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Chapter 6 — PAH chemistry and IR emission from circumstelisks

Abstract

Aims. The chemistry of polycyclic aromatic hydrocarbons (PAHs}isks around Herbig ABe

and T Tauri stars is investigated, along with the infrareéssian from these species. PAHs can exist
in different charge states and they can befiedint numbers of hydrogen atoms. The equilibrium
(steady-state) distribution over all possible charge agmitdgenation states depends on the size and
shape of the PAHs and on the physical properties of the sths@amounding disk.

Methods. A chemistry model is created to calculate the equilibriurargle and hydrogenation
distribution. Destruction of PAHs by ultraviolet (UV) plasts, possibly in multi-photon absorption
events, is taken into account. The chemistry model is cauple radiative transfer code to provide
the physical parameters and to combine the PAH emissiortkgtBpectral energy distribution from
the stawdisk system.

Results. Normally hydrogenated PAHs in Herbig A&e disks account for most of the observed
PAH emission, with neutral and positively ionised speciestiibuting in roughly equal amounts.
Close to the midplane, the PAHs are more strongly hydrogenand negatively ionised, but these
species do not contribute to the overall emission becausieedbw UV/optical flux deep inside
the disk. PAHs of 50 carbon atoms are destroyed out to 100 Atiardisk’s surface layer, and
the resulting spatial extent of the emission does not agedkewith observations. Rather, PAHs
of about 100 carbon atoms or more are predicted to cause rhas¢ @bserved emission. The
emission is extended on a scale similar to that of the sizéeftsk, with the short-wavelength
features less extended than the long-wavelength featlinescontinuum emission is less extended
than the PAH emission at the same wavelength. Furthermueesrhission from T Tauri disks is
much weaker and concentrated more towards the centralhstarthat from Herbig ABe disks.
Positively ionised PAHs are predicted to be largely abserit Tauri disks because of the weaker
radiation field.
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6.1 Introduction

6.1 Introduction

Polycyclic aromatic hydrocarbons (PAHSs; Léger & Puget 198amandola et al. 1989)
are ubiquitous in space and are seen in emission from a witktywaf sources, including
the difuse interstellar medium, photon-dominated regions, oistellar envelopes, and
(proto)planetary nebulae (Peeters et al. 2004 and refesaherein). The PAHs in these
sources are electronically excited by ultraviolet (UV) fhs. Following internal conver-
sion to a high vibrational level of the electronic groundetéhey cool by emission in the
C-H and C—-C stretching and bending modes at 3.3, 6.2, 7.,718.8, 12.8 and 16.4m.

Using the Infrared Space Observatory (ISO; Kessler et &6)%he Spitzer Space
Telescope (Werner et al. 2004a, Houck et al. 2004) and vagoaund-based telescopes,
PAH features have also been observed in disks around HemdgBBeland T Tauri stars
(Van Kerckhoven et al. 2000, Hony et al. 2001, Peeters eD@R 2Przygodda et al. 2003,
van Boekel et al. 2004, Acke & van den Ancker 2004, Geers 2(d6). Spatially re-
solved observations confirm that the emission comes froromegvhose size is consistent
with that of a circumstellar disk (van Boekel et al. 2004, Hidlet al. 2006, Geers et al.
2007). Because of the optical or UV radiation required tatextie PAHs, their emission
is thought to come mostly from the surface layers of the dislebart et al. 2004b). Acke
& van den Ancker (2004) showed that PAH emission is genestlignger from flared
disks (Meeus et al. 2001, Dominik et al. 2003) than from fladedf-shadowed disks.

Although the presence of such large molecules in disks amef aistronomical envi-
ronments is intrinsically interesting, it is also importém study PAHs for other reasons.
They are a good diagnostic of the stellar radiation field aarde used to trace small dust
particles in the surface layers of disks, both near the eantd farther out (Habart et al.
2004b). In addition, they are strongly involved in the plegsiand chemical processes
in disks. For instance, photoionisation of PAHs produces@etic electrons, which are
a major heating source of the gas (Bakes & Tielens 1994, KanipuBemond 2004,
Jonkheid et al. 2004). The absorption of UV radiation by PAithe surface layers in-
fluences radiation-driven processes closer to the midpl&iarge transfer of Cwith
neutral and negatively charged PAH$eats the carbon chemistry. Finally, Habart et al.
(2004a) proposed PAHs as an important site gffetmation in photon-dominated re-
gions, a process which is also important in disk chemistopkbeid et al. 2006, 2007).
Although this process is probably morieient on grains and very large PAHSs than it is
on PAHSs of up to 100 carbon atoms, the latter may play an inaporble if the grains
have grown to large sizes.

Many PAHs and related species that are originally presettiénparent molecular
cloud, are able to survive the star formation process andtealy end up on planetary
bodies (Allamandola & Hudgins 2003). They add to the riclsr@fghe organochemical
“broth” on planets in habitable zones (Kasting et al. 1988)n which life may originate.
Further enrichment is believed to come from the impact of esmPAHs have now been
detected in cometary material during the Deep Impact misfigsse et al. 2006) and
returned to Earth by the Stardust mission (Sandford et &6R0The icy grains that
constitute comets also contain a variety of other moleqidesenfreund & Fraser 2003).
Radiation-induced chemical reactions between frozeriRAtts and these molecules lead
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Chapter 6 — PAH chemistry and IR emission from circumstelisks

to a large variety of complex species, including some thatfaund in life on Earth
(Bernstein et al. 1999, Ehrenfreund & Sephton 2006). Thessipilities are another
reason why it is important to study the presence and chgna§®AHSs in disks.

