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ABSTRACT

We suggest that the diffuse interstellar bands (DIBs) arise from absorption lines of electronic transitions in molecular
clusters primarily composed of a single molecule, atom, or ion (“seed”), embedded in a single-layer shell of H2
molecules. Less abundant variants of the cluster, including two seed molecules and/or a two-layer shell of H2
molecules, may also occur. The lines are broadened, blended, and wavelength-shifted by interactions between
the seed and surrounding H2 shell. We refer to these clusters as contaminated H2 clusters (CHCs). We show
that CHC spectroscopy matches the diversity of observed DIB spectral profiles and provides good fits to several
DIB profiles based on a rotational temperature of 10 K. CHCs arise from ∼centimeter-sized, dirty H2 ice balls,
called contaminated H2 ice macro-particles (CHIMPs), formed in cold, dense, giant molecular clouds (GMCs),
and later released into the interstellar medium (ISM) upon GMC disruption. Attractive interactions, arising from
Van der Waals and ion-induced dipole potentials, between the seeds and H2 molecules enable CHIMPs to attain
centimeter-sized dimensions. When an ultraviolet (UV) photon is absorbed in the outer layer of a CHIMP, it heats
the icy matrix and expels CHCs into the ISM. While CHCs are quickly destroyed by absorbing UV photons, they
are replenished by the slowly eroding CHIMPs. Since CHCs require UV photons for their release, they are most
abundant at, but not limited to, the edges of UV-opaque molecular clouds, consistent with the observed, preferred
location of DIBs. An inherent property of CHCs, which can be characterized as nanometer size, spinning, dipolar
dust grains, is that they emit in the radio-frequency region. We also show that the CHCs offer a natural explanation
for the anomalous microwave emission feature in the ∼10–100 GHz spectral region.
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1. INTRODUCTION

The diffuse interstellar bands (DIBs) are a collection of
∼400 weak, primarily visible absorption features, seen against
stars over long sight lines, ∼100 pc, in the Milky Way and other
galaxies. Despite their discovery almost a century ago (Heger
1922), the DIBs have eluded explanation. High-resolution spec-
troscopy of many DIBs (Jenniskens & Desert 19943) has re-
vealed that they likely originate from molecules (Herbig 1995;
Tielens & Snow 1995). Yet no convincing molecule or ion has
been found whose absorption wavelengths coincide with those
of DIBs, though many have been proposed: small dust grains, ex-
cited states of H2, small organic molecules, hydrocarbon chains,
fullerenes, fulleranes, and polycyclic aromatic hydrocarbons
(PAHs). A number of excellent reviews of the DIB problem
are available (Herbig 1995; Tielens & Snow 1995; Snow &
Destree 2011; Sarre 2006) and a comprehensive bibliography
and access to key, recent papers, and a number of DIB databases
can be accessed at: http://dibdata.org/.

Some key observational aspects of DIBs include: (1) they are
found in the diffuse interstellar medium (ISM) with a preference
for the edges of molecular clouds (Herbig 1995), (2) they
generally exhibit weak pairwise correlation of their strengths
along different sight lines, implying multiple or possibly many,
distinct carrier species (Cami et al. 1997), (3) they have
widths spanning the range of ∼0.2–20 Å, with a narrow width
distribution, peaking at ∼0.6 Å (Hobbs et al. 2009), (4) they
occur mostly in the red spectral region, ∼5500–7000 Å, with
few, if any, occurring below ∼4000 Å (Hobbs et al. 2009), and

3 See also http://leonid.arc.nasa.gov/DIBcatalog.html.

(5) their strengths are correlated, with significant scatter, with
interstellar extinction due to dust grains (Herbig 1995).

We suggest that the DIBs arise from absorption lines of
electronic transitions in molecular clusters primarily composed
of a single molecule, atom, or ion (“seed”), embedded in a
single-layer shell of H2 molecules. Less abundant variants of
the cluster, including two seed molecules and/or a two-layer
shell of H2 molecules, may also occur. The lines are broadened,
blended, and wavelength-shifted by interactions between the
seed and the surrounding H2 shell. We refer to these clusters as
contaminated H2 clusters (CHCs). We further suggest that CHCs
offer a natural explanation for the ∼10–100 GHz anomalous
microwave emission (AME; Kogut et al. 1996; Leitch et al.
1997; Draine & Lazarian 1998; Planck Collaboration 2011).

In this paper, we first describe the physical and spectroscopic
parameters characterizing CHCs, focusing on the most abundant
class of CHCs, those composed of a single seed and a single
layer of H2 molecules. Next, we present model simulations of
CHC spectral profiles, based on the range of values established
for the spectroscopic parameters, which match the diversity of
observed DIB profiles. We then use the CHC spectral model
to fit a number of well-characterized DIB spectral profiles,
as well as a representative AME spectrum. This is followed
by a description of how the CHC precursors, referred to as
contaminated H2 ice macro-particles (CHIMPs), are formed
in molecular clouds, and how they expel CHCs once they
are exposed to the ISM ultraviolet (UV) radiation field at the
cloud edges. We show that the seeds are the “glue” that enable
CHIMPs to grow into ∼centimeter-sized particles. CHIMPs
are slowly eroded by absorption of ISM ultraviolet photons
over a ∼10 Myr timescale and restored from the disruption
of GMCs on this same timescale. While CHCs are quickly
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destroyed by absorbing UV photons, they are replenished by
the slowly eroding CHIMPs. We estimate the range of CHC
abundances required for consistency with the DIBs, and, based
on this range, we present a list of candidate seed species. Finally,
CHCs are shown to be consistent with the key observational DIB
properties, including their wide range of widths, their average
width, the paucity of UV DIBs, and their association with the
outside surfaces of molecular clouds.

2. CHC SPECTROSCOPY

2.1. CHC Physical and Spectroscopic Parameters

We focus on the properties of CHCs with a single seed
and a single layer of H2 molecules, since, as discussed later,
they are expected to be the most abundant type of CHC. We
briefly discuss the properties of less abundant CHCs, including
those with two layers of H2 molecules, and those with two
seeds. A CHC’s size depends on the size of its seed and the
number of H2 layers bound to the seed by the seed-H2 potential.
Small molecular seeds, such as CO and CH4, whose interaction
potential with H2 is weakly dependent on molecular orientation,
will rotate freely within the surrounding H2 shell. Larger, non-
spherical seeds, such as CO2 and C3H2, will be locked into
position by the H2 layer, and, seed rotation will be rigidly tied to
that of the whole cluster. Most seeds will form “locked” CHCs.
Geometrically, a CHC’s H2 layer(s) will approximately conform
to the shape of its seed, resulting in a spherical, symmetric,
or asymmetric top cluster. Thus, CHC spectral profiles will
reflect the spectroscopy for these classes of molecular symmetry.
The idea that some of the structured DIB spectral profiles can
be modeled well in terms of a large linear or symmetric top
molecule has been demonstrated by several groups (Danks &
Lambert 1976; Kerr et al. 1996; Walker et al. 2001). In this work,
we explore this idea in the context of the physical and spectral
parameter constraints associated with CHC spectroscopy.

For spectral modeling, we assume that symmetric tops are
appropriate representations for most CHCs. The spectroscopic
parameters for symmetric top CHCs include two rotational
constants, B and C, for the lower and upper states of a
transition, the centrifugal distortion constants, DJ, DK, DJK,
the interstellar Doppler velocity spread, and Lorentz collision/
lifetime broadening parameters, γ D and γ L, the symmetries of
the states of the transition (e.g., A, E, . . .), and the electronic spin
and orbital angular momentum of the states. A subset of these
parameters suffices to demonstrate the utility of symmetric top
modeling of DIBs, i.e., B, C, γ D, and γ L.

We estimate the range of CHC rotational constants for a
spherical cluster, B = C, with a spherical seed, recognizing that
B and C can vary independently for non-spherical seeds. The
range of sizes for the seeds controls the range of values for CHC
rotational constants. The smallest molecule-seeded CHC occurs
for a pure, spherical H2 cluster, with a filled shell containing 13
H2 molecules. Its rotational constant, B = 0.087 cm−1, is based
on infrared absorption spectra of NO2 seeded H2 clusters by
Tang & McKellar (2005). When a CHC has a larger seed, it can
hold more H2 molecules and will therefore be larger than a pure
H2 cluster. Consequently, we approximate the relation between
size and rotational constant, for a filled H2 shell, by

B ≈
⌊

R0

R0 + ΔR

⌋4

B0, (1)

where R0 (3.4 Å) and B0 are the radius and rotational constant
for a reference CHC, taken to be a pure, single-layer H2 cluster,

and ΔR is the increase in cluster radius due to the substitution
of the seed for the central H2. The fourth power dependence on
cluster radius arises from two effects: (1) the moment of inertia
of the sphere scales as R2, and (2) the number of single-layer H2
molecules (i.e., the mass) on the outside surface of the cluster
also scales as R2; hence, the overall R4 scaling. The value of ΔR
depends on the size of the seed and is approximately half of the
difference of the largest dimension of the seed and the H2 bond
length, 0.75 Å. For example, typical ΔR values are 0.23 Å for
CO, 0.75 Å for CO2, increasing to ∼2.5 Å for larger polyatomic
molecules comprised of ∼10 atoms. This yields B values ranging
from ∼0.01 to 0.07 cm−1 for single-layer CHCs. For spectral
simulations, we adopt B = 0.02 cm−1 as a representative of
the moderate-size seed molecules (i.e., ∼5–10 atoms) that we
suggest are giving rise to the DIBs.

Double-layer CHCs (i.e., one with two layers of H2) will
occur for strongly binding seeds, such as molecular and atomic
ions. We estimate their range of rotational constants from
Equation (1) by adding 3.4 Å (i.e., the H2 Van der Waals
diameter) to ΔR to account for a second layer. This yields a
range of rotational constants that is ∼1/10th that for single-layer
CHCs. Therefore, the intrinsic width (i.e., neglecting broadening
effects) of double-layer CHCs will be a factor of ∼(1/10)1/2 ≈
0.3 (i.e., scaling of P–R branch separation) smaller than that for
single-layer CHCs.

The range in differences between the lower and upper state
CHC rotational constants is governed primarily by differences
between the locations of the minima of the seed–H2 interaction
potentials for the states of the transition, as opposed to the
changes in the seed rotational constants. The difference can be
positive or negative, depending on whether the excited state seed
is more or less strongly bound to the H2. Thus, either blue or red
band heads may occur for CHCs. We estimate that differences
in the potential minima for the broad seed–H2 potentials, of up
to δRm ∼± 0.2 Å are plausible, resulting in rotational constant
differences given by 2δRm/R = ΔB/B, ΔC/C � ±10%.

