement with the value we get, (< ω2 >)1/2 = 2π × 10.9 GHz.
However, the shape of the distribution function is significantly
different.

by

nH = 30 cm−3 , T = 100 K

xH ≡ n(H+)/nH = 10−3 , xC ≡ n(C+)/nH = 3 × 10−4

χ ≡ u/uISRF = 1 , γ = 0. (162)

We also take the rms intrinsic dipole moment to be

〈µ2
i 〉1/2 `

a = 10−7cm
´

= 9.3 debye. (163)

For the size distribution parameters, we use those given by
WD01a for a ratio of visual extinction to reddening RV =
3.1, and a carbon abundance in the log-normal distributions
bC = 6 × 10−5.

This section is intended to give some intuition into the
effect of various parameters on the spinning dust spectrum.
However, the reader should keep in mind that environment
parameter space is many-dimensional, and changing several
parameters at once may lead to modifications that are not
superpositions of the effects described here.

10.1 General shape of the rotational distribution

function

The rotational distribution function is obtained as described
in section 4. We remind the reader that the Fokker-Planck
equation is not stricltly valid for the smallest grains, for
which impulsive torques are important. It however still de-
scribes their rotational distribution function with more accu-
racy than a simple Maxwellian. Moreover, DL98 showed that
impulsive torques may be neglected for grain radii a ! 7Å.
In Fig. 8, we show that the rotational distribution function
obtained by the Fokker-Planck equation differs significantly
from a Maxwellian. It has a sharper cutoff at high frequen-
cies due to the proper accounting for rotational damping
through electric dipole radiation.

c© 2009 RAS, MNRAS 000, 1–26

ωfa(ω)
a = 7Å (CNM)

ω/2π
(GHz)

The Fokker-Planck equation for fa(ω)

rotational damping (drift) rate

rotational excitation (diffusion) rate

Ali-Haïmoud, Hirata & Dickinson, 2009

∂fa

∂t
=

∂

∂ω
[D(ω)fa(ω)] +

1
2

∂2

∂ω2
[E(ω)fa(ω)]

= 0 (steady-state)

D(ω) = − lim
δt→0

〈δω〉
δt

E(ω) = lim
δt→0

〈δω2〉
δt



Rotational excitation and 
damping mechanisms

• Collisions with ions/atoms

• Interaction with the stochastic plasma electric field

• Infrared emission

• Less important (?), harder to quantify: H2 formation

• Spectrum depends on multiple parameters: 

environment: nH, T, uν, xH+, xC, xH2 (environment)  

grain properties: μ(a), ngr(a) 

!µ

!ω

!E

Zg
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10.7 Effect of the ionization fraction x H

The hydrogen ionization fraction affects the charge distribution
by modifying the contribution from collisions with protons. It also
changes the contribution of collisions with ions, neutrals and plasma
drag. Characteristic time-scales are left invariant, and ξ ! 1 for any
ionization fraction in otherwise CNM conditions.

Low-ionization fraction limit. In that limit, the rotational distri-
bution function reaches an asymptotic form where collisions with
protons and plasma drag due to protons can be neglected. However,
there are still C+ ions in the gas, so collisions with ions and plasma
drag may still be important, although the dominant excitation pro-
cess is collisions with neutrals. We find

νpeak (xH → 0) ≈ 30 GHz (197)

and

j/nH (xH → 0) → constant. (198)

High-ionization fraction limit. In that case, collisions with ions
are the dominant excitation process. Using equations (172) and
(173) along with G ≈ Gi ∝ xH, we find

νpeak(xH → 1) ≈ 90(xH/0.1)1/4 GHz (199)

and

j/nH (xH → 1) ∝ xH. (200)
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Figure 14. Spinning dust spectra for several environmental conditions: cold neutral medium (CNM), warm neutral medium (WNM), warm ionized medium
(WIM), molecular cloud (MC), dark cloud (DC) and reflection nebula (RN). The environments are defined in DL98b, table 1. The thin solid line is the result of
our calculation, the dotted line being DL98 prediction (obtained from B. T. Draine’s website: http://astro.princeton/∼draine) and the dashed line is the free–free
emission (the free–free gaunt factor were taken from Sutherland 1998). The parameters for the grain size distribution are: RV = 3.1, bC = 6 × 10−5 for the
diffuse CNM, WNM and WIM environments, and RV = 5.5, bC = 3 × 10−5 for the dense MC, DC and RN environments. The apparent systematic increase of
power around the peak frequency for our result is mainly due to the grain size distribution we use, which has an increased number of small grains compared to
that used by DL98 (compare e.g. fig. 2 from WD01a with fig. 8 from DL98b). Note that for the DC environment, for which rotational excitation and damping
is dominated by collisions with neutral species (mainly H2 molecules), DL98 prediction largely overestimates the peak frequency and total power because they
underestimate the damping rate (see equation 53 and subsequent discussion).

