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Spinning dust radiation: basic 
process
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• Erickson 1957

• Hoyle & Wickramasinghe 1970

• Ferrara & Dettmar 1994

• Rouan et al 1992

• Draine & Lazarian 1998a,b



Emissivity = 

grain abundance (and size, 
shape, dipole moment)

               x dP/dν(ν|J)

               ⊗ Proba(J)

Spinning dust radiation: basic 
process



Grain size distribution

• Typically a few percent of interstellar C in PAHs is 
required to reproduce the observed extinction and 
3-25 μm emission. 

• Assume log-normal distribution centered around 
a~4 Å, but the exact shape is uncertain.

• This is essentially an adjustable external parameter.

• See L. Verstraete’s talk for more on small grains



Grain shape

• Assume grains are disks for 24 < NC < 100 
and spheres for NC > 100.

• Reality is of course more complex

From Spitzer website From Wright’s website



Electric dipole moments

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

both populations (Weilmunster et al. 1999). It is therefore rea-
sonable to expect that an analogous cation growth mechanism
involving a low level of nitrogen-containing species could yield a
population of large, endoskeletal PANH cations. Thus, since an
array of simple nitrogen-containingmolecules includingHCNand
other CN-bearing carbon chain species are observed in carbon-
rich late circumstellar outflows (e.g., Cernicharo et al. 1999),
endoskeletal PANHs might well play a role in the astrophysical
problem. Unfortunately, due to the radical nature of the precursor
neutrals, such endoskeletal PANHs are not stable, and samples of
such species are not available for study by our current experi-
mental techniques. Fortunately, such exotic chemical species are
accessible through modern computational methods. Indeed, such
methods have already been employed to explore the potential role
of closed-shell PAH (not PANH) cations in the interstellar PAH
population (Hudgins et al. 2001). Consequently, in parallel to our
experimental studies of PANHs, we have conducted a series of
theoretical studies of the harmonic fundamental frequencies and
intensities of a variety of endoskeletal PANHs. The results of
those studies are discussed in x 3.2.

3.2. Endoskeletal PANHs

The computational procedures employed to explore the IR
spectroscopic properties of larger, condensed PANH species have
been described in detail previously (Bauschlicher & Langhoff
1997) and are summarized only briefly here. Molecular geome-
tries are optimized, and the harmonic frequencies and infrared
intensities are computed using the B3LYP (Stephens et al. 1994)
hybrid (Becke 1993) functional in conjunction with the 4-31G
basis sets (Frisch et al. 1984 and references therein). The har-
monic frequencies are scaled by 0.958, a factor that previouswork
has shown brings the computed values into optimal agreement
with experiment (Langhoff 1996). Previous work has also shown
that the band intensities calculated in this fashion are accurate
except for the neutral C–H stretches,which are overestimated by a
factor of about 2 (Bauschlicher & Langhoff 1997). The C–H
stretching intensity for the cations is also probably too large, but
the factor is less well established. The B3LYP calculations are
performed using the Gaussian98 computer codes (Frisch et al.
1998). The band positions and intensities computed in this fashion
are used to generate synthetic spectra by assigning each feature a
30 cm!1 FWHM Gaussian profile consistent with the homoge-
neous line profile associated with the astrophysical emission
process for the mid-IR bands.

3.2.1. Singly Substituted PANHs

The PANH species selected for our computational analyses
were all N-substituted analogs of previously studied large, con-

densed PAH cations. These included all the possible substitutional
isomers of the cations of coronene (C24H

þ
12), ovalene (C32H

þ
14),

circumcoronene (C54H
þ
18), and circum-circumcoronene (C96H

þ
24).

Generalized structures for these species are shown in Figure 2.
The various isomers of these singly N-substituted species are
distinguished by the following convention: a 1N prefix to the
name indicates that the N atom is substituted at the position of a
CH group on the periphery of the PANH; a 2N prefix indicates
substitution for a C atom one bond removed from the nearest CH
group; a 3N prefix indicates substitution for a C atom two bonds
removed from the nearest CH group; and so on. Two or more
nonequivalent substitutions that fall into the same class are dis-
tinguished by primes added to the prefix. Under this classification
scheme, all 1N-PAHs are necessarily exoskeletal PANHs, while
all nN-PAHs with n > 1 are necessarily endoskeletal.
The first species studied were the three possible unique

