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Measurements of CMB fluctuations will be performed most g/ between 1 and 100 GHz
(Banday et al. 2003, Fig. 6). In this frequency range howeseveral foregrounds limit the
access to the CMB. Among these, the so-called anomalousiemighich is probably of dust
origin and is the least well known, motivating further thetical and observational studies. A
better understanding of this emission will help remove cfiddoregrounds and will bring new
constraints on interstellar grains. We discuss here skegiash emission processes that could be
at the origin of this anomalous emission. Emphasis is gieespinning, small dust grains which
seem to be favored by recent data analysis.
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1. A dust origin to the anomalous emission

Since the discovery of an unexpected (anomalous) emission in the 1-106a@¢k (Kogut et
al. 1996), clear evidence came along that this foreground is relatedttagidemonstrated in this
volume by R. Davies. In particular, this microwave emission appears margated to near- and
mid-IR dust emission (as traced by the 12 anqu®5IRAS bands, Casassus et al. 2006) and seems
to disappear in the vicinity of hot stars (Dickinson et al. 2006). Moreaver degree of linear
polarization of this anomalous emission appears to be low (less than 5%, Batis&t!l2006).

In this frequency range, several mechanisms involving dust at lovwggnew-temperature
may produce detectable emission. The first to be proposed was emissiondnp small, rotating
interstellar grains (Draine & Lazarian 19985hortly after, the same authors showed that magne-
tization fluctuations of big grains (1000 nm in radius) may also produce #isagt emission at
GHz frequencies. In the following sections we briefly review the main feataf these emission
mechanisms and highlight their observational consequences.

2. Microwave emission of small, spinning dust grains

>From IR spectroscopy, it is known that small, sub-nanometric intersteli@argare aromatic
molecules or PAHs (Polycyclic Aromatic Hydrocarbons, Léger & Pug8&dl@llamandola et al.
1985) containing a few 10 to 100 carbon atoms (a few A in radius). In thergeinterstellar
medium, PAHs can absorb stellar photons whereby they are raised to ttmneeraf a few 100
K. They then cool off by rovibrational emission in characteristic IR-lzabetween 3 and 1jm.
PAHSs therefore emit during temperature fluctuations (see Fig. 2 in Ponthidar&n, this vol-
ume). PAHs can also undergo collisions with gas phase species. Aslofethese processes,
PAHSs are likely charged and in radicalar form (Le Page et al. 2003)atticular radical, charged
PAHs may carry a significant permanent electric dipole moment (a few tehibelye). Due to
the above frequent and random excitations, PAHs are spinning in spaoeill produce electric
dipole emission from rotational levels.

The rotation of PAHs in space was first studied by Rouan et al. (199Z)¥8otivated by the
further development of the PAH hypothesis and its observable conseggiee.g., the possible po-
larization of PAH IR emission bands and the rotational broadening of eféctiransitions in PAHs
and its relevance for the interpretation of diffuse interstellar absorptindsdn 1998, Draine &
Lazarian took another view at this problem with particular emphasis onmgassgnteractions and
gave the first estimate of the rotational emission spectrum in the 1-100 GHe.r@hey showed
that the emission of spinning dust indeed peaks in the range 1 to 100 GHusbutound that
this emission is sensitive to the physical state of the gas (density, temperadtormegver, strong
assumptions were made in this work motivating further study

Linterestingly, this field was pioneered by Erickson (1957) from a diffeperspective, i.e., that of noise in radio
observations.

2|n particular, it was assumed that the energy of the emitted photon is madtesthan the internal energy (canon-
ical statistics). In the case of small grains that spend most of their timavarergy (Désert et al. 1986, Guhatakurta &
Draine 1989) this hypothesis must be revised.
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We therefore develop a new model where PAHs are isolated systems (amorocal statis-
tics) and treat the rotation motion quantally (Ysard & Verstraete, in prepajatithe dynamics
of rotation include all the gas-grain interactions from Draine & Lazari&®8) and the IR rovi-
brational emission that cools off the molecule after absorption of a stellateAdits photon. We
assume that the vibrational motion is harmonic and that the molecule rotates igisratdg Based
on stability arguments, PAHs are taken to be compact, planar molecules ammdateel as sym-
metric tops for the rotation. We note the rotational constant for an axis perpendicular to the
molecular plane anB the rotational constant for an in-plane ax@s=¢ 2C). The rotational energy
is thenE = B [J(J+1) — M3/2].

Following the exact statistical method described in Draine & Li (2001), ve¢ dietermine the
rovibrational density of states using the IR properties of PAHs as recemtistrained from ISO
and Spitzer data (Rapacioli et al. 2005, Flagey et al. 2006). For esdsRe, we then solve
the detailed balance of populations in a given radiation field and obtain thalghty distribution
P(E) for the molecule to be in the state of internal endegyl he rotational excitation is treated as a
stationary random walk. Equating the rates of changkfof all processes (gas-grains interactions
and IR emission), we solve for the equilibrium valligof the rotational quantum number . In
all environments where stellar photons are present, even in shieldedsddimvn to visible-UV
intensities of a few percents of the standard interstellar radiation field) ndetfat the rotational
excitation by IR emission dominates. In that case, it can be shown that thibutisin of the
rotational numbed for a given molecular size and in a given vibrational leveln&l) = ng(2J +
1)2exp(—J2/J3). Since the interstellar medium is pervaded by stellar light, this result applies
at large scale in the Galaxy. Further on, following Rouan et al. (1992asgeme than(J) is
independent of the vibrational excitation.