10.8 Concluding remarks

We remind the reader that all the estimates in the previous section
were given by assuming that the peak frequency of the spinning
dust spectrum is determined by that of the smallest grains, and that
the total power follows the same dependence upon environmental
parameters as the power emitted by the smallest grains. Therefore,
they should be taken as an aid to understand the physics of spinning
dust, but not as an accurate description, which requires numerical
calculations.

The overall conclusion of this section is that varying a single
environmental parameter may change the peak frequency by up to
an order of magnitude, and the total emitted power by several or-
ders of magnitude. There is therefore a very large range of possible
peak frequencies and total powers that can be produced by spinning
dust radiation. Multiphase environments, in particular, could emit
very broad spinning dust spectra. Deducing the environmental pa-
rameters from an observed spectrum could therefore be a difficult
task.

We show the spinning dust spectrum for various environments
and compare them to DL98 results in Fig. 14.

11 CONCLUSION

We have presented a detailed analysis of the rotational excitation
and damping of small carbonaceous grains. We have refined DL98b

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 395, 1055–1078
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10.7 Effect of the ionization fraction x H

The hydrogen ionization fraction affects the charge distribution
by modifying the contribution from collisions with protons. It also
changes the contribution of collisions with ions, neutrals and plasma
drag. Characteristic time-scales are left invariant, and ξ ! 1 for any
ionization fraction in otherwise CNM conditions.

Low-ionization fraction limit. In that limit, the rotational distri-
bution function reaches an asymptotic form where collisions with
protons and plasma drag due to protons can be neglected. However,
there are still C+ ions in the gas, so collisions with ions and plasma
drag may still be important, although the dominant excitation pro-
cess is collisions with neutrals. We find

νpeak (xH → 0) ≈ 30 GHz (197)

and

j/nH (xH → 0) → constant. (198)

High-ionization fraction limit. In that case, collisions with ions
are the dominant excitation process. Using equations (172) and
(173) along with G ≈ Gi ∝ xH, we find

νpeak(xH → 1) ≈ 90(xH/0.1)1/4 GHz (199)

and

j/nH (xH → 1) ∝ xH. (200)

10-20

10-19

10-18

10-17

j ν
 /n

H
 (

Jy
 s

r-1
 c

m
2  p

er
 H

)

CNM WNM WIM

1 10 100
ν (GHz)

10-20

10-19

10-18

10-17

j ν
 /n

H
 (

Jy
 s

r-1
 c

m
2  p

er
 H

)

MC

1 10 100
ν (GHz)

DC

1 10 100
ν (GHz)

RN

Figure 14. Spinning dust spectra for several environmental conditions: cold neutral medium (CNM), warm neutral medium (WNM), warm ionized medium
(WIM), molecular cloud (MC), dark cloud (DC) and reflection nebula (RN). The environments are defined in DL98b, table 1. The thin solid line is the result of
our calculation, the dotted line being DL98 prediction (obtained from B. T. Draine’s website: http://astro.princeton/∼draine) and the dashed line is the free–free
emission (the free–free gaunt factor were taken from Sutherland 1998). The parameters for the grain size distribution are: RV = 3.1, bC = 6 × 10−5 for the
diffuse CNM, WNM and WIM environments, and RV = 5.5, bC = 3 × 10−5 for the dense MC, DC and RN environments. The apparent systematic increase of
power around the peak frequency for our result is mainly due to the grain size distribution we use, which has an increased number of small grains compared to
that used by DL98 (compare e.g. fig. 2 from WD01a with fig. 8 from DL98b). Note that for the DC environment, for which rotational excitation and damping
is dominated by collisions with neutral species (mainly H2 molecules), DL98 prediction largely overestimates the peak frequency and total power because they
underestimate the damping rate (see equation 53 and subsequent discussion).