N-coronene cations. The structures of these species together with
their calculated mid-IR spectra are shown in Figure 3, where they
are also compared to the spectrum of the parent (unsubstituted)
coronene cation. Note that, consistent with the designation sys-
tem described above, N substitution at position 1 corresponds to
replacing a CH group and yields an exoskeletal PANH, while
substitution at positions 2 and 3 corresponds to replacing skeletal
C atoms that are one and two bonds removed from the nearest CH
group, respectively, and yield endoskeletal PANHs. Figure 3a
shows the complete spectrum for each species from 2 to 50 !m.
Figure 3b shows the 6 !m region of each spectrum on an ex-
panded scale to facilitate observing the effect of N substitution on
the position of the dominant CC stretching band of each cation.
Inspection of Figure 3a shows that the PANH cations exhibit a

pattern of band positions that is similar to that of the PAH cations
studied to date, i.e., PANH cations do not give rise to bands in
unique regions of the mid-IR not populated by the bands of the
analogous pure hydrocarbon species. N substitution does, on the
other hand, appear to elicit some substantial redistribution of rel-
ative band intensity, particularly with respect to the CH stretch-
ing and out-of-plane bending modes near 3.3 and 11.2 !m,
respectively, both of which are substantially enhanced in the
endoskeletal N-coronene cations relative to the parent coronene
cation. This effect will be explored in greater detail elsewhere.
Here we focus on the effect N substitution has on the position of
the dominant CC stretching feature of these species.
Turning to Figure 3b, inspection of the lower two traces (the

coronene and 1N-coronene cations) shows that, as was the case
for the other (exoskeletal) PANH cation species studied experi-
mentally and discussed in x 3.1, substitution at the 1 position has
little effect on the position of the dominant band in the 6.2 !m
region (6.452 vs. 6.441 !m in unsubstituted coronene). On the

Fig. 2.—Generalized structures of the large, condensed PANH species considered in the computational component of these studies. The numbers identify the
possible unique positions for N atom substitution in the structure and are assigned as described in the text.
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accessible through modern computational methods. Indeed, such
methods have already been employed to explore the potential role
of closed-shell PAH (not PANH) cations in the interstellar PAH
population (Hudgins et al. 2001). Consequently, in parallel to our
experimental studies of PANHs, we have conducted a series of
theoretical studies of the harmonic fundamental frequencies and
intensities of a variety of endoskeletal PANHs. The results of
those studies are discussed in x 3.2.

3.2. Endoskeletal PANHs

The computational procedures employed to explore the IR
spectroscopic properties of larger, condensed PANH species have
been described in detail previously (Bauschlicher & Langhoff
1997) and are summarized only briefly here. Molecular geome-
tries are optimized, and the harmonic frequencies and infrared
intensities are computed using the B3LYP (Stephens et al. 1994)
hybrid (Becke 1993) functional in conjunction with the 4-31G
basis sets (Frisch et al. 1984 and references therein). The har-
monic frequencies are scaled by 0.958, a factor that previouswork
has shown brings the computed values into optimal agreement
with experiment (Langhoff 1996). Previous work has also shown
that the band intensities calculated in this fashion are accurate
except for the neutral C–H stretches,which are overestimated by a
factor of about 2 (Bauschlicher & Langhoff 1997). The C–H
stretching intensity for the cations is also probably too large, but
the factor is less well established. The B3LYP calculations are
performed using the Gaussian98 computer codes (Frisch et al.
1998). The band positions and intensities computed in this fashion
are used to generate synthetic spectra by assigning each feature a
30 cm!1 FWHM Gaussian profile consistent with the homoge-
neous line profile associated with the astrophysical emission
process for the mid-IR bands.

3.2.1. Singly Substituted PANHs

The PANH species selected for our computational analyses
were all N-substituted analogs of previously studied large, con-
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removed from the nearest CH group; and so on. Two or more
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C atoms that are one and two bonds removed from the nearest CH
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Electric dipole moments

• In principle a physical model of small grains would 
provide shape + dipole (given charge state) at once.

• What is actually present in nature is not clear.