The rotational emission spectrum is finally obtained from a sum over the isizéodtion of
PAHSs (in terms of the number of carbon atois in the molecule)ns(N¢) with minimum and
maximum sizes oN; andN, respectively:

N2 2BJ
= [ As3-1n(I,Nc) - ns(Ne) dN\c (2.1)

N; 2Bc
where we ascribe a bandwith oB2to each rotational transition. The frequency spectrum is then
obtained from the expression of the rotational energy given aboveasaleme that the electric
dipole of a PAH is 0.2 Debye, independent of Siz&he size distribution of PAHs is taken to
be either a power lawng(Nc) ~ Ng%2° or ng(a) ~ a—>% in terms of the molecular radius) or
a log-normal law as proposed more recently (Weingartner & Draine 2id0&dnsistency with
stability studies of PAHSs in the interstellar medium (Le Page et al. 2003). Bosie th&H size
distributions are compatible with observational constraints, in particular thieecttinction curve
at UV wavelengths.

On Fig. 1, we show that the influence of the size distribution on the rotationiemigsectrum
is modest. In fact, this spectrum mostly depend on the abundance of the siatss(containing
less than 50 carbon atoms) because they have the highest rotationainto™e also show on
Fig. 1 the influence of the radiation field: while its intensity is multiplied by a facto®% the

3This is a typical value for an unsaturated bond in PAHs (Draine & Lazd/%98).
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PAH rotation emission is raised by a factor less than 20. This lack of sensttvibe intensity of
the radiation field is due to the fact that the rotational excitation only depenttseaovibrational
energy content of the molecule, not on the absorption rate.

The left panel of Fig. 2 presents the result of our model in the case dP¢ingeus Arm
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Figurel: Left panel: Shows the influence of the size distribution on the PAH rotetl emission spectrum
with a constant PAH abundance (see Fig. 2 caption). The Boédorresponds to a power law size distri-
butionng(Nc) ~ NC’Z‘25 whereNc the number of carbon atoms ranges from 38 to 206. The dottedkiows
the case of a log-normal size distribution of centrbig = 35 ando = 0.3 as in Weingartner & Draine
(2001). Right panel: Shows the influence of the radiation field again with a fixed Ridndance. The
solid line corresponds to the standard interstellar raadidield (Mathis et al. 1984) where the visible-UV
part is equivalent to a blackbody of temperature 20,000 K détted line shows the case of the Orion Bar
where the excitation is much higher (the UV part of the speatamounts to a blackbody at 37,000 K with

an intensity 4 16 higher than in the previous case).
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Figure 2: Left Panel: The case of the Perseus Arm (Watson et al. 2005). At low frequél-10 GHz),
the free-free emission dominates (dashed line) wheredghafdequency (100-1000 GHz), the dust thermal
emission is the main contributor (dashed line). The dotireel ik the result of our model with a power law
size distribution as in Fig. 1. The abundance of carbon in ®AHC/H]=1.6 10° i.e. 6% of the interstellar
carbon.Right Panel: The case of a diffuse HIl region (Dickinson et al. 2006). Owdal is the dotted line
with a PAH abundance of 1% of interstellar C and a power law digtributionng(N¢) ~ N52'25 whereNc

ranges from 73 to 206.
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environment. Combined to the free-free and thermal dust componentsigivatson et al. (2005),
a good match is obtained for a PAH abundance of about half that reqoieglain the 3-1@m
IR bands (see Fig. 1 of Ponthieu & Martin, this volume) or 6% of the interstediedson available
for dust grains. In the case of a diffuse, ionized (HII) region, wgunee larger PAHs with an
abundance 6 times smaller. Such a PAH depletion is expected in regions céxuightion and
intense radiation field and is indeed observed (Kassis et al. 2006 andreés therein).

First conclusions from this work are, 1) with a more detailed treatment oftthsiqs of PAHSs
in space, we confirm that the emission of spinning, small PAHs can explaitfesved anomalous
emission, assuming a reasonable abundance of small PAHs and a plaimildentbment; 2) as
in Rouan et al. (1992), we find that the rotational excitation is dominated byothrational
emission cascade and that it is not very sensitive to the intensity of the radiiid: a direct
consequence of this is that the emission of spinning PAHSs is roughly the satine vwariety of
environments of the diffuse interstellar medium, in contrast with the findingsaihB & Lazarian
(1998); 3) the emission of spinning PAHSs is sensitive to the fraction of stAilsKless than 100
C), providing an important constraint to models of interstellar PAHs.