The preceding discussion was based on the assumption of
a filled outer H2 shell. For CHCs with an incomplete outer
shell, their rotational constants will approximately scale in direct
proportion to 1/(f0 + fs), where fs is the fractional completion of
the outer shell, and f0 is chosen to maintain continuity with the
inner shell or seed for fs = 0. The value of f0 is seed dependent,
but typically in the vicinity of f0 ∼ 0.06. This simple scaling is
only intended to convey the sensitivity of the rotational constants
to an incomplete outer shell.

CHC lines will be broadened through two processes: (1)
Doppler broadening from the spread of CHC velocities along a
sight line and (2) collision/lifetime broadening, which produces
a Lorentz line shape. The Doppler and Lorentz profiles are
convolved to produce the complete broadening profile. Typical
values for Doppler broadening are established by the observed
velocity spread in the narrow, atomic lines along a sight
line, ∼3–10 km s−1 (Spitzer 1968), translating into γ D ∼
0.2–0.6 cm−1. Larger values are possible because the velocity
distributions of the CHIMPs and CHCs are not necessarily tied
to that for the ISM atoms. For the purposes of spectral simulation
and fitting, we approximate the Doppler velocity distribution as
Gaussian.

The Lorentz line width is controlled by the lifetime of the
upper, excited state of the transition. The longest lifetime
corresponds to the natural radiative decay timescale and the
correspondingly narrowest line width. The shortest lifetimes
correspond to collision-induced or internal relaxation processes,
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such as intra-molecular or inter-molecular energy transfer,
chemical reaction, etc., that occur on a faster timescale than
radiative decay. In order to establish an approximate range
of values for the Lorentz line widths, we use the Heisenberg
uncertainty principle to relate the line width (full width half-
maximum) to the excited state lifetime

γL � h

2πΔt
, (2)

where Δt is the time uncertainty or lifetime of the excited state,
and “h” is Planck’s constant. Assuming a typical radiative decay
time for an allowed electronic transition of Δt = 10−7 s, we find
γ L = 1 × 10−20 erg or, equivalently, γ L = 5 × 10−5 cm−1.
This width is much smaller than the expected range of Doppler
widths, γ D ∼ 0.2–0.6 cm−1, implying that some DIB profiles
will only exhibit Doppler broadening.

In the CHC model, the shortest collision-limited timescale,
Δt, will occur when the seed’s excited electronic state undergoes
a fast, single-collision chemical reaction with a surrounding H2.
In this limit,

Δt ≈ 1

2ωc
, (3)

where ω is the vibration frequency of the H2 against the seed
molecule (i.e., this determines the collision rate between the
seed and an H2), and c is the speed of light. We estimate that
for a characteristic H2-seed interaction potential, the well depth
is ∼400 cm−1, and, assuming a Lennard–Jones 6–12 potential
(see Section 4.4), we derive a zeropoint vibration frequency
of ω ∼ 100 cm−1. The resulting predicted line width, γ L =
32 cm−1, is consistent with the widths observed for the broadest
DIBs.

Comparably broad line widths may also occur for intra-
molecular energy transfer within an excited seed molecule
(i.e., not due to collisions with the H2 shell). This arises
from rapid internal conversion among energetically degenerate
quantum states belonging to different, overlapping electronic
state manifolds. Rapid internal conversion and fast chemistry
within a cluster occur on comparable timescales because they
are both driven by vibrational motion. Thus, for DIB models
based on a gas-phase seed molecular carrier, such as the PAH
model, Lorentz broadening can only be manifested through
rapid internal conversion. For example, rapid internal conversion
is currently thought to be the source of Lorentz broadening for
the very broad DIBs, such as the 4428 Å DIB (Snow et al. 2002).
The CHC model opens up an additional Lorentz broadening
mechanism due to the interaction of the seed with the H2
molecular shell via reactive, as discussed above, or non-reactive,
collisional quenching, channels.

2.2. CHC Spectral Profile Simulations

We argue that DIB spectral profiles correspond to CHC rota-
tional profiles for electronic transitions of the seeds. Based on
estimated ranges for CHC spectroscopic parameters discussed
above, we performed the spectral simulations shown in Figure 1.
These simulations are for T = 10 K, selected as representative
of the physically constrained range of neutral-seeded CHC tem-
peratures, ∼3–15 K. The lower limit corresponds to the cosmic
microwave background (CMB) temperature of 2.7 K, and the
upper limit to the requirement that CHCs remain stable with re-
spect to desorption of H2. Ion-seeded CHCs are more strongly
bound and may be stable for temperatures as high as ∼100 K.
The range of CHC temperatures is also consistent with the range

of gas kinetic temperatures, ∼9–19 K, observed for the outer
surfaces of molecular clouds (Krco et al. 2008), where CHCs
are formed (see Section 4.1). The diversity of CHC spectra in
Figure 1 correlates well with observed DIBs, both in terms of
shapes and widths. Panel (f) shows that CHC lines could be re-
solved for small values of the broadening parameters, however,
the typical value of γ D ∼ 0.4 cm−1 precludes observation of line
structure for DIBs, because the spacing of adjacent lines is less
than γ D. Panel (f) also shows that, for γ L � 1 cm−1, the CHC
profiles will display a Lorentz profile, irrespective of the values
of the rotational constants and temperature. Panel (a) shows that
the profiles are not unique, rather, they depend on the product
of the rotational constants and temperature (i.e., BT). Figure 1
reveals that most CHC spectra are characterized by a width
(FWHM) of ∼2 cm−1, corresponding to ∼0.7 Å at 6000 Å. This
is consistent with observed mean widths, ∼0.55 and 0.75 Å, for
several DIB surveys (Hobbs et al. 2008, 2009).

DIB wavelengths do not match those of any isolated molecule
or atom, because, for CHCs, the transition wavelengths are
shifted by interactions between the seed and the H2 molecules.
Since a CHC can be characterized as a seed embedded in a frozen
molecular matrix, we look to matrix isolation spectroscopy to
estimate a range for the transition wavelength shifts due to
seed–H2 interactions. The shifts in the vibration and vibration-
electronic transition wavelengths have been measured in Ne
and Ar matrixes for a wide variety of organic molecules (Jacox
1998; Maier et al. 2011; Nagarajan & Maier 2010). They fall
in the range of ∼−150 to +100 cm−1 (∼+58 to −39 Å at
6000 Å). Molecular beam experiments by Kuma et al. (2011)
demonstrated shifts for tetracene (C18H12) embedded in large
Ne, Ar, and H2 clusters of ∼−30, −200, and −450 cm−1,
respectively. This implies that shifts for CHC seeds due to H2
may generally be much larger than for Ne and Ar, and that
redshifts of up to ∼−450 cm−1 (∼+174 Å), and possibly larger,
are plausible. Given the large range of potential shifts for the
CHC seeds, we suggest that it is unlikely that a DIB transition
will occur at the exact transition wavelength of the isolated,
molecular, atomic, neutral, or ionic gaseous seed.

3. COMPARISON WITH DIB AND AME SPECTRA

3.1. Comparison with Observed DIB Spectra

The CHC symmetric top model was used to fit sev-
eral well-characterized DIB spectra. The results, shown in
Figure 2, are based on adjustment, by hand, of the subset of
spectroscopic parameters discussed above, and a fixed tem-
perature of 10 K. The fit parameters are listed in Table 1.
The 10 K fit temperature was selected because it falls in the
mid-range of expected CHC temperatures, ∼3–15 K, as dis-
cussed above. Recalling the non-uniqueness of the profiles, if
T = 5 K is the correct temperature for a DIB, then its fit-
ted rotational constants would be doubled in value (i.e., BT
is held constant). We attribute the smaller CHC fit residuals
for the 6379 and 6196 Å DIBs (see Figures 2(d)–(f)) to un-
optimized fit parameters and to ignoring the centrifugal dis-
tortion constants. The larger residuals in the red wings of
the 6614 and 5797 Å DIBs (see Figures 2(a) and (b)) are at-
tributed to an overlapping DIB feature (see Section 5.6). These
four DIBs are fit as prolate tops, consistent with a linear or
hydrocarbon chain seed. However, the fit parameters are not
unique; if we assumed A → E, instead of A → A, symmetry
for the transitions, then comparably good fits would be ob-
tained for oblate tops, using similar rotational constant values,
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(a) (b)

(c) (d)

(e) (f )

Figure 1. Sensitivity of simulated CHC spectral absorption profiles (i.e., relative extinction profiles normalized to the same area) to variation of key spectral parameters.
The calculations were performed with the Program for Simulating Rotational Structure (PGOPHER; Western 2012) computer code where the C top axis is taken to
coincide with the symmetry axis. In each panel, the same reference profile is used (black curve) and compared to parametric variations where only the value of the
varied parameter is indicated (colored curves). Parameter units are in cm−1, and, as indicated in panel (f), a width of 2 cm−1 corresponds to 0.7 Å at 6000 Å. For the
assumed A → A transition symmetry, simulations for B < C and B > C correspond to prolate, football-like, and oblate, plate-like, symmetric tops, respectively. For
A → E transition symmetry, the correspondence reverses.

but switching their association with the principle axes of rota-
tion. Oblates tops are consistent with a planar, instead of linear,
seed.

Our CHC fit to the 6614 Å DIB (Galazutdinov et al. 2008; Kerr
et al. 1996) is of comparable quality to an earlier fit by Kerr et al.
(1996; see Figure 2(a)). The previous fit was for a different sight
line with a slightly different spectrum. It was based on a planar,
oblate top geometry, where the constraint B = 2 C was imposed,
and the additional effect of Coriolis coupling of the vibrational
and rotational motions was considered. The best fit from Kerr
et al. (1996) favored a PAH-like DIB carrier, similar in size
and shape to coronene (C24H12), and with T ∼ 60 K. However,
a comparably good fit was found for B = 0.019 cm−1, ΔB =
−0.85%, and T = 8.9 K, similar parameters to the CHC fit. The
CHC fit is consistent with a small, linear, or hydrocarbon carbon
chain molecule, comparable in size to a molecule like ∼H2C4,

with T ∼ 10 K. Neither fit accounts for the extended red wing,
whose relative contribution varies considerably among different
sight lines for the DIB observations. As noted in the previous
section, it is not surprising that the 6614 Å DIB profile can be fit
using very different sizes and shapes for the carrier. Establishing
a carrier preference rests on other considerations, such as the
plausibility of the fit temperature, the implications with respect
to carrier abundance, and the occurrence of other, correlated DIB
features.