10.8 Concluding remarks

We remind the reader that all the estimates in the previous section
were given by assuming that the peak frequency of the spinning
dust spectrum is determined by that of the smallest grains, and that
the total power follows the same dependence upon environmental
parameters as the power emitted by the smallest grains. Therefore,
they should be taken as an aid to understand the physics of spinning
dust, but not as an accurate description, which requires numerical
calculations.

The overall conclusion of this section is that varying a single
environmental parameter may change the peak frequency by up to
an order of magnitude, and the total emitted power by several or-
ders of magnitude. There is therefore a very large range of possible
peak frequencies and total powers that can be produced by spinning
dust radiation. Multiphase environments, in particular, could emit
very broad spinning dust spectra. Deducing the environmental pa-
rameters from an observed spectrum could therefore be a difficult
task.

We show the spinning dust spectrum for various environments
and compare them to DL98 results in Fig. 14.

11 CONCLUSION

We have presented a detailed analysis of the rotational excitation
and damping of small carbonaceous grains. We have refined DL98b
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Emission dominated by the 
smallest dust grains: PAHs

A refined model for spinning dust radiation 1071
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Figure 10. Power radiated by one grain of radius a = 3.5 Å in CNM condi-
tions. The dotted and dashed lines show the contributions of various values
of the intrinsic dipole moment, which is assumed to have a Gaussian distri-
bution with rms value µ0 ≡ 〈µ2

i 〉1/2 (a). The solid line is the total power.
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Figure 11. Spinning dust emissivity for CNM environment. Contributions
from grains of various sizes are shown [a−7 ≡ a/(10−7 cm)]. The grain size
distribution parameters are taken from WD01a with RV = 3.1 and bc =
6 × 10−5.

We will discuss the effect of the rms intrinsic dipole moment in
Section 10.3.

The emissivity per H atom is then obtained by integrating the
power radiated by each grain over the grain size distribution func-
tion, described in Section 3.2. The emissivity for the CNM envi-
ronment is shown in Fig. 11. Note that the grain size distribution
directly weights the spectrum, and thus needs to be known with
accuracy, which is not quite the case yet for the very small grains.
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Figure 12. Effect of the intrinsic electric dipole moment on the peak frequency and the total spinning dust emission. Environmental parameters are set to
CNM conditions defined in equation (162). Increasing the electric dipole moment decreases the peak frequency and increases the total power radiated.

10.3 Effect of the rms intrinsic dipole moment 〈µ2
i 〉1/2

Varying the rms intrinsic dipole moment affects the spectrum in
three main ways. First, it affects the total power radiated, as Pν ∝ µ2.
Then, it affects the non-Maxwellian character of the distribution
function, as τ ed ∝ µ2. Finally, it affects the rotational damping and
excitation rates essentially through plasma drag, which has Gp ∝
µ2 (the effect on Gi is not as important).

Throughout the range of values considered

1 debye < µi(10−7 cm) < 100 debye, (176)

and in CNM conditions, the distribution function remains strongly
non-Maxwellian : ξ ! 60. Therefore, we can use the strongly non-
Maxwellian limit equation (172) to evaluate the peak frequency.

Low dipole moment limit. For low values of the electric dipole
moment, plasma drag has little effect on both the rotational damping
and excitation. Therefore, F and G are roughly independent of µ,
and, from equations (172), (173) and τ ed ∝ µ2, we get

νpeak (µi → 0) ∝ µ−1/2
i (177)

and

j/nH (µi → 0) → constant. (178)

One can see in Fig. 12 that equation (177) is quite accurately satis-
fied. The total power has a weak dependence on µi for low values
of the intrinsic dipole moment, but is not strictly independent of it,
which comes from the multiple approximations made in this anal-
ysis (neglecting the charge displacement-induced dipole moment,
and using equation (173) for the total power, after integration over
the size distribution, instead of the total power radiated by a single
grain).

High dipole moment limit. For high values of the electric dipole
moment, plasma drag dominates both rotational damping and exci-
tation. Therefore, G ≈ Gp ∝ µ2 and so we get

νpeak (µi → ∞) → constant (179)

and

j/nH (µi → ∞) ∝ µ2
i (180)

which describe approximately the behaviour observed in Fig. 12.