• Default: 3d gaussian distribution with 
 with β = 0.4 Debye. 
Also an external adjustable parameter in SPDUST.

hµ2i = Nat�
2



Emissivity = 

grain abundance (and size, 
shape, dipole moment)

               x dP/dν(ν|J)

               ⊗ Proba(J)

Spinning dust radiation: basic 
process



• UV photons excite grain to Tvib ~ 1000 K

• Trot = Tvib (at constant J) due to efficient 
rotation-vibration coupling

• Grain cools but Trot freezes at Tfr ≳ 70 K

Rotational configuration of 
disk-like grains

J ϑ

P (cos ✓|J) / exp


�E(J, ✓)

kTfr

�
, with E(J, ✓) ⌘ J2

2Is


1� 1

2

cos

2 ✓

�

Tfr ⌧ J2/Is ) ✓ = 0 (⇡) , Tfr � J2/Is ) ✓ randomized



Rotational configuration of 
disk-like grains

• In SPDUST: either Tfr << Erot (case 1, as in 
DL98), or Tfr >> Erot (case 2, SPDUST.2).

See T. Hoang’s talk for more

• Case 2 results in enhanced emissivity due to 
larger rotational frequencies (~x2, for a given J 
-- but characteristic J is smaller) Spinning dust 17

5 2010

Figure 3. Probability distribution function for the parameter
Ω = L/I3, for a grain of radius a = 5 Å, in WIM conditions, with
µ2
ip : µ2

op = 2 : 1, and with dipole moment per atom β = 0.38
debye.

Figure 4. Power radiated by a grain of radius a = 5 Å, in WIM
conditions, with µ2

ip : µ2
op = 2 : 1, and with dipole moment per

atom β = 0.38 debye.

In the case of a disc-like grain, (I3 = 2I1) this is

〈Erot〉(L) =
5
3
L2

2I3
=

5
3
Erot(L, θ = 0). (144)

Therefore, we may expect that, when in contact with a bath
of a characteristic energy, grains with a randomly oriented
rotation axis will have an rms angular momentum ∼

√

5/3
times smaller than those rotating around the axis of greatest
inertia. This is indeed what we found in the case of collisions
of neutral grains with neutral impactors, or emission of in-
frared photons, for which we showed that G was unchanged
but F was increased by a factor of 5/3. We also showed
that the normalized plasma damping and excitation rates
satisfied 1 < Fp/Gp < 3.

More importantly, the characteristic radiation-reaction
damping time τed was found to be shorter in case 2. We have

τed(θ random)
τed(θ = 0)

=
µ2
ip

41
15µ

2
ip + 16

3 µ2
op

. (145)

Figure 5. Spinning dust emissivity in WIM environment.

In the case where radiation-reaction is the dominant rota-
tional damping mechanism, which is the case for the smallest
grains in diffuse phases of the ISM, AHD09 showed that the
rms angular momentum is ∝ τ 1/4ed . Numerically, we have

τ 1/4ed (θ random)

τ 1/4ed (θ = 0)
≈

{

0.78 µop = 0,
0.66 µ2

ip : µ2
op = 2 : 1.

(146)

From these considerations, we therefore expect that in the
same environment, the characteristic angular momentum in
case 2 will be ∼0.66–0.78 times the one in case 1.

We show in Fig. 3 the angular momentum distribution
for a grain of volume equivalent radius a = 5 Å, in WIM
conditions, with µ2

ip : µ2
op = 2 : 1, and with dipole moment

per atom β = 0.38 debye. The rms angular momentum in
case 2 is ∼ 0.67 times the one in case 1.

8.2 Change in emissivity

At a given angular momentum, the power radiated in case
2 peaks at a frequency approximately twice higher than the
power radiated in case 1 (see discussion in Section 4.1).

Therefore, and in view of the preceding section, we ex-
pect that the total power radiated in case 2 will peak at a
frequency ∼ 2× 0.7 ∼ 1.4 times higher and will integrate to
a total power ∼ 10× (0.7)4 ∼ 2 times the power radiated in
case 1. This is indeed what we find, as can be seen in Fig. 4.

The overall spinning dust emissivity follows the same
trends, as can be seen in Fig. 5 for the WIM, and in Fig. 6
for other interstellar environments.

8.3 Sensitivity to dipole moment orientation

It is not clear what is the correct assignment for the direc-
tion of the grain permanent dipole moment relative to the
principal axes. Here we analyse the effect of the dipole mo-
ment orientation on the spinning dust spectrum; it appears
to make only a minor difference in the WIM environment.

For the smallest grains where radiation-reaction damp-
ing is most important, we expect 〈Ω2〉1/2 ∝ τ 1/4ed so

〈Ω2〉1/2 ∝











µ−1/2
ip (case 1),

µ−1/2

(

80
39 − µ2

ip

µ2

)−1/4

(case 2).
(147)
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Figure 9.1: Power radiated per unit frequency by a disklike dust grain, for a given ⌦ = ~J/I3, in
arbitrary units, and assuming a randomly oriented grain. The dashed line shows the emitted power
for the case of a grain spinning about its axis of greatest inertia.

di↵usion.