We compare (see Figure 2(b)) the CHC fit for the 5797 Å
DIB (Galazutdinov et al. 2008; Kerr et al. 1996) to an earlier
fit (Kerr et al. 1996), based on a planar oblate top. The earlier
fit did not reproduce the peak structure, and neither fit accounts
for the extended red wing. As before, we attribute the red wing
to an overlapping DIB feature (see Section 5.6). The much
smaller value of B found in the CHC fit for the 5797 Å versus
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(a) (b)

(c) (d)

(e) (f )

Figure 2. Use of CHC spectroscopy to fit observed DIB spectral profiles ((a)–(f)). The CHC model fits (blue curves) are compared to data (black curves) and previous
model fits (red curves). The thickness of the gray line used for the 4428 Å DIB data (f) is representative of the spread in the numerous observations used to define its
intrinsic profile.

the 6614 Å DIB indicates a longer linear molecule with one or
two additional C atoms.

In contrast to the CHC model, previous fits to the 6196 and
6379 Å DIBs (Walker et al. 2001), considering two different ro-
tational structure models, PR and PQR, did not reproduce the ob-
served structure in the peak region for the DIBs (see Figures 2(d)
and (e)). The earlier study concluded that the profiles were con-
sistent with a fullerene-sized, C60, molecule and a temperature
range of ∼10–100 K. The 6196 Å DIB spectrum (Galazutdinov
et al. 2002) displays significant variability for the different sight
lines, as evident in panels (c) and (d). The panel (c) spectrum
is single-peaked and narrower than the double-peaked spectrum
in panel (d). The CHC model accounts for these differences in
terms of a variation in temperature, 4.8 K versus 10 K for panels
(c) and (d), respectively. More recent observations and analysis
by Kazmierczak et al. (2009) have shown that the variations
in the width and profile of the 6196 Å DIB correlate well with
C2 rotational temperature. They concluded that this variability
could be due either to variations in the isotopic composition or
to variations in the rotational temperature of the DIB carrier. Our

CHC fit results strongly favor variation in rotational tempera-
ture. While we have only displayed the 6379 Å DIB spectrum
for a single sight line (see panel (e)), it exhibits a similar pro-
file variability to the 6196 Å DIB between the HD 179406 and
HD 149757 sight lines (Walker et al. 2001), consistent with the
retrieved temperature variation.

As shown by Snow et al. (2002), the profile of the 4428 Å
DIB is well represented by a single Lorentz profile of width
88 cm−1 (FWHM, see Figure 2(f)). They concluded that a
non-radiative, very rapid internal conversion process for the
excited state explained the profile width and shape. The CHC
model offers a different physical interpretation of this process,
a single-collision reaction of the excited state seed with an H2.
The Heisenberg, lower-limit line width, estimated previously
for this process, of ∼32 cm−1, is consistent with the observed
width. We noticed a consistent fit residual on the red shoulder
of the DIB profile. We revised the fit to include an additional
Lorentz component for this feature. This resulted in a smaller
width, 70 cm−1, necessitating the inclusion of an additional,
smaller spectral component on the blue side of the band center.
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Table 1
Model Parameters Used for the Fits tot the DIB Profiles Shown in Figure 2

DIBa Model and Symmetry T B′′ ΔB C′′ ΔC ζ
′ b γ D

c γ L

(K) (cm−1) (%) (cm−1) (%) (cm−1) (cm−1) (cm−1)

6614 Å (a) CHC Prolate 10 0.018 −0.66 0.040 0.0 0.0 0.55 0.0
A → A

6614 Å (a) Kerr et al. 1996 61.2 0.00336 −0.17 0.00168 −0.17 −0.49 0.46 0.0
Oblate A → x10

5797 Å (b) CHC Prolate 10 0.009 −0.42 0.06 0.0 0.0 0.20 0.32
A → A

5797 Å (b) Kerr et al. 1996 47.9 0.00494 −0.41 0.00247 −0.41 −0.48 0.67 0.0
Oblate A → x10

6196 Å (c) CHC Prolate 4.9 0.00448 1.18 0.0088 9.0 0.0 0.50 0.0
A → A

6196 Å (c) Walker et al. 2001 PR 8.8 0.00277 1.9 0.62 0.0
Linear A → A

6196 Å (d) CHC Prolate 10 0.00448 1.18 0.0088 9.0 0.0 0.35 0.0
A → A

6196 Å (d) Walker et al. 2001 PR 18.4 0.00277 1.9 0.82 0.0
Linear A → A

6379 Å (e) CHC Prolate 10 0.0056 1.25 0.020 4.5 0.0 0.35 0.0
A → A

6379 Å (e) Walker et al. 2001 PR 20 0.00277 0.47 0.61 0.0
Linear A → A

Notes.
a Panel ID in Figure 2 shown in parentheses.
b Coriolis parameter.
c γ D and γ L are specified by their full width at half-maximum (FWHM).

The relative intensities of these features were found to be 1:6:2
(blue to red). The intensity ratios and the separations of the
features are suggestive of a seed characterized by at least one
large rotational constant (i.e., 2B ≈ 50 cm−1) and the possible
influence of nuclear spin statistics. A linear carbon chain or
small polyatomic molecule (e.g., NH2), or ion, with symmetric,
off-axis H atoms, and free rotation about the symmetry axis,
seems consistent with these constraints. Free rotation of the H
atoms about the seed symmetry axis is plausible, because the
off-axis volume they sweep out is comparable to the Van der
Waals volume of an H2 molecule.

3.2. Comparison with an AME Spectrum

CHCs, by virtue of being small, spinning, dipolar particles,
will emit in the microwave spectral region, and represent a
natural source for the AME. Currently, AME is widely attributed
to small, PAH-like, spinning dust grains (Planck Collaboration
2011; Kogut et al. 1996; Leitch et al. 1997; Draine & Lazarian
1998). The grains are characterized by a size of ∼100 C
atoms and an effective rotational temperature of ∼60 K. The
spinning dust model, employing ∼10 adjustable parameters
(Planck Collaboration 2011), produces good fits to the AME
observations, as do spinning CHCs. The ranges of values for
CHC spectroscopic parameters are tightly constrained due to
the sizes of the clusters and the temperatures over which
they are stable. The rotational constant range, ∼0.005–0.04,
discussed earlier for the DIB spectroscopy, and the stable cluster
temperature range, ∼3–15 K, results in CHC emission spanning
the same ∼10–100 GHz region as found for the AME. An
example CHC fit to an AME observation is shown in Figure 3.
In this comparison, a linear combination of two spherical

Figure 3. Comparison of the CHC model fit (solid blue curve) and the spinning
dust model fit (solid red curve) to AME data (triangle points) in the 10–100 GHz
spectral region. The two components of the CHC model fit are displayed as the
dashed blue lines. Also shown are the model predictions for CO CHC emission
in the 100–300 GHz spectral region (solid navy blue curves).

CHCs with rotational constants and temperature in the ranges
discussed, demonstrate good agreement with the data. The CHC
emission was modeled as the product of the CHC rotational
absorption coefficient and the Planck emission function. In the
CHC model framework, the spectral variability of the AME data
can be accommodated by varying the rotational constant sizes,
their relative contributions, and temperature.

Doppler broadening of the CHC rotational emission lines is
negligible, γ D ∼ 10−5 cm−1 at 30 GHz, compared with the
typical spacing between lines, 2B ∼ 0.01 cm−1. However, the
AME profile arises from a distribution of CHCs with different
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rotational constants and line spacings, resulting in a continuous,
blended spectral profile.

The CHC spectroscopy discussed above pertains to mi-
crowave emission from overall cluster rotation with a locked
seed. Small molecular seeds, such as CO, whose interaction
potential with H2 is weakly dependent on molecular orienta-
tion, can freely rotate within the cluster, as observed for CO
embedded in He nanodroplets of size comparable to a CO–H2
CHC (Paolini & Moroni 2006). In this limit, the seed emission
lines lie close to their gas-phase locations, but are broadened by
a combination of collisional interactions with the surrounding
H2 shell and the spectral envelope associated with the overall
cluster rotational emission profile. The estimated contribution
of CHC CO emission is also shown in Figure 3. For these calcu-
lations, the convolution of the collisional and cluster rotational
broadening was approximated with a single Gaussian profile of
width γ D = 1.2 cm−1. A temperature of 5 K was used for the
CO contribution because the relatively weak H2–CO potential
requires lower temperatures for cluster stability. The relative im-
portance of CHC CO emission is difficult to quantify from the
data because of the much larger contribution from the gaseous
CO rotational emission; however, CHC CO emission offers a
potentially observable prediction.

While CO is the most abundant seed, the contribution of CO
CHCs to the AME, relative to other seeds, is diminished by
several factors: (1) CO CHCs are less abundant because of the
weaker CO–H2 potential; (2) CO has a small dipole moment,
μ = 0.12 D, and rotational emission intensity scales as μ2;
and (3) the CO CHC emission is spread among several, distinct
features, whereas the ∼20–100 GHz emission resides in a single,
blended feature due to all the locked seeds. In total, these factors
diminish the relative contribution of CO CHCs to the AME by
a factor of ∼10−4, implying comparable peak intensities for the
∼30 GHz and CO CHC emissions.

For later comparison to the CHC abundance estimated for
DIBs, we retrieve that required for the AME by equating the
modeled to the observed spectrally integrated column emission,

χCHCNHACHChν = FΔf, (4)

where χCHC is the CHC abundance, NH is the H column
amount, ACHC is the effective Einstein A coefficient for the CHC
emission, hν is the average photon energy, F is the observed
AME flux, and Δf is the width of the AME. Using representative
parameter values for AME sources, NH = 1021 cm−2, ACHC =
10−7 s−1 (for B = 0.01 cm−1, T = 10 K, and μ = 1 D), hν =
2 × 10−16 erg at 30 GHz, F = 30 Jy, and Δf = 30 GHz, results
in χCHC ∼ 5 × 10−10 or equivalently 1.5 × 10−6 with respect
to the total C abundance.