10.4 Effect of the number density nH

The main effects of the number density are:

(i) Changing the relative contribution of gas-induced and
radiation-induced rotational damping and excitation. For very low
number densities, FIR and GIR ∝ τH ∝ n−1

H dominate over other
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We will discuss the effect of the rms intrinsic dipole moment in
Section 10.3.

The emissivity per H atom is then obtained by integrating the
power radiated by each grain over the grain size distribution func-
tion, described in Section 3.2. The emissivity for the CNM envi-
ronment is shown in Fig. 11. Note that the grain size distribution
directly weights the spectrum, and thus needs to be known with
accuracy, which is not quite the case yet for the very small grains.
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CNM conditions defined in equation (162). Increasing the electric dipole moment decreases the peak frequency and increases the total power radiated.

10.3 Effect of the rms intrinsic dipole moment 〈µ2
i 〉1/2

Varying the rms intrinsic dipole moment affects the spectrum in
three main ways. First, it affects the total power radiated, as Pν ∝ µ2.
Then, it affects the non-Maxwellian character of the distribution
function, as τ ed ∝ µ2. Finally, it affects the rotational damping and
excitation rates essentially through plasma drag, which has Gp ∝
µ2 (the effect on Gi is not as important).

Throughout the range of values considered

1 debye < µi(10−7 cm) < 100 debye, (176)

and in CNM conditions, the distribution function remains strongly
non-Maxwellian : ξ ! 60. Therefore, we can use the strongly non-
Maxwellian limit equation (172) to evaluate the peak frequency.

Low dipole moment limit. For low values of the electric dipole
moment, plasma drag has little effect on both the rotational damping
and excitation. Therefore, F and G are roughly independent of µ,
and, from equations (172), (173) and τ ed ∝ µ2, we get

νpeak (µi → 0) ∝ µ−1/2
i (177)

and

j/nH (µi → 0) → constant. (178)

One can see in Fig. 12 that equation (177) is quite accurately satis-
fied. The total power has a weak dependence on µi for low values
of the intrinsic dipole moment, but is not strictly independent of it,
which comes from the multiple approximations made in this anal-
ysis (neglecting the charge displacement-induced dipole moment,
and using equation (173) for the total power, after integration over
the size distribution, instead of the total power radiated by a single
grain).

High dipole moment limit. For high values of the electric dipole
moment, plasma drag dominates both rotational damping and exci-
tation. Therefore, G ≈ Gp ∝ µ2 and so we get

νpeak (µi → ∞) → constant (179)

and

j/nH (µi → ∞) ∝ µ2
i (180)

which describe approximately the behaviour observed in Fig. 12.

10.4 Effect of the number density nH

The main effects of the number density are:

(i) Changing the relative contribution of gas-induced and
radiation-induced rotational damping and excitation. For very low
number densities, FIR and GIR ∝ τH ∝ n−1

H dominate over other
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•  If only one type of grains: ΔTν/Tν ≈ Δνa/Δνobs

•  If several types of grain: [☢ hand-wavy ☢]
ΔTν/Tν ≈ ∑a Δνa/Δνobs jν(a)/jν(tot) 

•  With the above numbers, for Δνobs ≈ 500MHz      
at νobs ≈ 10GHz: ΔTν/Tν ≈ 1-10 %. 

•  With Tν ≈ 0.1 mK this is ΔTν > μK  (?)

• Issue for CO studies ?

Δνa= ħ/(2π Ia) = 2Ba



Complications and subtleties
• Grains are not spherical, not rotating about the axis 

of greatest inertia. 

E.g., for disk-like grains
!e3

!e1

!J
K

disk : I1 = I3/2

E =
!2

2

[
J(J + 1)

I1
−K2

(
1
I1
− 1

I3

)]

(J, K)
(J, K + 1)

(J − 1, K + 1)
(J − 1, K)
(J − 1, K − 1)

ω ≡ !J

I3

K = J

• For given conditions, total angular momentum ~0.7 lower, 
peak frequency ~1.4 higher. (Silsbee, Ali-Haïmoud & Hirata, 2010)

• A different forest of lines. Does it help or not ... ?