3. Microwave emission from big grains

Larger grains of sub-micron radius also contribute significantly to the sikgsgon at frequen-
cies 10 to 100 GHz (see Fig. 2, left panel). Such big grains (BGs),usecaf their large heat
capacity, remain at low (10 to 20 K) equilibrium temperatlifevhen heated by stellar photons.
The electric dipole emission of BGs can be described by a modified blackipady~ v# B, (Ty)
and is therefore often calletiermal dust emissiorBGs are composed of carbonaceous (graphite)
and amorphous silicate compponents and models predict that the far-IRBG @mission is dom-
inated by silicates (Li & Draine 2001).

The emission of BGs probably has a more complex behaviour. Both the s&rwdtine grain
(porosity, inhomogeneity) and its energy dissipation channels at low-tetopes play an impor-
tant role in shaping its mm to cm-emission. Indeed, recent mm-observatiogsssilyat smaller
grains (1-10 nm) may stick on the surface of big grains thus enhancingrheemissivities (Step-
nik et al. 2003). On the other hand, there is also observational evidenee emissivity index
B that depends on the grain temperatligéDupac et al. 2003). A similar temperature behaviour
has been observed in the laboratory and may point at the presence-lefvligystems (TLS) in
silicates (Agladze et al. 1996, Boudet et al. 2005). TLS are well kniovihe context of glasses
and arise from impurities and/or disorder in the bulk solid. These studiestilad TLS are impor-
tant to understand the dust thermal emission and will provide direct informattiohe structure of
BGs. TLS may also be relevant for the anomalous emission. Indeed, thenedof a resonant
transitiorf around 20 GHz in silicates has been reported by Phillips (1987). Thérapskape
of the associated emission however requires the knowledge of the deh§li estates, which is
missing. Further laboratory and modelling studies are therefore needkdifp the contribution
of TLS to the emission of BGs: this is one of the goals of a 3-year reseanghgm just proposed

4The 2 levels involved correspond to coupled rotation states of neighlgoBi@ tetrahedra (Phillips 1987).
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to the french research agency by IAS and CESR (Centre d'Etudéisi@paet du Rayonnement).

On the other hand, Draine & Lazarian (1999) have pointed out that rtiaghigole emission
of BGs may present a broad resonant emission between 10 and 100TGElmit at the flux level
and frequency position of the observed anomalous component, this nsohiamplies a rather
large spontaneous magnetization, not too large though so as to keepdfregyency in the right
range ¢ 6 GHz) to place the emission peak at 10 to 50 GHz. At present no terresiaiigue
of interstellar BGs has such properties. Thus Draine & Lazarian pre@mission predictions
for a fiducial material whose properties are intermediate between magnetiteedallic iron and
which would include most interstellar iron. The authors concluded that witlesuknowledge,
a magnetic dipole contribution to the anomalous component could not be eadd@itteugh less
likely than the spinning PAHs explanation. A complete assessment of this legiethill await
measurements of magnetic susceptibility on interstellar grains analogues il@eA@Hz range.
New highlight on this topic comes from the recent laboratory results of Bagcet al. (2006). To
understand the evolution of silicates in the interstellar medium (in particular thsttcan from the
crystalline to amorphous phase), these authors have heated olivine saopl@000K as could
occur in a proto-solar nebula. They found that in a carbon-rich atnevsgtil the iron of the olivine
sample aggregated to form metallic iron nano-particles. This result has impbearing for the
alignment of BGs (see Ponthieu & Martin this volume) and maybe also for the@onas emission.
Measurements of magnetic susceptibility are currently underway to betémsabe importance of
this result for the emission and polarization of the sky at microwave fragggn

4. Summary

Several dust related mechanisms are plausible explanations for the ansmaaission be-
tween 10 and 100 GHz. Among these mechanisms, the emission of spinningipatrdgoles of
small (a few A in radius) hydrocarbons called PAHs appears most praptisicause of the avail-
able evidence. Observations indeed suggest a relationship betweé&httledrs of small grains
(IRAS 12 um-band) and the anomalous emission. This emission also appears as little polarize
(P < 5%) as predicted by alignment models of small dust grains (Lazarian &Beld®97). The
field of interstellar PAHs also benefits from numerous laboratory, theatetibservational and
modelling studies over the past two decades in order to understand thendR Wwaich ubiqui-
toulsy trace interstellar matter.

We have discussed here the first results of a new model of spinning Blission at GHz
frequencies. This model improves on previous studies because it tAdassaR isolated systems,
so as in space, and includes the results of recent IR satellite obsenatiathg rovibrational
emission of PAHs. We show that the rotational excitation of small, radicalarsRés indeed
explain the anomalous emission with a reasonable carbon budget (6% @frbon @vailable for
dust). We also show that the PAH rotational excitation is not very sensititreetmtensity of the
radiation field leading to the prediction that the resulting emission will not chemgsh over the
entire sky, as suggested by recent observations of the anomalous erfiisgiache 2003, Davies
et al. 2006).
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A closer assessment of the contribution of bigger grains (with radii oval@@0 nm) still
awaits more laboratory studies on their properties, in particular silicatesydétperature. Such
studies are currently underway or will start soon: they are motivateddynderstanding of the
thermal dust and anomalous emission as well as the alignment propertiegsteitde that leads
to significant degrees of polarisation at microwave frequencies.
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