The chemistry of PAHs in an astronomical context has beeatiediuwith increasingly
complex and accurate models since the 1980s (Omont 1986, éteql. 1988, Bakes &
Tielens 1994, Salama et al. 1996, Dartois & d’Hendecour71®2ong & Foing 2000,
Le Page et al. 2001, 2003, Weingartner & Draine 2001, Bakes €001a,b); however,
none of these were specifically targeted at PAHs in circullastéisks. Disk chemistry
models that do include PAHs only treat them in a very simplemea (e.g., Jonkheid
et al. 2004, Habart et al. 2004b). In this chapter, an extenRAH chemistry model
is coupled to a radiative transfer model for circumstellaks (Dullemond & Dominik
2004a, Geers et al. 2006, Dullemond et al. 2007a). The clwrpart includes ionisation
(photoelectric emission), electron recombination anaichtinent, photodissociation with
loss of hydrogen andr carbon, and hydrogen addition. Infrared (IR) emissi@mfithe
PAHs is calculated taking multi-photon excitation into aent, and added to the spectral
energy distribution (SED) of the stadisk system. The model can in principle also be
used to examine PAH chemistry and emission in other astraabenvironments.

We present the chemistry model in Sect. 6.2, followed byefbeview of the radiative
transfer model in Sect. 6.3. The results are discussed in &dand our conclusions are
summarised in Sect. 6.5.

6.2 PAH mode

The chemistry part of our model is a combination of the modelseloped by Le Page
et al. (2001, hereafter LPSB01) and Weingartner & Drain®20ereafter WD01). Pho-
todissociation is treated according to Léger et al. (1988)ere possible, theoretical rates
are compared to recent experimental data. Our model emfiteysew PAH cross sec-
tions of Draine & Li (2007, hereafter DLO7), which are an utedef Li & Draine (2001)
based on experimental data (Mattioda et al. 2005a,b) ancbhHergations (e.g., Smith
et al. 2004, Werner et al. 2004b). In this section, we preff@enmain characteristics of
our model.

6.2.1 Characterisation of PAHS

The PAHs in our model are characterised by their number dfaraatomsN.. A PAH
bears the normal number of hydrogen atoig, when one hydrogen atom is attached
to each peripheral carbon atom bonded to exactly two othdwocaatoms (e.g., 12 for
coronene, G,H,,). The ratio betweeN; andN_. is taken as (e.g., DLO7):

05 Ng < 25,
fo = N§/Ne ={ 05 25/N; 25< N, < 100, 6.1)
0.25 N > 100.
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6.2 PAH model

This formula produces values appropriate for compact¢pedensed) PAHs. Elongated
(catacondensed) PAHs have a higher hydrogen coverageyhovileey are believed to
be less stable and to convert into a more compact geometnyg\&fzal. 1997, Dartois &
d’Hendecourt 1997), so only compact PAHs are assumed todsept.

Every carbon atom that bears one hydrogen atom in the noamsalis assumed to be
able to bear two in extreme conditions, so each PAH can ex&\lj, + 1 possible hydro-
genation states (8 N, < 2Ny,). Furthermore, each PAH can exist in two or more charge
statesZ. The maximum and minimum attainable charge depend on thati@ufield and
the PAH’s ionisation and autoionisation potentials (BakeBEelens 1994, WDO01). The
number of accessible charge states increases with PAH size.

For a number of properties, the radius of the PAH is more ingmtithanN.. The
PAHSs of interest are assumed to be spherically symmetricfafidwing e.g. Draine &
Li (2001) and WDO1, are assigned affieetive radiusa in A:

N, 1/3
as= (o 468) ' 6.2

This equation does not give the actual geometric radiubgrait gives the radius of a
pure graphite sphere containing the same number of carbomsatEquations (6.1) and
(6.2) do not apply to very small PAHS( < 20), but like irregularly shaped PAHSs, they
are assumed not to be abundant enough to contribute to tissiem{Sect. 6.2.6).

6.2.2 Photoprocesses

The absorption of a UV or visible photon offeigient energy by a PAH causes either the
emission of an electron (ionisation or detachment) or asttimm to an excited electronic
and vibrational state. In the second case, internal coioreed fluorescence rapidly
bring the molecule to a high vibrational level of the grouthet&onic state. From here,
several processes can take place (Léger et al. 1988, 1989)is6ociation with loss of
atomic or molecular hydrogen; (2) dissociation with lossaafarbon-bearing fragment;
or (3) cooling by infrared emission. The cooling rate consfar a PAH with internal
energyEjn is given by Li & Lunine (2003):

®  4rByoabs
= ————da, 6.3
kcool LlZA hC//l ( )
with B,(T[Ein]) the Planck function at the PAH’s vibrational temperatUrE;] (Draine
& Li 2001). The cross sections;qps are treated in Sect. 6.2.3.

The yield of a single dissociation procesy;, depends on the rate constamtsf all
possible processes:

ki

Xk
To determine the ratE; of dissociation proceds the yield is multiplied by the absorp-
tion rate, taking into account the possibility of electranigsion, and integrated over the

Y, (6.4)
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Chapter 6 — PAH chemistry and IR emission from circumstelisks

relevant energy range:
Ii = f (1 - Yem)YiU'abszth s (6-5)
0

whereYen is the photoelectric emission yield (Eqg. (6.8)) @ is the number of photons
in units of cnT? st erg™?. The radiation field is treated explicitly at every pointlietdisk
in a 2D axisymmetric geometry, i.e., the wavelength depeoéés taken into account as
well as the magnitude.