Secondary science: learning 
about PAHs and the ISM

• Why are PAHs important:

• PAHs are a significant source of heating

PAH + ϒ → PAH+ + e-

• They contribute to the ionization balance of 
the ISM

PAH- + C+ →PAH + C
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1. INTRODUCTION
In the mid-1970s, ground-based and airborne studies revealed relatively broad emission features
in mid-infrared (mid-IR) spectra of bright HII regions, planetary nebulae (PNe), and reflection
nebulae. The opening up of the IR sky by the Infrared Space Observatory (ISO) and the Spitzer
Space Observatory has revealed the incredible richness of the mid-IR spectrum (Figure 1). Ad-
ditionally, the high sensitivity of these space-based observations has demonstrated that these IR
emission features are ubiquitous and are present in almost all objects, including HII regions, re-
flection nebulae, young stellar objects, PNe, postasymptotic giant branch (AGB) objects, nuclei

F
lu

x 
d

en
si

ty
 (

10
–1

3  
W

 m
–2

 µ
m

–1
)

Wavelength (µm)

Orion Bar (H2S1)

NGC 7027

CH stretch Combination
modes

C C stretch

CH in-plane
bending

CH out-of-plane
bending

Plateau

140

a

120

100

80

60

40

20

30

25

20

15

10

5

3 4 5 6 7 8 9 10 20

Figure 1
(a) The mid-infrared spectra of the photodissociation region in the Orion Bar and in the planetary nebulae
NGC 7027 are dominated by a rich set of emission features. These features are labeled with the vibrational
modes of polycyclic aromatic hydrocarbon molecules at the top. Figure adapted from Peeters et al. 2002.
(b) Three spectra selected from the SINGS sample of nuclei of nearby galaxies. The measured ν Iν in units of
10−6 W m−2 sr−1 is shown as a function of rest wavelength in micrometers. Figure taken from Smith et al.
2007. Note the relative intensity variations between the CC and CH modes and among the CH out-of-plane
bending modes. The narrow features are atomic or ionic lines originating in the HII region or
photodissociation region.
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Generally agreed upon picture.
Some weak bands are 
controversial: super-

hydrogenated molecules ?

PAHs: current picture



PAHs: current picture
Tielens, 2008

• C-H out of plane bending modes:
11.2 μm: lone C-H groups ⇒ long edges 

12.7 μm: duos/trios ⇒ corners

Circumstellar PAHs in PNes: more compact

ISM PAHs: more corners (⇒ smaller or more irregular)

• 15-20 μm region: skeleton vibrations, more molecule-specific

Less experimental data

ISM PAHs seem to be dominated by a few classes of molecules

• Lots of progress in observations and theory, but somewhat 
blurry picture... Fits require messing up with line positions, 
widths and strengths

?

?

?



Learning from rotational lines
• Can compute rotational constants and dipole 
moments from DFT (e.g., PANHs Hudgins, Bauschlicher, 
& Allamandola, 2005)

• Basics of rotation dynamics theory in place (if you 
trust us...)

• mid-IR bands are indicators of physical conditions in 
the ISM: 6.2/11.3 indicator of degree of ionization of 
PAHs => G0T1/2/ne

• Could use the rotational lines as probes of the ISM

• Spinning dust absorption against strong background 
radio sources?



carrier of the interstellar band. Consequently, the class A com-
ponent of the interstellar 6.2 !m emission band seems to provide
a reliable indication that N is incorporated into the interstellar
PAH population.

5.2. The 6.2 !m Emission Band: An Indicator of PAH Size
and Nitrogen Content

It was shown in x 3.2.2 that the effect of the presence of a
nitrogen atom in the interior of a PAH becomes diluted as the
molecular size of the species increases. In coronene (24 C
atoms), a single endoskeletal N atom was sufficient to shift the
dominant CC stretching feature to 6.18 !m, the position needed
to explain the class A emission component. Singly N-substituted
ovalene (32 C atoms) came close to this position (6.20 !m), but
circumcoronene (54 C atoms) required two endoskeletal N
atoms to achieve a blueshift of this magnitude. This behavior,
together with the position of the interstellar class A emission
component, implies that the N/C ratio in the PANH cation pop-
ulation responsible for that feature must be no less than about
!1/30 and provides the basis for estimating the amount of cos-
mic N that is tied up in C-rich dust.