4. CHC AND CHIMP FORMATION AND DESTRUCTION

4.1. CHC and CHIMP Formation

We suggest the following mechanism for CHC formation. The
raw material for CHCs is assembled in cold cores of molecular
clouds or giant molecular clouds (GMCs). Approximately 75%
of the galactic gas is cycled through GMCs on a timescale
of ∼50 Myr (Larson 1994). GMCs contain copious, cold,
dense, cores, with temperatures ranging over T ∼ 5–10 K
and H2 densities of nH2 < 106 cm−3, which are efficient
molecule forming regions (Murray et al. 2010). They also
promote the formation of CHC precursors, “dirty” H2 ice
balls, referred to as CHIMPs. The GMCs are disrupted by

radiation pressure from the stars they spawn. Roughly ∼10%
of the disrupted mass is in the form of dense molecular clumps
of size ∼1 pc, mass ∼10–1000 M�, and velocity dispersion
∼10 km s−1 (Oort 1954). These GMC cloud remnants serve
as a reservoir for CHIMPs, which release CHCs that produce
the DIBs. The lifecycle of a CHC is illustrated in Figure 4,
with quantitative analyses of the key formation and destruction
processes presented in the following subsections.

CHIMP growth can be quantified under the following as-
sumptions: (1) a growth rate limited by collisions of seeds with
the CHIMP, (2) unity sticking coefficients for collisions between
a seed and the CHIMP surface, (3) instantaneous coverage of
a newly deposited surface seed by a layer of H2 molecules, (4)
no collisions between CHIMPs, and (5) no photo-destruction of
CHIMPs in the core of a GMC due to absorption of energetic
photons (i.e., ultraviolet photons do not penetrate into the cores).
Then, the CHIMP radius, corresponding to a characteristic life-
time for the GMC, ΔtGMC, follows from the standard gas-kinetic
expression for gas-surface collisions:

RCHIMP = ns

(
kT

2πms

)1/2

ΔtGMCNH2σ
3
H2

, (5)

where ns is seed number density, ms is seed mass, T is gas
temperature, NH2 is the number of H2 molecules bound by a
seed, and σ H2 is the H2 Van der Waals diameter. We estimate
the seed number density from

ns = 2
χ

3
nH2 , (6)

where χ is the metal abundance. The factor of two arises because
χ is referenced to H, not H2, and the factor of 1/3 arises because
we assume each cluster seed is composed, on average, of 3 atom
molecules. Using characteristic parameter values for GMCs,
T = 10 K, nH2 = 105 cm−3, ΔtGMC = 10 Myr, and for the seeds,
mS = 36 amu (e.g., C3), NH2 = 60 H2 molecules (∼1.5 layers
per seed), σ H2 = 3.4 Å, χ = 0.003, we find RCHIMP = ∼0.3 cm.
Considering the variability of GMC dense cores (Murray 2011),
we suggest that the CHIMPs are produced over a range of
diameters, ∼0.1–100 cm.

The most abundant CHIMP seed species are CO, followed
by a number of polyatomic molecules, including H2O and NH3
(Snow & McCall 2006). While these are also the most abundant
CHC seeds, they do not have optical transitions and, hence,
will not produce DIBs. However, because both molecules have
dipole moments, they will form CHCs with rotational emission
in the microwave spectral region.

4.2. CHC and CHIMP Destruction

CHCs and CHIMPs are fragile because they are held together
by weak, attractive interactions, such as Van der Waals and
ion-induced dipole interactions for neutral and ionic seeds, re-
spectively. Typical Van der Waals bond energies are ∼0.004 eV
for H2–H2 and ∼0.07 eV for non-ionic seed–H2 interactions,
and a typical ion-induced dipole interaction energy for ion–H2
is ∼0.5 eV. When a UV photon (∼12 eV) is absorbed by an
H2 molecule in a CHC or a CHIMP, there is sufficient energy
available to break all the local bonds associated with a neutral
seed and its surrounding layer(s) of H2 molecules and approxi-
mately 50% of the bonds for an ionic seed. Some of the energy,
∼4.5 eV, is used to break the H–H bond. The remainder, ∼7.5 eV,
is quickly thermalized due to collisions of the high-velocity
H atoms, produced by the photo-dissociation process, with
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(a) (b)

(c)

(d)

Figure 4. Processes leading to the formation of DIBs. CHIMPs grow in cold, dense molecular clouds on dust particles or possibly large ion clusters (Duley 1996).
Weak Van der Waals forces limit the depth of H2 molecules that can accumulate on a grain surface or seed, and are stable with respect to desorption, to one to two
layers. Seeds enable the grain to accumulate additional H2 layers because the H2–seed attraction is much stronger than the H2–H2 attraction. A CHIMP grows into
a centimeter-sized object, mediated by the abundance of seed molecules, a process that enriches the heavy element abundance in CHIMPs ∼ 20-fold relative to the
solar abundance. Without seeds, CHIMPs cannot grow. CHIMPs grow until the GMC is disrupted or they have depleted the available seed molecules. Absorption of
a UV photon in the outer layer of a CHIMP heats the icy matrix and expels CHCs into the ISM. The CHCs are loosely bound entities, which are easily disrupted by
absorption of visible or ultraviolet photons whose energy is converted to internal energy (i.e., heat). However, they are continuously replenished as photons erode the
surfaces of CHIMPs.

neighboring H2 and seed molecules. In a CHIMP, the thermal
energy is dissipated over many H2 and seed molecules, resulting
in mild heating of the CHIMP surface and the release of CHCs.
In a CHC, the thermal energy is dissipated over a much smaller
number of molecules, resulting in the complete dissociation
of neutral-seeded CHCs and partial dissociation of ion-seeded
CHCs. The timescales associated with these photo-destruction
processes in CHIMPs and CHCs are estimated below.

When exposed to the ISM radiation field incident on the
outer surface of a molecular cloud, CHIMPs begin to erode. We
assume the primary erosion process is desorption of CHCs and
other material (i.e., H2 molecules and partially formed CHCs)
near the surface (Figure 4(c)), from localized, transient heating
upon absorption of energetic, far-UV photons below ∼1000 Å
for H2 (Jura 1974). The change in CHIMP radius, from exposure

to the ISM radiation field, is given by

ΔRCHIMP = ε
2πFUV

ρH2(S)

hν

D
ΔtISM, (7)

where ε is an efficiency factor related to the penetration depth
of the photon, FUV is the integrated ISM UV flux below
1000 Å, ρH2(S) is the density of solid H2, hν is the average
UV photon energy, and D is the energy required to desorb an
H2. The efficiency factor ε is determined by the requirement that
absorption of a UV photon occur near the surface, within ∼40 Å,
thereby heating the surface and promoting rapid desorption of
CHCs into the ISM. The expulsion of CHCs from the transiently
heated surface is a complex, dynamical process. We assume that
the CHCs will be released with a variable number of shell H2
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Figure 5. Temporal evolution of a remnant GMC clump indicating the time, distance, and size scales over which CHIMPs and CHICs give rise to DIBs. GMC
disruption produces a broad distribution of remnant clump sizes and properties (image from http://hubblesite.org/gallery/album/pr2002029a/). A representative clump
was selected in order to trace its evolutionary path. The properties of the clump/cloud are indicated at several points along its time line, 10 and 50 Myr, assuming a
10 km s−1 clump velocity and a 1 km s−1 increase in its width. After 10 Myr, the clump has traveled 100 pc from its point origin and has increased in diameter to
10 pc, and after 50 Myr, it has traveled 500 pc and attained a diameter of 50 pc. τUV is the optical opacity through the cloud diameter, with respect to UV radiation
below 1000 Å. tUV is the corresponding timescale for photo-destruction of the cloud via photo-dissociation of the H2 into H. The CHCs are formed in and released
from CHIMPs on the edge of the cloud that are exposed to the ISM UV radiation.

molecules, ranging from a single H2 up to the maximum number
supported by the seed–H2 interaction potential. As discussed
later, the variability in the number of shell H2 molecules may
lead to many, distinct DIB features for a single seed. If the
photon penetrates deeper into the CHIMP, then its energy is
diffused throughout the ice ball, and the resulting very small
change in temperature is radiated back into the ISM, maintaining
radiative equilibrium with the CMB at 2.7 K. Given the average
UV absorption cross section for H2 of ∼1 × 10−17 cm2,
the average penetration depth is ∼400 Å, thus, ε = 0.1 (i.e.,
40 Å/400 Å). Using characteristic parameter values, FUV =
1.5 × 105 photons s−1 cm−2 sr−1 (Draine 1978), and hν/D =
700 (discussed in the following section), we find ΔRCHIMP =
1 cm for ΔtISM = 10 Myr. Thus, CHIMPs fully exposed to the
ISM UV radiation field serve as a reservoir for CHCs.

Assuming a CHC is destroyed by absorption of a single
UV photon, and using the UV flux and H2 absorption cross
section just discussed, we estimate a CHC lifetime of ∼100 yr.
Collisions between a CHC and an H2, the most abundant gaseous
species in a molecular cloud, are too weak to destroy a CHC.
The typical molecular cloud gas kinetic temperature is ∼10 K,
whereas the typical seed–H2 Van der Waals bond strength is
∼400 K. Absorption of a lower energy visible or infrared
photon by a seed may, or may not, result in destruction of
a CHC; it depends on the partitioning of the absorbed photon
energy between CHC internal energy and re-emission as a longer
wavelength photon. This process may lead to partial destruction
of a CHC, leaving it with fewer H2 molecules.

4.3. Temporal Evolution of CHIMP and
CHC Producing Molecular Clouds

DIBs are closely associated with various types of ISM molec-
ular clouds, such as dense, diffuse, and translucent clouds, and
are thought to be most efficiently produced in the peripheries of

these clouds (Herbig 1995). We describe in this section how the
CHIMP/CHC paradigm is consistent with these observational
properties. Figure 5 depicts a notional temporal evolution of a
single molecular cloud as it travels through the ISM and gives
rise to CHCs. The GMC disruption process results in a broad size
distribution of remnant clumps that are dispersed into the ISM
with a characteristic velocity of ∼10 km s−1. As an example,
we follow the history of a 1 pc diameter clump, with its initial
conditions as indicated in Figure 5. The optical depth through
the diameter of the initial cloud for UV radiation below 1000 Å
is large, τUV ∼ 3 × 106, corresponding to a photo-destruction
timescale of tUV ∼ 104 Myr for photo-dissociation of all the
gas-phase H2 into H. After ∼10 Myr, the expelled cloud travels
a distance of ∼100 pc from its point of origin, and grows in size
to ∼10 pc, due to diffusion across the cloud boundary into the
ISM, approximated by increasing the cloud width at a rate of
1 km s−1. While the H2 number density and UV opacity of the
cloud have decreased substantially, the UV photons only pene-
trate the outer regions of the cloud, producing a DIB halo due
to the CHCs expelled from both previously and newly exposed
CHIMPs. After an additional ∼50 Myr, the cloud has traveled
another ∼500 pc and has grown much larger. However, due to
its decreased UV optical depth, its photo-destruction timescale
is also much smaller, tUV − 1 Myr, indicating that this particular
cloud is nearing the end of its life as a distinct ISM feature.