Photoelectric emission is the ejection of an electron frdPABE due to the absorption
of a UV photon. The electron can come either from the valeraze l{photoionisation;
possible for all charge states) or from an energy level alloseralence band (photode-
tachment; only for negatively charged PAHS). The photdeglzemission rate is given by
WDO01 as . .

Fem= jh\ YionU':;\bs'\lpth + f Ydeto'dethth > (6.6)

Vion hvget

whereh is Planck’s constant. Photoelectric emission can only oeten the photon
energy exceeds the thresholdfy, or hvger. The photodetachment yielyey, is taken
to be unity: every absorption of a photon withh > hvyet leads to the ejection of an
electron. The photoionisation yield,,, has a value between 0.1 and 1lerz 8 eV and
drops rapidly for lower energies. For photons with> hvion, the photodetachment cross
section,oqet, is about two orders of magnitude smaller féx = 50 than the ionisation
cross section, which is assumed equatigs

In order to deriveYem as used in Eq. (6.5), Eq. (6.6) is rewritten:

0 o
Fem= f (Yion + LerYdet) O'abszth . (6.7)
0 O abs
The quantity between brackets is the electron emissiod yyel:
g
Yem = Yion + detYdet, (6.8)

taking Yion andYget to be zero for photon energies less thaf, andhvge, respectively.
FurthermoreYen is not allowed to exceed unity: each absorbed photon cahajécone
electron.

If no photoelectric emission takes place, the PAH can ura@digsociation with loss
of carbon or hydrogen. Several theoretical schemes exisaltulate the dissociation
rates. LPSB0O1 employed the Rice-Ramsperger-Kassel-Maypeasi-equilibrium theory
(RRKM-QET) and obtained hydrogen loss rates close to thes=iehined experimentally
for benzene (gH;), naphthalene ({gH,) and anthracene ((H,,). Léger et al. (1989)
investigated the loss of carbon as well as hydrogen, usimgvanse Laplace transform of
the Arrhenius law (Forst 1972) to determine the rates. Isitheéthod, the rate constant is
zero when the PAH's internal enerdyi:, originating from one or more UV photons, is
less than the critical energlyy, for a particular loss channel. Whé&,; exceeds,

P(Eint — Eox)

) =A ,
kdlss)( X P(Eint)

(6.9)
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6.2 PAH model

Table 6.1 — Arrhenius parameters for the loss of carbon and hydrogagmfents from PAHS.

Fragment N, Z Eo(eV) A(s?h

C all all 7.37  62x10%
C all all 8.49 35x 10Y7
Cs all all 7.97 15x 108
H <Ny all 465 15x10%
H >N, <0 11 4x 101
H >N, >0 28 1x 10%
H, > Nf_’| <0 15 4% 101
H, >N, >0 31 1x 10

2 Ep andAfor C, G and G are from Léger et al. (1989)E, for H and H is based on the RRKM-QET
parameters from Le Page et al. (2001) and modified slightfibtain a better match with their rate& for
H is modified from Léger et al. (1989) and used also for H

whereAy is the pre-exponential Arrhenius factor for chanKedndp(E) is the density
of vibrational states at enerdy. Léger et al. (1989) considered the loss of H, ¢.a@d
Cs; LPSBOL1 also took hkiloss into account for PAHs withl,, > N¢. Our model uses
the method of Léger et al. (1989) for all loss channels, wétlugs forA andE, given in
Table 6.1.

The intensity of the UV radiation field inside the disk is cheterised in our model by
G} = Uyy /Uy, Where

136 eV 136 eV
Uyy = fﬁ u,dy = fe (h/)hyNprdly (6.10)

eV eV

andu,,, = 533x 10* erg cn® is the UV energy density in the mean interstellar
radiation field (Habing 1968). However, the radiation figidide the disk does not have
the same spectral shape as the interstellar radiation §el@;, is used instead o5, to
denote its integrated intensity. The exact UV field at evariypand every wavelength is
calculated by a Monte Carlo code, which follows the photeomfthe star into the disk
in an 2D axisymmetric geometry (see also Sect. 6.3.1). Asudtreegions of high optical
depth may not receive enough photons between 6 and 13.6 eMdalateGy. In those
cases, the lower limit of the integration range is extendetl-eV steps and the energy
density of the Habing field is recalculated accordinglyGlf still cannot be calculated
between 1 and 13.6 eV, it is set to a value of®0

In the strong radiation fields present in circumstellar sligp toG|, = 10'%in the
inner disk around a Herbig ABe star), multiple photons are absorbed by a PAH be-
fore it can cool through emission of IR radiation. These ipliioton events result in
higher dissociation rates than given by Egs. (6.5) and (&8) example, a PAH of 50
carbon atoms is photodestroyed in a radiation fiel@&pf~ 10° if multi-photon events
are allowed, whileGy ~ 10'*is required in a pure single-photon treatment (Sect. 6.2.6)
However, the multi-photon treatment is much more compaonatiy demanding, hence
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our model is limited to single-photon treatments for all ggsses but photodestruction;
the latter is discussed in detail in Sect. 6.2.6. The errgreduced by not including a full
multi-photon treatment are discussed in Sect. 6.4.5.