The interstellar PAH emission at 6.2 !m is believed to be
dominated by species in the size range from 60 to 90 C atoms
(Schutte et al. 1993). The results of the present study indicate that
PANHs in this size range require at least 2–3 nitrogen atoms to
reproduce the class A band position. Assuming, conservatively,
that there are an average of three nitrogen atoms incorporated into
the interstellar PAHs that dominate the emission spectrum at this
wavelength and that the average size of the emitters is 90 C atoms
(considering all of the mid-IR bands, not just the CC stretch
component; Schutte et al. 1993), the amount of nitrogen tied up in
PAHs must be at least 3% of the amount of carbon tied up in the
PAHs to explain the position of the class A interstellar feature.

Now, the latest estimates (Snow & Witt 1995) place the
amount of cosmic carbon tied up in PAHs at between 10% and
30%. Thus, assuming the lower limit of this range, we have

NPAH
C ¼ 0:10NC;

where NPAH
C is the amount of C locked up in PAHs and NC is

the cosmic abundance of C. Taking the conservative value of
N/C ¼ 3% in the PAH population from above, the amount of
nitrogen tied up in the PAH population can be expressed as

NPAH
N ¼ 0:03NPAH

C ¼ 0:03 0:10NCð Þ ¼ 0:003NC:

Using this result, we can calculate the fraction of the cosmic
nitrogen that is tied up in the interstellar PAH population,

"PAH
N ¼ NPAH

N

NN
¼ 0:003NC

0:25NC
¼ 0:012;

wherewe have used the cosmic abundance of N relative toC from
Table 4. Thus, the results of this study imply that at least 1.2% of
the available cosmic N is tied up in the interstellar PAH popula-
tion. It should also be emphasized that this is a conservative es-
timate. Within the uncertainties associated with the quantities that
went into this calculation, the value could easily be as high as 5%–
6% of the cosmic nitrogen, making the PAH population a sig-
nificant reservoir of nitrogen in the interstellar medium.

5.3. Rotational Spectroscopy of Interstellar PANHs

As pointed out by Mattioda et al. (2003), by virtue of their
permanent dipole moments, PANHs exhibit pure rotational

spectra and can, if present, contribute to the cosmic microwave
emission. In view of this potential, the dipole moments and ro-
tational constants have been calculated at the B3LYP/4-31G
level of theory and are tabulated in Tables 5 and 6, respectively.
The majority of PANH species are asymmetric top molecules

(i.e., the moments of inertia about each of the molecule’s three
internal coordinate axes are different). The rotational axes of
each molecule are identified as a, b, and c on the basis of the
moment of inertia, I, about each axis and according to the con-
vention Ia < Ib < Ic. The rotational constants about the a, b, and
c axes are denoted A, B, and C, respectively, and are determined
by the standard expression,

Q ¼ f
4#cIq

;

where Q (¼ A, B, or C ) is the rotational constant and Iq is the
moment of inertia about the q-axis.
The B3LYP dipole moments are computed at the center of

mass of each molecule, with the a, b, and c (normal to the plane
of the molecules) axes being the principal axes of inertia. For
these planar species, the components of these dipole moments

TABLE 5

Calculated Dipole Moments for the Singly Substituted Isomers
of the N-coronene, N-ovalene, N-circumcoronene,

and N-circum-circumcoronene Cations

Dipole Moments

Species
!a

(D)

!b

(D)

m
(D)