The ISM is a clumpy soup originating from GMC remnant
clumps with a broad distribution of sizes and properties and
at various stages along their evolutionary path. The DIBs are
observed over long ISM sight lines that integrate through a broad
distribution of CHIMP/CHC-produced DIB halos. The CHCs
are most efficiently formed from CHIMPs that are fully exposed
to the ISM UV radiation field. Since the photo-destruction
timescale of a CHIMP (∼107 yr) in this environment is much
longer than that for a gas-phase H2 molecule (∼30 yr), the
CHCs are produced in an H atom rich region. The clumpy and
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Figure 6. Calculated timescale for desorption of a single H2 from a CHIMP or
CHC surface as a function of temperature and the total energy (D0/k) required to
remove it far from its adjacent seed and H2 molecules. The D0/k = 94 K curve
corresponds to pure H2, which has a very short desorption timescale, ∼10−4 yr,
even at the very cold CMB temperature of 2.7 K.

widespread dispersion of CHCs throughout the ISM is consistent
with the observational result that DIB strengths correlate, with
significant scatter, with H and not H2 (Herbig 1995).

The key result of these considerations is that CHIMPs can
survive for a long time period in the ISM, of order ∼50 Myr,
due to the UV shielding provided by the expansion and optical
thinning of a dense molecular cloud. As discussed earlier,
the lifetime of a CHIMP completely exposed to the ISM UV
radiation, may also be of comparable duration; however, this is
not a critical requirement for our model, since the UV shielding
ensures a long survival timescale, independent of the size of the
CHIMP.

4.4. CHC and CHIMP Stability

The desorption timescale of a surface molecule follows the
expression (Katz et al. 1999):

τ = τ0 exp(D0/kT ), (8)

where τ 0 is a characteristic timescale for surface molecule
collisions, and D0 is the energy, referenced to the zero-point
vibration energy, required to remove a molecule from the
surface. In most cases, the distinction between D0 and the
potential minimum, D, is not important. However, since H2
is a low-mass “vibrator,” it has a significant zero-point energy
for every seed–H2 potential. The values for τ 0 and D0 for pure
H2 were derived directly from experimental saturation vapor
pressure data at two temperatures (Souers et al. 1977), by the
requirement that the surface flux of evaporating H2 molecules
be balanced by the flux of impinging H2 molecules. Using
temperatures of 2.7 and 10 K, we find τ 0 = 3.4 × 10−12 s
and D0/k = 94 K. The value of τ 0 is consistent with the ad hoc
value of 1 × 10−12 typically assumed for a variety of atomic
and molecular systems (Katz et al. 1999). The value of D0 can
be compared to that expected from theoretical calculations of
the H2–H2 interaction potential (Hinde 2008). The angularly
averaged value for the potential minimum is ∼25 cm−1. A
surface H2 is in direct contact with ∼8 other H2 molecules
(4 in-plane neighbors and 4 in the plane beneath), implying
D ∼ 200 cm−1. Based on this well depth, a Lennard–Jones
6–12 potential, and the harmonic oscillator approximation, we

Figure 7. Representative Lennard–Jones potential energy curves for the inter-
action of an H2 with a seed molecule (upper curves) or ion (lowest curve). The
first layer of H2 is located at the potential minimum near 3.4 Å, while the second
layer spans a wide range of locations depending on their position relative to the
first layer of H2 (i.e., directly on top of or wedged between the lower layer of
H2 molecules). The 94 K stabilization energy, due to adjacent H2 molecules, is
included in these curves in order to facilitate the indication of the 1 Myr stability
thresholds, defined by D/kT = 60. In order for a first or a second layer H2 to
reside on a CHC for more than 1 Myr, its potential energy must fall below the
indicated temperature-dependent threshold value.

estimate a zero-point energy of ∼100 cm−1, yielding D0/k ∼
140 K, in reasonable accord with the data-derived value.

Example desorption lifetimes are presented in Figure 6 for a
range of D0/k values expected for CHCs in the ISM. The values
of D0/k vary widely, depending on the seed molecule and the
nature of the interaction with H2—i.e., weaker Van der Waals
or hydrogen bonding potentials (or even stronger ion-induced
dipole potentials for a seed ion). In general, considering pairwise
interactions between the H2 and constituent seed atoms, the
value of D0 would increase with the size of the seed. As seen, for
pure H2, D0/k = 94 K, the desorption lifetime is short, ∼10−4,
even at the CMB temperature of 2.7 K. The situation changes
dramatically when a more “attractive” seed is introduced into
the cluster. For example, for a graphite-like seed (Sun et al.
2007), D0/k ∼ 800 K, indicating that such seeds will form
stable clusters of one layer of H2 molecules at temperatures
below ∼15 K. For larger values of D0/k, as would occur for
hydrogen-bonding and ion-induced dipole interactions, stable
clusters may exist up to ∼50 K.

The number of H2 layers surrounding a seed depends on
both the depth and steepness of the potential. Figure 7 shows
representative potentials for the D0/k values discussed above
and for different assumptions regarding the steepness of the
attractive part of the potential. These curves are based on the
Lennard–Jones form

V (R) = (D/k)

[(
Rm

R

)12

− 2

(
Rm

R

)n
]

, (9)

where Rm is the potential minimum, and n = 6 for a Van der
Waals attraction and n = 4 for an ion-induced dipole attraction.
The basic result is that most seeds should form, at a minimum, a
stable, one-layer cluster below ∼10 K. The second layer is more
difficult to form because of the fast fall-off of the potentials.
Three layer clusters are expected to form rarely, with the possible
exception of an ion seed.
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5. DISCUSSION

Krelowski et al. (1998, p. 217) anticipated that something
akin to CHCs were needed to explain the DIBs—“It is now com-
monly believed that DIBs originate in something “in-between”
the identified molecules and dust grains. Such molecular clusters
can share some quantum as well as classical spectral properties;
i.e., they could be responsible for both DIBs and some segments
of the interstellar extinction curve. Their internal structures can
be very complicated, and the possible presence of many species
makes the task of identification very difficult.”

Two recent papers touch upon key aspects of CHCs. The
possibility that H2 ice may be abundant in the ISM was discussed
by Lin et al. (2011). They suggested that H2-based ions, such
as H+

6, could stabilize the formation of macroscopic H2 ice
particles. However, no details as to the formation process, size,
and lifetime of such particles was discussed. Rather, the paper
focused on the spectroscopy of H+

6 as a potential carrier of the
unidentified infrared bands and DIBs. The idea that C+

60 and C+
70,

coated with a single layer of H2 molecules, may be DIB carriers
in dense and translucent, but not diffuse clouds was discussed
in Leidlmair (2011).

5.1. CHC and Seed Abundance Estimation

In addition to their spectroscopic properties matching those
of DIBs, CHC abundances and absorption properties must
be in agreement with known astrophysical conditions and
constraints. The CHC column amounts and abundances required
for consistency with DIB absorption strengths is estimated from

NCHC ≈ 1020 W

λ2f
, (10)

where W(Å) is equivalent width, and f is oscillator strength.
Representative values for these parameters for a star with
reddening E(B − V) ∼ 0.2 are W = 0.1 Å, f = 0.1, λ =
6000 Å, yielding NCHC = 3 × 1012 cm−2. The reddening value
implies a path length of ∼100 pc, corresponding to an H atom
column of ∼1021 cm−2 (Bohlin et al. 1978). Thus, the CHC
abundance is χ = NCHC/NH ∼3 × 10−9, or, referenced to total
carbon abundance, ∼10−5. This abundance is consistent with the
general range of abundances associated with small carbonaceous
molecules (i.e., CHC seeds) formed in dense molecular clouds. It
is also reasonably consistent with the CHC abundance of ∼10−6,
relative to total carbon, inferred earlier for the AME, supporting
the notion that the DIBs and AME arise from the same source.
Embedding a molecule in a CHC should not significantly alter its
oscillator strength(s). Thus, the abundances of CHCs required
to explain DIBs are comparable to that assuming DIBs arise
from isolated, gas-phase molecules.

In order to constrain the list of probable DIB seeds (see
Section 5.8), we need a lower limit abundance estimate. This is
accomplished with Equation (10), using a lower limit estimate
for the equivalent width and an upper limit estimate for the
oscillator strength. From the survey of Hobbs et al. (2009), we
find that ∼99% of the DIBs have an equivalent width greater
than W > 0.001 Å. Using this value for W and assuming a large
oscillator strength of f = 1.0, we find NCHC = 3 × 109 cm−2,
implying a lower limit abundance for observing DIBs of ∼3 ×
10−12 referenced to the H2 column amount defined above.

5.2. Correlation of the 6614 and 6197 Å DIBs

The 6614 and 6197 Å DIBs display a nearly perfect correla-
tion of their equivalent widths along many sight lines (McCall

Figure 8. Distribution of DIB widths (full width at half-maximum) as a
function of wavelength. There is a sharp drop in the occurrence of narrow
DIBs, widths less than ∼3 cm−1, below ∼5800 Å. We would expect nearly
“perfect” Lorentz profiles for DIBs with widths greater than ∼10 cm−1 (i.e.,
large compared with the CHC rotational profile width). The exceptions to
this would be when multiple, well-separated DIB features contribute to a
broad DIB feature, such as was found here for the 4428 Å DIB. (Data from
http://leonid.arc.nasa.gov/DIBcatalog.html)

et al. 2010), suggesting a common carrier for both. However,
as evident in Figure 2, the shapes and widths of these DIBs are
quite different. The CHC fits indicate different size CHCs, im-
plying different size seeds. McCall et al. (2010) suggested two
resolutions to this contradiction, (1) a common carrier but the
underlying spectroscopy of the two bands is different, such as
different transition moment symmetries, and (2) different car-
riers but a common, tightly constrained chemical origin. We
explored, although not exhaustively, the first suggestion and
could not find a common set of rotational constants for different
transition symmetries, consistent with both spectra. We favor the
second suggestion and speculate that ion–electron, dissociative
re-combination chemistry is a potential candidate for satisfying
the tight chemical constraint. This class of chemistry plays an
important role in the synthesis of organic molecules in molecular
clouds (Herbst 2001), which is where the CHIMPs are formed. It
results in reaction products with well-defined branching ratios.
The reaction products (i.e., seeds) will lead to highly correlated
CHCs whose shapes and sizes can differ substantially, thus,
leading to very different CHC spectral profiles.