As long as the internal energy of the PAH exceEgl$or any of the loss channels from
Table 6.1, there is competition between dissociation adigtiae stabilisation. Typically,
the emission of a single IR photon is noftistient to bringEj,; belowEgp. If the emitted
IR photons are assumed to have an average emgygy 0.18 eV (6.9um; LPSB01), a
total of n = (Eint — Eo)/qz photons are required to stabilise the PAH. Ttiephoton in
this cooling process is emitted at an approximate rate $t&tunbar 1991)

[Eint - (l - 1)q|R] s
05 ’

with Ei in eV ands = 3(N. + N,,) — 6 the number of vibrational degrees of freedom. The
competition between dissociation and IR emission occurevery intermediate state.
Hence, the total radiative stabilisation rate is (Herbst&&Rage 1999)

Kradi
kradi + kdissH + kdisst + kdissC ’

Kradi = 73

(6.11)

n
Krad = kradl 1_[ (6.12)
i=1
wherekgissc denotes the sum of all three carbon loss channels. Note tfsat&11) and
(6.12) are used only in the chemical part of the code, whezedtails of the cooling
rate function are not important (LPSB01). The radiativesfar part employs the more
accurate Eq. (6.3).

Alternative stabilisation pathways such as inverse irgdlszanversion, inverse fluores-
cence and Poincaré fluorescence (Leach 1987, Léger et &) a88probably of minor
importance. Their fect can be approximated by increasag, thus creating an ‘féec-
tive” kiag that is somewhat larger than the “oléf,g. However, this has no discernible
effect on the rates from Eq. (6.5), so these alternative presese ignored altogether.

6.2.3 Absorption cross sections

Li & Draine (2001) performed a thorough examination of thea@iption cross sections,
oaps Of PAHS across a large range of wavelengths. Following ngueemental data
(Mattioda et al. 2005a,b) and IR observations (e.g., Sniiéh 004, Werner et al. 2004b),
an updated model was published in DLO7, providing a set oagus that can readily be
used in our model. The cross sections consist of a continuuntnibution that decreases
towards longer wavelengths, superposed onto which are d@&uai Drude profiles to
account for theo-o* transition at 72.2 nm, the-n* transition at 217.5 nm, the C—H
stretching mode at 3/3m, the C—C stretching modes at 6.2 andghy, the C—H in-plane
bending mode at 8.6m, and the C—H out-of-plane bending mode at 11.2—th3Some
of these primary features are split into two or three subiest and several minor features
are included in the 5-2m range to give a better agreement with recent observations
(DLO7). The additional absorption for ions in the near IR swead by Mattioda et al. is
included as a continuum term and three Drude profiles.
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6.2 PAH model

The absorption properties of a PAH depend on its charge.rbleRAHs have 6.2, 7.7
and 8.6um features that are a factor of a few weaker than do cations.3T8um band
strength increases from cations to neutrals (Lafigh®96, Hudgins et al. 2000, 2001,
Bauschlicher 2002). The other features have similar ifiessfor each charge state.
While the cation-neutral band ratios at 6.2, 7.7 and/8r6are mostly independent of
size, those at 3.3m decrease for larger PAHs. DLO7 provide integrated barehgths,
o, for neutral and ionised PAHs, but they do not account fosthe dependence of this

feature in cations. Rather than takingf; 3 , = 0.2270%9 ; as DLO7 do, our model uses

e = oTta(1+ ) 619
S 5 N, - 14

This way, the cation-neutral band ratio approaches unityafige PAHs. The theoretical

ratios forN. = 24, 54 and 96 from Bauschlicher are well reproduced by E43(6.

LPSBO01 based their opacities on experiments by Joblin (LBAZPAHS in soot ex-
tracts. They fitted the cross section of an extract with amaayePAH mass of 365 amu
(corresponding tdN. ~ 30) with a collection of Gaussian curves, obtaining pradiyc
the same values fot £ 0.25um (E 2 5 eV) as DLO7. Between 0.25 and Qif, the
integrated cross section of LPSBO1 is about 2.5 times sénor@ince LPSBO1 were only
interested in the UV opacities, their cross section thraugthe rest of the visible and all
of the infrared is zero. For our purposes, thiatent opacities in the 0.25-0ufn range
only afect the hydrogen dissociation rates, and, as shown in Sdchk, 6he &ects are
negligible.

The details of the IR cross sections of negatively chargeds$are not well under-
stood, with very diterent values to be found in the literature (Lanffi®96, Bauschlicher
& Bakes 2000). However, this is not a problem for our modek&ese of the small elec-
tron dfinities, photodetachment is a verffieient process and absorption of a photon by
a PAH anion leads to ejection of an electron rather than anbat emission in the in-
frared. Rapid electron attachment retrieves the originadrabefore the transient neutral
PAH can absorb a second photon. Hence, if anions are pressteddy state, they are
excluded altogether when the infrared emission is caledlat

Large PAHs can carry a double or triple positive charge irs¢h@gions of the disk
where the radiation field is strong and the electron densityw. The diferences between
the cross sections of singly charged and neutral PAHs ginerarease when going to
multiply charged PAHs (Bauschlicher & Bakes 2000, Baked.e2@01a). However, no
cross sections for multiply charged species exist that eaditectly used in our model,
so the cross sections for singly charged species are ugeddnsSince multiply charged
species only constitute a very small part of the PAH popoiatSect. 6.4.1), this approx-
imation is not expected to cause major errors.