N-coronene Cations

1N........................................... 5.48 0.19 5.49

2N........................................... 3.69 0.00 3.69

3N........................................... 2.67 0.00 2.67

N-ovalene Cations

1N........................................... 7.10 0.98 7.17

10N.......................................... 5.38 4.81 7.21

100N......................................... 4.92 4.26 6.51

1000N........................................ 0.00 3.47 3.47

2N........................................... 5.25 1.19 5.38

20N.......................................... 1.59 3.65 3.98

3N........................................... 4.32 1.02 4.44

30N.......................................... 1.29 1.99 2.37

4N........................................... 0.00 1.56 1.56

N-circumcoronene Cations

1N........................................... 9.23 0.23 9.23

10N.......................................... 6.99 0.00 6.99

2N........................................... 6.77 0.47 6.79

3N........................................... 5.30 1.20 5.43

4N........................................... 4.55 0.00 4.55

5N........................................... 1.32 0.00 1.32

N-circum-circumcoronene Cations

2N........................................... 10.12 0.33 10.13

20N.......................................... 9.09 0.00 9.09

3N........................................... 7.47 1.94 7.72

30N.......................................... 8.31 0.00 8.31

4N........................................... 7.33 0.63 7.72

5N........................................... 4.75 0.62 4.79

6N........................................... 3.06 0.00 3.06

7N........................................... 2.54 0.00 2.54

HUDGINS, BAUSCHLICHER, & ALLAMANDOLA328 Vol. 632

are necessarily confined to the plane of the molecule, i.e., !c ! 0
in all cases. For comparison, the values for smaller PANHs such
as those shown in Table 1 can be found in Mattioda et al. (2003).
Calibration calculations at the same level of theory for the ben-
zene molecule yield rotational constants that are accurate to
within 1%. Furthermore, the experimental (theoretical) dipole
moments for CO, H2CO, and HC3N are 0.117 (0.158), 2.34
(2.45), and 3.6 (3.86) D, respectively. Thus, while the calculated
rotational constants such as those listed in Table 6 are insufficient
to calculate precise rotational line positions, they are sufficient to
constrain the strengths and wavelength regions in which PANH
rotational transitions are expected.

The rotational constants for the internally single N-substituted
PANHs tabulated in Table 6 span the range from 0.34 to
0.01 GHzwith dipole moments varying from 0 to nearly 10 D. In
comparison, the rotational constants for the smaller PANHs
considered in Mattioda et al. (2003) span the range from 1.6 to
0.2 GHz, and the dipole moments vary from 4.3 to 0 D. Given
that PANHs larger than circumcoronene and probably ap-
proaching the size of circum-circumcoronene are likely in the
interstellar medium (ISM), it is reasonable to extrapolate that the
rotational constants for the majority of interstellar PANHs will
beT1 GHz, while their dipole moments may be as large as tens
of debyes. Thus, if PANHs indeed dominate the PAH population,
they could be an unrecognized but important contributor to
Galactic and extragalactic microwave emission.

Given the enormous number of PANH structures possible, the
vanishingly small rotational constants of PANHs the size of
those that populate the ISM, and the likelihood that most cosmic
PANHs will have multiple substituted N atoms, interstellar
PANHs should produce a very dense forest of lines over a very
broad spectral range. For example, a mixture of PANHs up to a
size of circum-circumcoronene at 100 K are expected to emit in a
pseudocontinuum between about 0 and 40 GHz. While such
emission would be expected to be associated with regions that
emit the unidentified infrared (UIR) emission features, it is also
possible that microwave emission from rotationally excited
PANHs could originate in low-radiation regions as well. Fur-
thermore, given that these species are so widespread throughout
the cosmos, it is also possible that they could superpose ab-
sorption structure against strong background radio and micro-
wave continuum emission sources such as supernova remnants.

An interesting consequence of this is that PANHs may rep-
resent an important fraction of the ‘‘spinning ultrasmall’’ grain
population proposed by Draine & Lazarian (1998a, 1998b) to
account for the excess Galactic microwave emission at 14.5,
31.5, 32, and 53 GHz reported by Kogut et al. (1996), de
Oliveira-Costa et al. (1997), and Leitch et al. (1997). These au-
thors report a strong spatial correlation between this anomalous
emission and the Infrared Astronomical Satellite (IRAS ) 100 !m

dust emission from high-latitude clouds. Not only is this 100 !m
emission strongly correlated with the PAH emission features, but
the peakCC stretching band of those features falls close to 6.2!m,
the position directly implicating large PANHs.

Given their large dipole moments, it may also be possible to
distinguish the rotational emission lines of interstellar PANHs
among the forest of molecular rotational lines observed in cold,
dark molecular clouds. Rotational level populations should be
low at the low ambient temperatures characteristic of such re-
gions (Tgas " 10 K), thus simplifying the spectrum for an indi-
vidual PANH by collapsing the emission into a relatively small
number of transitions. Furthermore, it may be that among the
PANH population there are some species that possess large di-
pole moments and have a high enough degree of symmetry that
the number of substitutional isomers is sufficiently small that
these species could have unusually intense radio lines. This is
similar to the situation with the radio detection of the interstellar
cyanopolyenes. Their detection is not so much a reflection of a
chemistry that favors the production of these types of com-
pounds over other organic compounds, but rather owes to the
fact that this particular family of species has exceptionally high
dipole moments and relatively small partition functions.