5.3. DIB Wavelength Range

There is a paucity of DIBs in the ultraviolet spectral region,
and the ratio of broad to narrow DIBs increases dramatically
below ∼5800 Å, as shown in Figure 8. We suggest these
observed DIB properties have a common origin. In the CHC
model, this may arise from an expected increase in the number
of accessible, very fast, chemical reaction channels between the
seed and the surrounding H2 shell, as the seed excitation energy
is increased. The lifetime broadening for these multiple, fast
channels would result in both broader DIBs than the 4428 Å
DIB, and fewer narrow DIBs, making detection of ultraviolet
DIBs problematic.

5.4. DIBs in Emission

DIBs are rarely, if ever, seen in emission. The most promis-
ing DIB emission candidates arise from HD 44179, the Red
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Rectangle (Sarre 1991; Sarre et al. 1995; Scarrott et al. 1992;
Duley 1998; Fossey 1991; Glinski & Anderson 2002), where
four features at 5799, 5855, 6376, and 6615 Å appear to corre-
late with absorption DIBs at 5797, 5850, 6379, and 6614 Å. It
was determined that the emission features tended to converge to
the widths and positions of the absorption DIBs with increasing
distance from the central star. This was attributed to a decrease
in temperature with increasing distance from the star, leading
to colder spectral profiles, which correlated better, in terms of
shape and position, with the absorption DIBs. However, it was
later shown that the 5799 Å emission feature does not fully con-
verge to the location of the 5797 Å absorption DIB (Glinski &
Anderson 2002), displaying an offset of +2.0 Å (−6.0 cm−1).
Thus, it is an open issue whether the Red Rectangle emission
features are in fact DIBs in emission, and, if so, whether or not
they correspond to any of the known DIBs. Nevertheless, it is
of interest to consider the potential for CHIMPs and CHCs to
give rise to emission features.

There is no fundamental reason why a CHC, which can
produce a DIB absorption feature via photon absorption by
its seed, cannot also produce a DIB emission feature via re-
emission of the absorbed photon. However, unlike an isolated,
gas phase seed, the emission yield in the CHC may be greatly
diminished due to rapid quenching of its seed excited state by
the H2 molecular shell. As is the case for the Red Rectangle,
the potential for observing a photo-excited emission feature
is greatly enhanced if the seed is located near a bright stellar
source. However, the radiative and thermal environment of such
regions are far less conducive to CHIMP formation and stability
than the cold, UV-protected GMC clouds. We suggest that ion-
seeded CHIMPs may be sufficiently stable to form and give rise
to emitting CHCs in more inhospitable environments, like that in
the Red Rectangle. We recall from our earlier discussion, that an
ionic seed–H2 interaction potential has a D ∼ 0.5 eV (∼5800 K)
attractive well. Based on the CHIMP growth stability criterion,
D/kT > 60, this means that an ion-seeded CHIMP can grow
for T � 100 K. It is not necessary for the ion-seeded CHIMPs
to grow to the centimeter-sized H2 ice balls estimated for the
GMC clouds; only a few layers of ions and H2 molecules on a
grain are needed to produce CHCs. This is consistent with the
shorter timescales, ∼104 yr, and lower gas densities, ∼102 cm−3,
associated with the dusty (i.e., lots of grains), Red Rectangle bi-
conic outflows, where the emission is observed (Men’shchikov
et al. 2002).

Using the range of CHC rotational constants discussed earlier,
we attempted, unsuccessfully, to model the spatial evolution of
one of the Red Rectangle emission features, based solely on
spatial evolution of the CHC rotational temperature. We concur
with the analysis of Sharp et al. (2006), that a sequence of
slightly off-set, redshifted bands due to low-frequency modes of
a large polyatomic molecule provides an attractive explanation
of the spatial evolution. They found that a PAH-like molecule
with ∼45–100 C atoms and a spatial variation of the temperature
of ∼20–90 K could account for the observed spectral variability.
An ionic CHC is also a comparably large and floppy polyatomic
molecule with many low-frequency modes accessible in this
temperature range, and, as just discussed, its parent CHIMP is
also stable over this temperature range.

5.6. Variability of CHC Spectra

A distinguishing characteristic of a CHC is the variety and
multiplicity of unique spectral features it can exhibit for a single

seed molecule. The variability of spectral features arises from
the presence of the H2 molecular shell and the variety of ways it
can interact with the seed to produce unique wavelength shifts of
the band origin of the isolated seed (i.e., no shell) transition. We
consider here the different types of seed–H2 shell interactions
and the propensity for overlaps to occur among the resulting
large number of spectral features. These interactions include (1)
double-seeded CHCs, which are expected to form in comparable
abundances to single-seeded CHCs, (2) multiple vibration bands
arising from Franck–Condon overlap involving low-frequency
H2 shell distortion and seed libration modes, and (3) CHCs
with an incomplete outer H2 layer. Isotopic variants of the seed,
mainly 13C, may also produce wavelength shifted features, but
because of the low relative abundance of 13C, ∼1%, these are
of lesser importance.

The propensity to form double-seeded CHCs is high. On
average, neighboring CHIMP seeds are separated by ∼2–3 H2
molecules. Assuming completely random placement of seeds
and H2 molecules, we estimate that ∼50% of the seeds either
can be in direct contact or separated by a single H2. These
seed–seed and seed–H2–seed moieties are relatively well-bound
entities and will tend to form double-seeded CHCs in the
UV-driven process that releases CHCs from a CHIMP surface.
The majority of double-seeded CHCs will contain at least one of
the more abundant and optically inactive seed molecules, either
CO or H2O.

The origin of multiple bands, related to low-frequency CHC
modes, can be understood with reference to the simpler case
of a diatomic molecule. For a significant change in bond
length between the lower and upper states of a transition, the
Franck–Condon overlap between the lower, ground electronic
vibrational state, v′′ = 0, and the upper, excited electronic
vibrational states, v′, will be non-zero for multiple (v′′, v′)
transitions. This results in multiple absorption bands, where
the strongest (i.e., largest overlap) generally occurs for v′ >
0; thus, both red and blue features, relative to the strongest
(v′′, v′) feature, will be observed. The same idea applies to
polyatomic molecules with multiple vibration modes, when
there is a change in geometry (i.e., bond lengths and/or bond
angles), and, by extension, to CHCs, which are essentially very
floppy polyatomic molecules. The low-frequency vibrations are
due to breathing and distortion modes of the H2 shell. The
energy levels for these modes are governed by the H2–H2
interaction potential, which supports a single, bound vibrational
state, located ∼3 cm−1 below the dimer dissociation limit (Hinde
2008). This implies that the order of magnitude range for the
low-frequency shell modes will be ∼1–10 cm−1. The number
of different DIB bands that can be produced by these modes
will scale with the number of bound, excited vibrational states;
the number of bound states is yet to be determined. As for
double-seeded CHCs, this will also result in red- and blueshifted
features, which may overlap or be isolated from the parent
feature.

As discussed earlier, the CHC formation process is likely to
produce a large fraction of CHCs with incomplete H2 shells. We
expect all shell sizes to be represented, from N = 1 H2, to the
maximum number needed to complete a CHC’s shell(s), but we
expect the size distribution to depend on local conditions. Recent
laboratory spectral measurements by Kuma et al. (2011) on
tetracene (C18H12)-seeded H2 clusters indicate that each value of
N for the first shell corresponds to a distinct spectral absorption
feature. Thus, a single seed may give rise to many DIB features;
the implications of this unique CHC characteristic, in regard to
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the estimated number of DIB carriers and DIB spectroscopy, are
explored further in the next section.

The sources of CHC spectral variability discussed above
may or may not produce well-separated CHC features. The
magnitudes of the spectral shifts are governed by seed-specific
interactions with the H2 shell, and, for double-seeded CHCs,
with the second seed. This offers one potential explanation for
the DIB wings we associated with the residuals in the spectral
fits to the 6614 and 5797 Å DIBS (see Figures 4(a) and 4(b)).
Another possible origin for the DIB wings is random overlap of
uncorrelated DIB features. The probability of random overlap
can be estimated from the observed DIB statistics using

P ≈ 2Γ
dN

dλ
, (11)

where Γ is the average width (FWHM) of a DIB, and dN/dλ is
the average spectral density of DIB features. We are assuming
strongly overlapping DIB features in which only a single peak
is discernible, corresponding to a separation distance of Γ or
less. Based on the observations of Hobbs et al. (2009), Γ ≈
0.6 Å and dN/dλ ≈ 0.2 Å−1 over the ∼5800–7000 Å spectral
interval, which yields an overlap probability of ∼25%. Thus,
the probability of random overlap of narrow DIB features is
significant, and likely the dominant cause of the DIB wings.

We suggest that the significant probability of DIB feature
overlap is a root cause of the generally weak pairwise correlation
of DIB strengths along different sight lines. The probability that
a pairwise correlation between narrow DIBs is not contaminated
by overlap is ∼50%. The lack of pairwise correlation is even
more pronounced when one or both DIBs is broad. We estimate,
based on Equation (11), that a broad DIB with Γ ≈ 20 Å may
be overlapped by ∼8 narrow DIBs.

5.7. The Number of Seed Molecules Required
to Explain the Number of DIBs

The CHC model predicts that the strongest DIBs will cor-
respond to the most abundant seeds with allowed electronic
transitions in the visible spectral regime. It also predicts that the
number of distinct species giving rise to the DIBs is far fewer
than the ∼400 observed features. As discussed above, a single
DIB carrier can be associated with a single-seed, a double-seed,
multiple, low-frequency bands, and incomplete outer H2 layers.
In addition, a given seed may also have several, accessible elec-
tronic states in the visible spectral range. Each of these CHC
variations for a single seed may produce distinct DIB features.
We estimate that a single seed may be associated with ∼10–100
DIB features, implying that ∼4–40 different seeds are respon-
sible for the majority of the DIBs. This does not mean that all
the DIBs associated with the same seed transition will be per-
fectly correlated for different sight lines. For instance, the ratio
of single- to double-seeded DIBs will be sensitive to the chem-
istry and physical properties of the specific molecular cloud
from which they originate. Similarly, the relative strength of the
features associated with the low-frequency CHC modes will be
sensitive to the internal temperature of the CHC, which will
vary, depending on its local environment.