6.2.4 Electron recombination and attachment

Free electrons inside the disk can recombine with PAH cat@rattach to PAH neutrals
and anions; both processes are referred to here as elettmohraent. The electron at-
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tachment ratd, 5 = Keane, With ne the electron number density, depends on the frequency
of collisions between electrons and PAHs and on the proibatiiat a colliding electron
sticks, as expressed by WDO1:

— [8KT
kea = ﬂaz&\] m N (614)

wherek is Boltzmann'’s constant and, the electron mass. The sticking ¢heient,s., has

a maximum value of 0.5 to allow for the possibility of elasdirattering. Non-scattering
electrons have to be retained by the PAH before their momectrries them back to
infinity. The probability of retention is approximately-le ', wherels ~ 10 A can

be considered the mean free path of the electron inside thé& RADO1 included an
additional factor 1(1 + €% Nc) for PAH neutrals and anions to take into account the
possibility that the PAH is dissociated by the electron’sess energy, but this is only
important for PAHs smaller than 24 carbon atoms (see als®0RBand they are assumed
not to be present in the disk (Sect. 6.2.6). Thus, our moadsd us

S = 0.5(1- e¥k) (6.15)

for all PAHs with a charg& > Zmin.

Expressions fod, a dimensionless factor that takes into account the chargeiae
of the PAH and the temperature of the gas, can be found in B&iSutin (1987). For
neutral PAHs,J « T2, so the attachment rate does not depend significantly on the
temperature (Bakes & Tielens 1994) changes a3 ~* for PAH cations in the PAH size
and gas temperature regimes of interest, leadifdgdoc T~Y/2. Finally, for PAH anions,
bothJ and the attachment rate varyed/™.

Recombination rates at 300 K for PAH cations of up to sixtegban atoms have been
determined experimentally (Abouelaziz et al. 1993, RabfRowe et al. 2003, Hassouna
et al. 2003, Novotny et al. 2005, Biennier et al. 2006). Theeexnental and theoreti-
cal rates agree to within a factor of two for these small ggaxcept for naphthalene
(C,oHg), where the theoretical value is larger by a factor of seeperimental data on
larger PAHs are needed to ascertain the accuracy of Eq.)(®dthe sizes used in our
model.

Experimental data on electron attachment to PAH neutrelsearce. Rates for an-
thracene (G,H,,) have been reported from®10-2° to 4.5 x 10°° cm® s™* (Tobita et al.
1992, Moustefaoui et al. 1998), with no apparent dependendemperature. Equation
(6.14) predicts a rate of 2 107% cm® s7%, about an order of magnitude lower, for tem-
peratures between 10 and 1000 K. For pyrengkiG), however, the theoretical value,
2 x 107 cm?® s7%, is 5-10 times larger than the available experimental wabfe2 and
4.2x101%cm? s71 (Tobita et al. 1992). Hence, we can only estimate that Eq4)ds
accurate to within about an order of magnitude. No expertaiatata are available on
electron attachment to negatively charged PAHs or on eleccombination with PAHs
carrying a multiple positive charge, so the uncertaintiethe theoretical rates for these
reactions are at least as large.
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6.2 PAH model

6.2.5 Hydrogen addition

The addition of atomic hydrogen to neutral and ionised PAdHan exothermic process
requiring little or no activation energy (Bauschlicher 89Blirama et al. 2004). For addi-
tion to cations, we use the temperature-independent nateslfPSBO01, which are based
primarily on experimental work by Snow et al. (1998). Adalitito neutrals is about two
orders of magnitude slower for benzene (Mebel et al. 199@pért et al. 1998) and has
not been measured for larger PAHs. No rates are known fordtigi@n of hydrogen to
anions or to cations witd > 1. We takekiy, = 10-%kZ53, andkZih, = K34, The rate
depends oM, as described by LPSBO1.

Itis assumed that molecular hydrogen can only attach to ReiHsN,, < N;;,. Again,
the rate for addition to cations from LPSBO1 is used and éi¢idy 100 for the neutral
and anion rates.

For naphthalene and larger PAHs, addition of atomic hydi¢g&H + H — PAH, ;)
is assumed to be much faster than the bimolecular abstnackiannel (PAH+ H —
PAH_; + Hy; Herbst & Le Page 1999), so the latter is not included in oudeho

6.2.6 PAH growth and destruction

The PAHs observed in disks are generally not believed to baea formed in situ af-
ter the collapse and main infall phases. Formation and drofvPAHs requires a high
temperature<{1000 K), density and acetylene abundance (Frenklach & FBeigel 989,
Cherchné et al. 1992) and, especially for the smallest PAHs, a weak abifation field
to prevent rapid photodissociation. If these conditioristex all in a disk, it is only in a
thin slice (less than 0.1 AU) right behind the inner rim, anid unlikely that this &ects
the PAH population at larger radii. Another possible metbblte-stage PAH formation
is in accretion shocks (Desch & Connolly 2002), but tooditd known about these events
to include them in the model. Hence, no in situ formation avwgh of PAHSs is assumed
to take place.

PAH destruction is governed by the loss of carbon fragmemts @bsorption of one
or more UV photons. C-C bonds are a few eV stronger than C-lds@ng., Table 6.1),
so carbon is lost only from completely dehydrogenated PARisrder to get an accurate
destruction rate, multi-photon events have to be takenactmunt, as first recognised
by Guhathakurta & Draine (1989) and Siebenmorgen et al.19@ur model uses a
procedure based on Habart et al. (2004b). A PAH ensembldimgsin a given radiation
field assumes a statistical distribution over a range ofmatieenergies. This distribution
is represented blp(E;,;), which is normalised so th&(E;,;)dEj is the probability to find
the PAH in the energy interval froif; to Ej; + dEjn¢. At everyEiq, there is competition
between cooling and dissociation with loss of a carbon fraigim The probability for
dissociation depends on the ratio betw&eifthe sum of the rate constants for all carbon
loss channels in Eq. (6.9)) akgk (the instantaneous IR emission rate, comparable to Eq.
(6.11)) atEjn:
ke

Ein) = ——.
1ded Eint) ke + K

(6.16)
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kir is a very flat function in the relevant energy regime, whids very steep, S@gesis
approximately a step function.