Complete and proper testing of this hypothesis will require
a full quantum mechanical treatment of the rotational spectrum
of a variety of singly and multiply N-substituted PANHs. As
PANHs are asymmetric rotors, this is well beyond the scope of
this paper.

5.4. Electronic Spectroscopy of Interstellar PANHs

Since nitrogen has one more electron than carbon, the sub-
stitution of a nitrogen atom for a carbon atom in the aromatic
network can have a profound effect on the electronic transitions
of the species in the UV/visible/NIR regions. As mentioned in
x 3.1, since a N atom and a CH group are isoelectronic, substitu-
tion of a single N atom on the periphery of a PAH, forming an
exoskeletal PANH, yields a neutral molecule with a closed-shell
electronic structure whose corresponding cation will have an
open-shell, radical structure. Thus, the electronic spectra of these
species will resemble that of their neutral and cationic PAH
counterparts, respectively. However, when the substitution of a
single N atom (or, indeed, any odd number of N atoms) occurs at
an endoskeletal position, the situation is reversed. Since an N
atom has one more electron than does a C atom, it is the neutral
endoskeletal PANH that has the open-shell structure, while the
corresponding cation has the closed-shell structure. As we shall
see, this difference in electronic structure has important im-
plications for astrophysics.

The difference in the electronic spectroscopy of PAHs and
endoskeletal PANHs can be illustrated by comparing circum-
coronene and 5N-circumcoronene (structures shown in Fig. 2).
The time-dependent (Stratmann et al. 1998) B3LYP/4-31G ex-
citation energies and oscillator strengths for the lowest electronic
excited states of circumcoronene, circumcoronene cation, 5N-
circumcoronene, and 5N-circumcoronene cation are given in
Table 7. The B3LYP/4-31G energy levels of the highest occu-
pied and lowest unoccupied orbitals of these four systems are
shown in Figure 6. The lowest lying electronic transitions in each
case are indicated by the vertical bars in the diagram. The
numbering of the transitions is in order of increasing energy and
corresponds to the numbering of the rows in Table 7. This level
of theory has been shown (Hirata et al. 2003) to yield excitation
energies accurate to about #0.3 eV and oscillator strengths that
are consistent with experiment. This level of accuracy is suffi-
cient to illustrate the differences between the PAHs and PANHs.

TABLE 6

Calculated Rotational Constants for the Singly Substituted Isomers
of the N-coronene, N-ovalene, N-circumcoronene,

and N-circum-circumcoronene Cations

Rotational Constants

Species
A

(GHz)

B

(GHz)

C

(GHz)

N-coronenes ............................ 0.334–0.337 0.331–0.336 0.166–0.168

N-ovalenes .............................. 0.238 0.148 0.091

N-circumcoronenes ................. 0.066 0.066 0.033

N-circum-circumcoronenes ..... 0.021 0.021 0.011

INTERSTELLAR PANHs 329No. 1, 2005

Hudgins, Bauschlicher, & Allamandola, 2005
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Figure 14
Density functional theory calculated spectra of the circumcoronene cation with one N atom substituted for one C atom calculated in
the 6-µm region (Hudgins, Bauschlicher & Allamandola 2005). The location of the N atom in the carbon skeleton is indicated on the
right. The corresponding spectrum is shown on the left. Note that the peak position shifts to higher frequencies when the N atom is
substituted deeper in the species.

Rather than substitution, metal atoms form complexes with PAHs in which they are situated
above or below the plane. Such complexes have been investigated with DFT calculations, and a
few iron complexes with small PAHs have been measured using the MPD technique (Hudgins,
Bauschlicher & Allamandola 2005; Szczepanski et al. 2006; Simon & Joblin 2007). The calculations
suggest that, for the iron-coronene complex, the charge resides on iron, and the calculated peak
position of the 6.2-µm band may shift all the way to 6.1 µm (Hudgins, Bauschlicher & Allamandola
2005; Simon & Joblin 2007).

4.2.4. Clusters. The large polarizability of PAH molecules provides a strong bonding force be-
tween the aromatic planes of PAHs. Typically, the van der Waals interaction energy between neutral
PAHs is approximately 0.05 eV per C atom (Zacharia 2004). Such clusters represent an important
link between molecular and solid-state branches of soot formed in flames (Figure 15). Where this
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