We consider in more detail the implications of incomplete
H2 molecular shells on CHC spectroscopy, since, in our model,
this has the potential to allow many distinct DIB features to
arise from a single seed. We are guided by recent measurements
of the laser-induced fluorescence spectra of ultracold, ∼0.4 K,
tetracene–(H2)N molecular clusters, with N = 2–2000, embed-
ded in molecular beam generated He nanodroplets (Kuma et al.

2011). These clusters are useful analogs to the DIB-producing
CHCs, albeit with a larger seed. The laboratory spectra exhibited
a redshift of the S1 ← S0 band origin of ∼−450 cm−1 (∼+162 Å
at 6000 Å) for a complete first shell of H2 molecules, N ≈ 40.
There is an approximately linear dependence of the shift on the
number of H2 molecules in each shell, where the incremental
shift associated with removal of a single H2 from the first shell
is ∼+11 cm−1 (∼−4.5 Å). This shift is much larger than the
average width of a DIB feature, ∼0.6 Å, implying that a CHC
can produce up to N1 distinct DIB features, where N1 is the
number of H2 molecules in its complete first shell. We estimate
from the data that N ≈ 200 corresponds to a complete second
shell, and that the incremental shift for removal of a single H2
is ∼0.1 cm−1 (∼−0.045 Å). The second shell H2 molecules are
farther from the tetracene than those in the first shell, hence a
weaker interaction and smaller shift. The shift for the second
shell is much smaller than the average width of a DIB feature,
thus, it will form a single, blended, and broad feature of width
∼N2δλ, where N2 is the number of H2 molecules in the sec-
ond shell and δλ is the shift per H2. Using the values for the
tetracene cluster, N2 = 160 and δλ = 0.045 Å, we estimate a
width of ∼7 Å.

In order to illustrate the effect of cluster-induced shifts on
CHC spectra, we generated the synthetic spectra shown in
Figure 9 based on the shift parameters for the tetracene–(H2)N
clusters. We assumed a CHC cluster with N20 and 80 H2
molecules in complete first and second shells, respectively. The
shifts for the complete layers were taken to be −500 cm−1 for the
first and an additional −50 cm−1 for the second complete shells,
with linear scaling for removal of each individual H2 from a
shell. For the first shell, we modeled the individual band features
as Gaussians with a width (FWHM) that was scaled as 0.6(20/
N)1/2 Å. This scaling approximately accounts for the decrease in
the cluster rotational constant with an increase in the number of
H2 molecules and is consistent with the observed DIB widths.
We assumed that the equivalent widths of all the first shell
features were equal and the equivalent width of the second shell
feature was 25% of the total for all the first shell features. There is
no physical basis for these assumed equivalent widths; the actual
distribution is expected to be more complex, to depend on local
conditions, and to result in a more irregular-looking spectrum.
The top spectrum in Figure 9 is the simulated sequence of
features based on a single electronic band of the seed molecule.
Some of the DIB-producing molecular seeds we consider below,
particularly the neutral and anionic carbon chains, have multiple
electronic bands in the DIB spectral range. We expect that some
of the band origins will be sufficiently close such that their
associated CHC spectral sequences will overlap. This possibility
is considered in the bottom spectrum in Figure 9, where two,
slightly shifted, versions of the single-sequence spectrum were
combined. The density of features in the combined spectrum,
∼20 features per 100 Å spectral interval, is consistent with the
observations of Hobbs et al. (2009). As is evident, the combined
spectrum has a more complex and irregular appearance than
the single-sequence spectrum, and there are many overlapping
features.

5.8. Identification of Specific DIB Carriers

It is not surprising that association of any DIB with a specific
molecular carrier has proved so elusive. In most cases, the
proposed carrier was rejected because its spectral profile or
wavelength was not a sufficiently close match to the DIB (Oka
& McCall 2011). The underlying assumption is that, if the DIBs
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Figure 9. Simulated DIB absorption spectra for a single-seeded CHC as a function of the number of H2 molecules in its surrounding H2 shells. The top spectrum is
for a single rovibronic band of the seed molecule. Many distinct DIB features arise because the shift in the band center of the gas-phase seed transitions is proportional
to the number of shell H2 molecules. The broadest and longest wavelength feature arises from blending of the more closely spaced DIB bands associated with the
second shell of H2 molecules. The H2 molecules of the first shell are closer to the seed and produce larger shifts, thus, giving rise to distinct DIB features. The bottom
spectrum illustrates the spectral complexities arising from overlap of two similar, nearby sequences, each corresponding to a unique rovibronic seed band, either from
the same seed or a different one.

are due to isolated, gas-phase molecules, there should be a
good spectroscopic match between a proposed carrier and its
associated DIB.

The CHC framework offers a solution to this conundrum,
as it predicts that the spectral profile and band position will
be altered when a gas-phase seed is embedded in a CHC.
With this in mind, it is worth re-visiting some of the more
promising proposed carriers, in particular, l-C3H2 as the carrier
of several broad and narrow DIBs (Maier et al. 2011). While
good agreement between laboratory and modeled spectra was
obtained for the broad features, less convincing agreement was
obtained for the sharp features. Allowing for plausible shifts,
of order ∼1–100 Å, and the influence of the cluster on the
spectral profiles on these features, a stronger case can be made
for this carrier. Another argument against this carrier concerns
the anti-correlation of DIB strength with C3 abundance, as C3
is assumed a surrogate for many of the other hydrocarbons,
like l-C3H2. This unexpected anti-correlation may be consistent
with CHIMPs as the precursors to DIBs. Environments favoring
CHIMP formation may lead to a depletion of C3 and all other
seed molecules from the gas phase. When CHIMPs, at the
“skin” of a clump, a remnant of a GMC, are exposed to the UV
radiation, they release CHCs, giving rise to the l-C3H2 DIBs.

This scenario would lead to a depletion of the gas-phase C3 in
the interior of the cloud, relative to the l-C3H2 DIBs in the outer
surface of the cloud, hence, the anti-correlation.

An additional issue was raised by Krelowski et al. (2011),
based on observation of the broad DIB features assigned to
l-C3H2 over many sight lines, corresponding to a wide va-
riety of local conditions where the DIBs reside. They found
that the broad DIB features were not strongly correlated, con-
trary to what would be expected if they originated from the
same ground electronic state of an isolated, gas-phase l-C3H2
molecule. However, free molecules and CHCs can respond dif-
ferently to variations in the local environment. The assigned
l-C3H2 features arise from different upper electronic states.
A weak correlation of the broad features could arise if these
states for l-C3H2-seeded CHCs responded quite differently to
the local environment. For example, this would occur if the
width or location of each band responded differently to the
temperature or perhaps to the number of H2 molecules in the
surrounding shell, both of which may vary with local condi-
tions. Another, perhaps more likely, cause of weak correlation
is the problem of DIB feature overlap, discussed above, which
is expected to be particularly problematic for the case of two
broad DIBs.
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Table 2
Estimated Abundances Relative to H2 for CHC Seeds in a GMC

H 1.0 × 10−4 Mg+ 5.3 × 10−9 NH2+ 2.0 × 10−10 HC3S+ 8.4 × 10−12

CO 4.3 × 10−5 CH3N 4.8 × 10−9 C2N 1.5 × 10−10 CH3C4H 8.4 × 10−12

O2 2.8 × 10−5 C2H3 4.8 × 10−9 O2+ 1.3 × 10−10 H3CS+ 7.1 × 10−12

N2 5.6 × 10−6 Fe+ 4.7 × 10−9 HCOOH 8.9 × 10−11 C3H4 6.5 × 10−12

O 5.2 × 10−6 H3+ 3.9 × 10−9 H2S 6.4 × 10−11 N+ 6.0 × 10−12

CH4 1.3 × 10−6 OCS 3.6 × 10−9 HNO+ 5.6 × 10−11 SH+ 5.4 × 10−12

OH 1.2 × 10−6 SO 3.4 × 10−9 CO2 5.1 × 10−11 SiC 5.1 × 10−12

N 9.3 × 10−7 H2CS 3.1 × 10−9 C6H2 4.6 × 10−11 HC5N 4.6 × 10−12

H2O 3.3 × 10−7 CH2CO 2.9 × 10−9 C4S 4.4 × 10−11 C6H 4.6 × 10−12

NO 1.9 × 10−7 C4H 2.1 × 10−9 K 3.6 × 10−11 C3O 4.6 × 10−12

N2H2 1.8 × 10−7 C5 2.0 × 10−9 C2N+ 2.9 × 10−11 NS 4.5 × 10−12

S 1.3 × 10−7 C3H2 2.0 × 10−9 C2H4 2.7 × 10−11 C9 3.7 × 10−12

NH3 8.8 × 10−8 N2H+ 1.4 × 10−9 SiO 2.4 × 10−11 H2CO 3.6 × 10−12

CS 5.2 × 10−8 C3H 1.4 × 10−9 CH2NH 2.4 × 10−11 C3H3 2.7 × 10−12

e 4.7 × 10−8 C2S 1.4 × 10−9 C2H 2.4 × 10−11 C7 2.6 × 10−12

C 3.5 × 10−8 CH2 1.0 × 10−9 CH2CN 2.3 × 10−11 CH3CN 2.3 × 10−12

CH3 3.0 × 10−8 He+ 8.2 × 10−10 C8 2.3 × 10−11 C7H2 1.3 × 10−12

CN 2.9 × 10−8 HCS+ 8.0 × 10−10 HC2S+ 1.7 × 10−11 HS2 1.0 × 10−12

CH 2.9 × 10−8 C3N 7.5 × 10−10 C5H2 1.7 × 10−11 C7H 1.0 × 10−12

HNO 2.1 × 10−8 Na 5.1 × 10−10 CH3NH2 1.6 × 10−11 C8H 8.1 × 10−13

C2 2.1 × 10−8 HC3N 4.9 × 10−10 C5N 1.6 × 10−11 C7N 8.1 × 10−13

C3 1.7 × 10−8 HCO 4.8 × 10−10 C5H 1.5 × 10−11 HC7N 5.3 × 10−13

NH2 1.4 × 10−8 HOC+ 4.5 × 10−10 C4N 1.5 × 10−11 N2H 4.7 × 10−13

HCO+ 1.4 × 10−8 C3S 4.5 × 10−10 HCS 1.4 × 10−11 C8H2 4.1 × 10−13

NH 1.3 × 10−8 OCN 4.1 × 10−10 HSO+ 1.3 × 10−11 HNCO 2.9 × 10−13

C4 1.2 × 10−8 SO2 3.0 × 10−10 SO+ 1.1 × 10−11 CH3CHO 2.1 × 10−13

HNC 1.1 × 10−8 S+ 2.6 × 10−10 C2H2 9.7 × 10−12 H3S+ 1.7 × 10−13

C+ 1.1 × 10−8 C6 2.6 × 10−10 HS 9.1 × 10−12 H3C3N 1.5 × 10−13

Si+ 8.1 × 10−9 SiH 2.5 × 10−10 CH3OH 8.7 × 10−12 H2S2 9.7 × 10−14

HCN 6.0 × 10−9 C4H2 2.2 × 10−10

Notes. Seeds with transitions in the 4000–15000 Å region that are too weak (or non-existent) are italicized and those with transitions
strong enough to be observed are bolded.