The probability,pges that a PAH in a certain radiation field is destroyed is themfb
by integratingP(Eint)nded Eint) Over all energies:

Paes = f P(Ein)ced Ein)dEint (6.17)
0

with P(Ein) calculated according to Guhathakurta & Draine (1989) sThiequal to the
formula in Habart et al. (2004b) ifqes is replaced by a step function and the internal
energy is converted to a temperature using the PAH’s heatciigp(e.g., Draine & Li
2001). Destruction is assumed to take plageyif exceeds a value of 18

We define a critical radiation intensit¢g, which is the intensity required to cause
photodestruction of a given PAH within a typical disk lifeg of 3 Myr, i.e., the intensity
required to getrgissc = 1/Taissc = 3 Myr. The G for both single-photon and muilti-
photon destruction is plotted in Fig. 6.1. Knowledge of thdiation field at every point
of the disk (Fig. 6.3) is required to determine where PAHs cédain size are destroyed.
An approximate approach is to trace the radiation field atbeg;s = 1 surface, where
the intensity decreases almost as a power law (see Se@).614. our Herbig A¢Be
model (Sect. 6.3.2), PAHs of 50 carbon ator@ (= 1.2 x 10°) are destroyed out to
100 AU on therys = 1 surface. The destruction radius is larger for smaller PARG
vice versa; for example, PAHs witN. = 100 are only destroyed in the inner 5 AU.
PAHSs with less than 24 carbon atoms are not taken into ac@iait, because they are
already destroyed whegy, ~ 1. There are regions inside the disk where the UV intensity
is below that limit, but the PAHSs in such regions do not cdntté significantly to the
emission spectrum. The radiation field in a T Tauri disk is nweaker than for a Herbig
Age/Be disk, so the destruction radius is smaller. In our modediiriTdisk, 50-C PAHs
can survive everywhere but in the disk’s inner 0.01 AU, whi®-C PAHs can survive
even there (Sect. 6.4.6).

6.2.7 Other chemical processes

No reactions between PAHs and species other than H aratdHincluded in our model.
Although the second-order rate ¢beients for the addition of, e.g., atomic nitrogen and
oxygen are comparable to that for atomic hydrogen (Snow.et388, LPSB01), the
abundances of these heavier elements are not high enouffe¢bthe chemical equilib-
rium. Formation of dimers and clusters (Rapacioli et al.®80d references therein) and
trapping of PAHs onto grains and ices (Gudipati & Allamarad®003) are also left out.
The midplane of the disk, where densities are high enoughemgeratures low enough
for these processes to play a role, does not contributefisignily to the IR emission
spectrum.
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Figure 6.1 — Photodestruction of PAHga) The UV intensity for which the destruction timescale
is shorter than the disk lifetime, with (solid line) or witlito(dashed line) multi-photon events
included. The right axis shows the corresponding “destnatadius” along theis = 1 surface in
our model Herbig A@e disk. The disk’s inner and outer radius are indicated byditted lines.
(b,c) Thetys = 1 surface in a vertical cut through our two model disks. Thk tharks denote the
radius inwards of which PAHs of a given size are destroyetiwithe disk lifetime; for the Herbig
Ae/Be model, this corresponds to the right vertical axis of péae
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6.3 Disk model

6.3.1 Computational code

The Monte Carlo radiative transfer code RADMC (Dullemond &rinik 2004a) is used
in combination with the more general code RADICAL (Dullendof Turolla 2000) to
produce the IR spectra from PAHSs in circumstellar disksngsin axisymmetric density
structure, but following photons in all three dimension®,\0RIC determines the dust
temperature and radiation field at every point of the disk.DR2AL then calculates a
spectrum from all or part of the disk, or an image at any givemelength.

The calculations in RADMC and RADICAL are based on the optraperties of a
collection of carbon and silicate dust grains. RecenthiPAvere added as another type
of grain to model the emission from the Herbig Ae star VV Set e surrounding nebu-
losity (Pontoppidan et al. 2007), from a sample of HerbigB¥eand T Tauri stars (Geers
et al. 2006), and to study théfects of dust sedimentation (Dullemond et al. 2007a). The
PAHSs are excited in a quantised fashion by UV and, to a lessgreg, visible photons
(Li & Draine 2002), and cool in a classical way according te thontinuous cooling”
approximation (Guhathakurta & Draine 1989), which was fbbg Draine & Li (2001)
to be accurate even for small PAHs. A detailed descriptioh@efPAH emission module
is given in Pontoppidan et al. (2007), whereas tests agathst codes are described in
Geers et al. (2006).

In the models used by Geers et al. (2006), Pontoppidan 2@0.7) and Dullemond
et al. (2007a), no PAH chemistry was included. PAHs of a gisiee existed in the
same charge and hydrogenation state everywhere, or in arfitedoetween a limited
number of states (e.g., 50% neutral, 50% ionised). In theeaimodel, the chemistry is
included in the following way. First, a single charge and toggenation state for a given
N is included at a given abundance in the radiative transfecqature, to calculate the
disk structure and radiation field at every point. Using ¢hphysical parameters, the
equilibrium distribution of the PAHs over all possible cgarand hydrogenation states is
then determined. After an optional second iteration of tdiative transfer to take into
account the heating of thermal grains by emission from thid$Ahe spectrum or image
is calculated.