Let us denote ⌘(E) ⌘
�

eE/(kT0) � 1
��1

the occupation number of CMB photons. At the energies

of interest, ⌘(E) ⇠ 1. We start in a state with M = J and denote AJ,K,J!J 0,K0,J0 ⌘ AJ,K!J 0,K0 for

short.

The average rate of change of the quantity �X per unit time, where �X = �M, �J2 or �J�K,

is given by

dh�Xi
dt

=
X

K0

�X AJ,K!J�1,K0 [1 + ⌘(EJ,K � EJ�1,K0)]

+
X

K0

�X AJ+1,K0!J,K ⌘(EJ+1,K0 � EJ,K), (9.57)

where the second term in the first line accounts for stimulated decays and the second line accounts

for absorptions from the state |J, K, Ji to the state |J + 1, K 0, J + 1i and we have not included

transitions with �M 6= �J as they are suppressed in the large-J limit.

We now point out that the Einstein-A coe�cients are slowly varying functions of J and K, i.e.,

they change by a fractional amount of order ⇠ 1/J if changing J or K by 1. If �E ⇠ kT0, then this

is also the case for the photon occupation numbers appearing in Eq. (9.57). To lowest order in 1/J ,



Emissivity = 

grain abundance (and size, 
shape, dipole moment)

               x dP/dν(ν|J)

               ⊗ Proba(J)

Spinning dust radiation: basic 
process



Angular momentum distribution: 
Proba(J|environment)

@fJ
@t

=

Z
dJ 0 ⇥fJ 0T (J 0 ! J)� fJT (J ! J 0)

⇤
= 0

• In all generality, should solve a master equation:

• In SPDUST, as in DL98, we assume  h�J2i ⌧ J2

 See T. Hoang’s talk for regime of validity of this assumption

• Replace master equation by Fokker-Planck equation:
@fJ
@t

= � @

@J

h
hJ̇ifJ

i
+

1

2

@2

@J i@Jj


dh�Ji�Jji

dt
fJ

�
= 0

excitation/fluctuationdrag/dissipation



Collisions with ions/neutral gas 
particles

Most intuitive process, yet, difficult to 
precisely model microphysics.

Improved over DL98, yet, still simplifed:

Tgas

Tev

- Colliding particles all stick to the grain (except if no 
more room...)
- Depart the grain as neutral atoms, with characteristic 
Tev~1000 K following absorption of UV photon
- Assume small kicks (see T. Hoang’s talk)



Torques by passing ions (“plasma 
drag”)

• Account for hyperbolic trajectories for a charged grain, 
and grain rotation (suppressed torque for ωb/v ≳1).

• Simplifications:
- Assume straight-line trajectories for neutral grain
- Here too, torques can be impulsive, δω≳ω (moreover 
assume ω constant during interaction time).

μ
Tgas

+
dL

dt
= µ ⇥ E



Emission of infrared photons

ω
L2
� = 2~2

dLz

dt
/ !

Z
F⌫

⌫2
d⌫

(prefactors depend on in-plane or out-of 
plane character of vibrational modes)

Excitation:

Damping:

• Basic process:

Note: indeed nearly continuous as long as J >> 1



Emission of infrared photons

• Simplifications in SPDUST:

- IR emission computed with a simplified model.
- Assume 2/3-1/3 ip, op modes (order unity error at most).
- Assume radiation field is χ<ISRF> (so can precompute). 
Could be very different depending on region. (see L. 
Verstraete’s talk for radiative transfer). 

• Could couple SPDUST with, e.g. DUSTEM, for computing 
Fν(IR)? Speed may be an issue.



Electric dipole emission (and 
absorption...)

• A rotational damping process

• Checked that absorption of CMB photons (the 
corresponding excitation!) is negligible (< 20% 
increase in emissivity in diffuse environments)

• In passing, find that optical depth is ~10-26 NH for 
standard dust grain abundances. If enough dust in 
circumstellar disks, could be optically thick.



Conclusions

• SPDUST is a fast, relatively detailed code, still with 
many simplifications.

• The most influential parameters (size distribution, 
dipole moments) can be easily changed as an input

• Improvements clearly possible, but may significantly 
slow down the code.  Are they worth it as of now? 