The CHC model predicts that the most abundant DIBs
correspond to the most abundant and optically active seeds
produced in the CHIMP growth region (i.e., the cold, dense
cores of GMCs). Based on several model predictions for
the composition of GMC-like molecular clouds (Hasegawa &
Herbst 1993; Bergin et al. 1995; Millar & Herbst 1990; Nejad
et al. 1990), we compiled a list of candidate seed species and
their abundances (see Table 2). Given the uncertainties in both
the lower limit abundance estimate discussed above and the
chemical modeling, we consider species with abundances as
low as 10−13 as viable DIB candidates.

Based on several reference sources on electronic transitions
for atoms and molecules (Kramida et al. 2012; Huber and
Herzberg 1979; Nagarajan & Maier 2010; Jacox 1998), we have
performed an initial assessment of which species in Table 2 may
give rise to an observable DIB in the 4000–15000 Å wavelength
region. We used a minimum threshold selection criterion based
on an Einstein A of 105 s−1 for the upper electronic state emission
rate. For a sight line containing an H atom column density
of 1022 cm−2, this threshold corresponds to an optical depth
of ∼106χ , where χ is the seed abundance estimate given in
Table 2. If the Einstein A values for a species were not available,
our selection criterion required an allowed transition in the
wavelength range of interest.

Only a modest fraction, ∼20%, of the 118 species in this list
(shown in bold type) appear to have optically active transitions
of sufficient strength to form an observable DIB. We find that
many of the potential DIB carries are hydrocarbon chain species,
molecules with a linear backbone (e.g., Cn, CnH, CnH2, CnNm,
etc.), some of which have been previously proposed as DIB

carriers (Maier et al. 2004, 2011). We suggest that this list is
a useful starting point for planning theoretical and laboratory
investigations to identify specific DIB carriers.

We note the relatively high abundance of electrons in Table 2,
∼5 × 10−8. In CHIMPs, we expect that the electrons will prefer-
entially attach to those seeds that form the most stable anions. Of
the species in Table 2, the carbon chain species exhibit among
the highest electron affinities (Rienstra-Kiracofe et al. 2002).
For example, the electron affinity of C7 is 3.4 eV. The range of
electron affinities for these species, ∼1–4 eV, means that many
will exhibit allowed transitions in the observed DIB spectral
range (i.e., 4000–15000 Å corresponding to ∼0.8–3.1 eV), as
previously conjectured by Sarre (2000). It is now evident that
molecular anions, particularly those for hydrocarbon chains, are
a relatively abundant, ∼10−8, component of molecular clouds
and may be an important source of DIBs (McCarthy et al. 2006;
Cordiner & Sarre 2007; Cordiner & Charnley 2012). This sup-
ports a previous assignment of C−

7 as a potential carrier of sev-
eral DIB features (Tulej et al. 1998), which was later rejected
(Galazutdinov et al. 1999; McCall et al. 2001) because the loca-
tions and shapes of the gas-phase C−

7 bands did not adequately
match those for the DIBs. As discussed earlier, these arguments
do not apply to a C−

7 seeded CHC as a DIB carrier.

5.9. Future Theory and Laboratory Studies

The CHIMP–CHC DIB paradigm is well suited for in-depth
evaluation through theory and laboratory studies. Modern ab
initio quantum and molecular dynamics codes are capable of
high-quality predictions of the geometry, spectroscopy, and
thermodynamic stability of the relatively small CHC molecular
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systems (Martınez et al. 2007). Simulation models, developed
for laser ablation of molecular solids, are applicable to the
problem of CHC formation and release via absorption of
UV photons near the CHIMP surface (Conforti et al. 2008).
Laboratory molecular beam spectroscopy studies have been
performed on a variety of seeded H2 clusters, including single
H2 shells with NO2 and OCS seeds (Tang & McKellar 2004
& 2005), and single and double H2 shells with tetracene
(Kuma et al. 2011). Extension to seeds of more relevance to
observable DIBs is desirable, but may prove challenging due
to the difficulties associated with forming stable H2 clusters
with highly reactive, transient molecules. Earlier studies, using
hydrocarbons processed in various ways, and then deposited in
inert gas matrices or on cold surfaces, showed spectral features
that correlated well with some DIB features (Herbig 1995).
Additional insights may be gleaned by repeating some of these
experiments using a CHC-relevant H2 matrix.

In this paper, we have focused on CHCs as a source of
the DIBs. However, CHIMPs may also give rise to some DIB
features because more seeds reside in CHIMPs than in CHCs.
Because of their much larger size and relatively high proportion
of optically active seeds, an individual CHIMP may be opaque
with respect to transmission of visible photons. We estimate that
CHIMPs larger than ∼0.01 cm will be continuum absorbers in
the visible spectral region, and, thus, will be difficult to observe
because they will only contribute a small amount to the overall
dust extinction along a sight line. Smaller CHIMPs may exhibit
distinct spectral features. However, these features may be much
broader than their CHC counterparts due to matrix broadening
effects in the highly inhomogeneous CHIMP environment.
Evaluating the relative importance of this potential source of
DIBs is a challenging problem and beyond the scope of this
work. It requires coupling a dynamical model of the molecular
cloud evolution with the radiation, chemical, and gas–surface
interaction models driving the CHIMP/CHC formation and
destruction processes.

5.10. Key Implications of the CHIMP/CHC Model

The key implications include:
1. Small number of carriers. In the CHC/CHIMP model, there

is no need to assign each DIB to a different carrier. The
entire suite of ∼400 DIB features should be reproducible
by a small number of optically active seed molecules. In our
model, a seed–H2 CHC can produce a family of N1 distinct
DIB features for a single-seed rovibronic band, where N1 is
the number of H2 molecules corresponding to a complete
first shell. We expect the abundance distribution of this DIB
family to depend on local conditions. Perhaps as few as ∼4
dominant seeds can account for ∼50% of the features with
an additional ∼10–20 seeds accounting for the other ∼50%.

2. Dominant seeds neutral and anionic carbon chains. These
molecules generally exhibit multiple, strong visible bands,
consistent with a small number of DIB carriers. Abundance
considerations suggest the following candidate chains,
HmCnXk, where m = 0–2, n � 7 (n � 5 preferred), X =
O, N, or S, and k = 0–1. Carbon chains have large electro-
negativities and should readily form stable anions in the
CHIMPs. The chains will form prolate top CHCs with
rotational constants consistent with those retrieved from
fits to some of the narrower DIB spectral profiles.

3. AME arises from CHCs. In our model, observations of the
AME afford a straightforward, alternative method of ob-
serving the DIB carriers without the geometric constraint,

imposed by absorption spectroscopy, requiring a sight line
through the cloud periphery that terminates on an appropri-
ate stellar source. Thus, AME from spinning CHCs offers
a new method to obtain the distribution of DIB carriers on
the surface of a molecular cloud.

4. AME limb brightening. Since the CHCs are released in an
outer periphery of dense clumps, this model predicts that
the AME should exhibit limb brightening associated with
shell structure around these clumps. For a uniform radiation
field around a spherical cloud, for example, the AME
should appear as an annulus of emission around that cloud,
which should be observable with interferometers. Details
of the annulus thickness depend on precise formation and
destruction rates of the CHCs. Depending on the thickness
of the annulus and the measurement spatial resolution, the
AME may appear either peaked at the edges, or relatively
flat across the cloud, but not centrally peaked.

5. Broadened CO rotational features in AME. CO is very
abundant and is expected to be a dominant seed in CHIMP
formation. CO is small enough that it is expected to be a free
rotator within its H2 shell. Therefore, CO seeded CHCs will
give rise to AME at the CO-free rotational line wavelengths,
and this is consistent with apparent excesses in AME
residuals. These lines will be broadened by interaction
between the CO and the H2 shell.

6. ISM GMC recycling requirement for DIBs. The presence of
DIB carriers requires a GMC-like ISM recycling process
to replenish the CHIMPs in the diffuse ISM, with a replen-
ishment time of dense clumps that contain CHIMPs that is
concordant with the CHIMP destruction time. Therefore,
in order to observe DIBs in other galaxies, a higher galac-
tic radiation field environment would to first order require
correspondingly a higher star formation rate environment
to offset the destruction. This requirement implies:

a. Radiation proportional to recycling. Higher radiation
field environments without a higher star formation rate
and concordant higher rate of production of new dense
clumps in the ISM should have lower DIB abundances.

b. Old ellipticals without mergers have no DIBs. Elliptical
galaxies without star formation (or recent merger) but
with the presence of (old) dust should not show DIBs.

c. DIBs confined in ellipticals with mergers. Elliptical
galaxies that exhibit dust and UIR emission, either from
a recent merger or a transient event, should exhibit
a DIB distribution that is very much more confined
than either dust or UIR (“PAH”) emission, which itself
is more confined than dust emission when detectable
in these elliptical galaxies. The DIB distribution is
observable as AME within the context of our model.

5.11. Summary

We have described a new carrier for the DIBs, called a CHC,
which is a molecular cluster primary composed of a single
molecule, atom, or ion (“seed”), embedded in a single-layer
shell of H2 molecules. Less abundant variants of the cluster,
including two seed molecules and/or a two-layer shell of H2
molecules, may also occur. CHC spectroscopy was shown to
encompass the diversity of observed DIB spectral profiles,
with good spectral fits demonstrated for a number of well-
characterized DIB spectra. CHCs were also shown to represent
a natural explanation for the AME with estimated abundances
comparable to that required for the DIBs. Finally, CHCs were
shown to be consistent with many of the key observational DIB
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properties, including their wide range of widths, their average
width, the paucity of UV DIBs, and their association with the
outside surface of a clump remnant of a GMC.
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