Some additional chemistry is added to the model in order terdene the electron
and atomic and molecular hydrogen densities, which aregtetedcalculate the chemical
equilibrium of the PAHs. The electron abundangg,= ne/ny, is set equal to the T
abundance, based on a simple equilibrium between the mmisation of neutral C and
the recombination of C(Le Teuf et al. 2000, Bergin et al. 2003, 2007). All hydrogen
is in atomic form at the edges of the disk and is converted tecutar form inside the
disk as the amount of dissociating photons decreases d@dftshielding and shielding
by dust (Draine & Bertoldi 1996, van Zadelfiet al. 2003). The kiformation rate is
taken from Black & van Dishoeck (1987). For the outer partthefdisk, which receive
little radiation from the star, an interstellar radiatiogldi with Gg = 1 is included.

The RADMC and RADICAL codes only treat isotropic scatteragigphotons. We ver-
ified with a diferent radiative transfer code (van Zadéitet al. 2003) that no significant
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changes occur in the results when using a more realistio@mofsc scattering function.

Different PAHSs (i.e., dierent sizes) can be included at the same time, and for each
one, the equilibrium distribution over all charge and hyg#oation states is calculated.
The abundance of each PAH with a givida is equal throughout the disk, except in those
regions wherés > G;(N.); there, the abundance is set to zero. As discussed in Sect.
6.2.6, mixing processes are ignored.

6.3.2 Template disk with PAHs

For most of the calculations, a template HerbigBe star-disk model is used with the
following parameters. The star has radius®R,, mass D1 M, and dfective temper-
ature 10000 K, and its spectrum is described by a Kurucz madelUV excess due to
accretion or other processes is present. The mass of thésdiskL M, with inner and
outer radii of 0.48 and 300 AU. The inner radius correspondsdust evaporation tem-
perature of 1700 K. The disk is in vertical hydrostatic eipilim, with a flaring shape
and a slightly ptfed-up inner rim (Dullemond & Dominik 2004a). The dust tengiare
is calculated explicitly, whereas the gas temperature igga constant value of 300 K
everywhere, appropriate for the upper layers from whichtrobthe PAH emission orig-
inates. The results are not sensitive to the exact valueeofj#is temperature (see also
Sect. 6.4.5).

The same parameters are used for a template T Tauridishrmodel, except that the
star has mass. B8 M, and dfective temperature 4000 K. The dust evaporation tempera-
ture is kept at 1700 K, so the disk’s inner radius moves inwé&od.077 AU.

C,H,g is present as a prototypical PAH, at a high abundance ®&110°® PAH
molecules per hydrogen nucleus to maximise tiieats of changes in the model param-
eters. This abundance corresponds to 10% of the total dusst amal to 36% of the total
amount of carbon in dust being locked up in this PAH, assuramgbundance of carbon
in dust of 222x 10~* with respect to hydrogen (Habart et al. 2004b). The modelalss
run for PAHs of 24 and 96 carbon atoms.

6.4 Results

This chapter focuses on the chemistry of the PAHs in a cirtelfas disk and on its
effects on the mid-IR emission, as well as on thedlences between disks around Herbig
Ae/Be and T Tauri stars. Geers et al. (2006) analysedffleets of changing various disk
parameters, such as the PAH abundance and the disk geosattling of PAHs and dust
was analysed by Dullemond et al. (2007a).

6.4.1 PAH chemistry

Due to the large variations in density and UV intensity tlyloout the disk, the PAHs are
presentin alarge number of charge and hydrogenation ¢fa@bles 6.2 and 6.3). When a
disk containing only 50-C PAHS\[, = 18) is in steady state, our model predicts that 56%
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Table 6.2 — Abundances of the dominant charge and hydrogenationssiatehree PAHSs in the

model Herbig A¢Be star-disk systenf

N, Z N.R. 100y 0.01ea 100 gissy  0.01TgissH
Ne =24,N,=12,-1<Z<+2
12 -1 6.6(+1) 92(+1) 35(+0) 67(+1) 6.5(+1)
12 0 28(+1) 6.0(-1) 89(+1) 27(+1) 2.8(+1)
23 0 10(-1) 64(-5) 6.3(-3) 10(-1) 10(-1)
24 -1 36(+0) 7.4(+0) 37(-1) 37(+0) 3.6(+0)
24 0 73(-1) 51(-2) 71(+0) 7.5(-1) 7.3(-1)
Ne =50,N;, =18,-1<Z<+3
17 0 22(-1) 81(-2) 16(-1) 21(-1) 22(-1)
17 +1 35(-2) 20(-3) 26(-2) 22(-2) 3.6(-2)
17 +2 43(-4) 87(-6) 97(-4) 15(-4) 6.1(-4)
18 -1 28(+1) 44(+1) 11(+0) 30(+1) 26(+1)
18 0 21(+1) 6.2(-1) 48(+1) 21(+1) 20(+1)
18 +1 33(-2) 13(-3) 37(-1) 49(-2) 31(-2)
18 +2 75(-4) 89(-6) 83(-3) 11(-3) 4.3(-4)
19 -1 96(-1) 11(+0) 7.6(-2) 32(-1) 5.6(-1)
19 0 18(-1) 33(-3) 11(+0) 53(-2) 20(-1)
19 +1 56(-3) 30(-6) 47(-1) 31(-3) 7.5(-3)
36 -1 45(+1) 53(+1) 42(+1) 45(+1) 4.8(+1)
36 0 40(-1) 30(-2) 56(+0) 38(-1) 8.3(-1)
No =96,N;, =24,-2<Z<+4
48 -2 21(+1) 20(+1) 23(+1) 21(+1) 21(+1)
48 -1 57(+1) 7.9(+1) 24(+1) 57(+1) 5.7(+1)
48 0 22(+1) 71(-1) 50(+1) 22(+1) 22(+1)
48 +1 13(-1) 10(-2) 11(+0) 1.3(-1) 13(-1)
48 +2 20(-2) 38(-4) 21(-1) 20(-2) 20(-2)

@ In per cent of the entire PAH population in the disk.

N.R.: normal rates, i.e., the rates as discussed in Sectl8@®x and 001'x: the normal rate for process
X (ea: electron attachment; diss,H: photodissociation le&h of H or i) in/decreased by a factor of 100.
The dfect of increasing a certain rate is the same as decreasingt¢hef the reverse process (photoelectric
emission or addition of H or b).

of the observed PAH emission between 2.5 and Li&%originates from neutral GH, o,
with another 9% from ¢ H7.. PAHs missing one hydrogen atom also contribute to the
emission: 22% comes from(H, . and 12% from G H1-.

A strong contribution to the observed emission does notyngphigh abundance
throughout the disk, because the contribution of each statee spectrum also depends
on its spatial distribution. Figure 6.2 shows a cut throughdisk and indicates the abun-
dance of the six most important states with respect to tra @%H§ population. Near
the surface, where the radiation field is strong, the PAHSa@msed and some of them
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Table 6.3 — Emissivity contributions from 2.5 to 138m for the dominant charge and hydrogena-
tion states for three PAHSs in the model Herbig/Be star-disk systent.

N, Z N.R. 100y 0.01ea 100 gissy  0.01T gissH
Ne=24,N;,=12,-1<Z<+2

12 -1 - - - - -

12 0 10(+2) 10(+2) 10(+2) 1.0(+2) 10(+2)

23 0 12(-3) - 27(-5) 19(-3) 12(-3)

24 -1

24 0 36(-2) 36(-1) 51(-2) 55(-2) 3.6(-2)
No =50,N;, =18,-1<Z<+3

17 0 22(+1) 51(+1) 29(+0) 18(+1) 21(+1)
17 +1 12(+1) 20(+0) 3.0(+0) 6.8(+0) 12(+1)
17  +2 13(-1) 49(-3) 24(-1) 24(-2) 19(-1)
18 -1 - - - - -

18 0 56(+1) 4.6(+1) 29(+1) 59(+1) 55(+1)
18 +1 90(+0) 1.2(+0) 10(+1) 15(+1) 8.3(+0)
18 +2 23(-1) 54(-3) 24(+0) 35(-1) 13(-1)

19 -1 - - - - -

19 0 B53(-6) 6.9(-6) 91(-6) 39(-7) 8.2(-1)
19 +1 17(+0) - 45(+1) 81(-1) 2.4(+0)
36 -1

36 0 50(-5) 35(-5) 6.2(-5) 50(-5) 5.2(-5)
Ne=96,N; =24,-2<Z<+4

48 -2 - - - - -

48 -1 - - - - -

48 0 44(+1) 87(+1) 13(+1) 44(+1) 4.4(+1)

48 +1 42(+1) 12(+1) 29(+1) 4.2(+1) 42(+1)

48 +2 14(+1) 50(-1) 56(+1) 14(+1) 14(+1)

a see footnotes to Table 6.2.

have lost a hydrogen atom. Going to lower altitudes, the PiMdsbecome neutral and
then negatively ionised. Still lower, the increasing dgnand optical depth lead to fur-
ther hydrogenation, resulting in a high abundance of theptetaly hydrogenated anion,
CyoHze @round the midplane.

Normally hydrogenated and positively ionised states oncorore strongly irradiated
regions than do completely hydrogenated and negativelyadrstates, so the former emit
more strongly. For example, the state responsible for ntoma half of the emission,
CsoH,g CONstitutes only 21% of all PAHs in the entire disk (Tablez &nd 6.3). About
half of the PAHs (45%) are expected to be in the form gfHG,. This state, which is
assumed not to emit at all (Sect. 6.2.3), dominates the tiégisity regions close to the
midplane. The normally hydrogenated anion i€, accounts for 28% of all PAHS,
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Figure 6.2 — Steady-state distribution of the most important charge fardrogenation states of
CyoHy (N3, = 18) in a disk around a Herbig @e star (16 K). Each panel shows a cut through the
disk, with the equator on the horizontal axis and the poléhervertical axis. The grey scale denotes
the fraction at which a state is present compared to all ptesstates. The dashed line denotes the
7vis = 1 surface. The dotted “emission line” connects the pointsrethe PAH emission is strongest
for a given distance = VR? + 2 from the star. The thick black contour lines denote the megio
responsible for most of the PAH emission; from the outsideaird, the contours contain 95, 90, 76,
52 and 28% of the total emitted power between 2.5 and A5 They are omitted from the last
frame for clarity.

and the remaining PAHs are mostly present as anions witk 1§, < 36. States like
C, Hi; and G HZ, are entirely absent: the same environmental parametetréatiaur
dehydrogenation (strong radiation, low density), als@avonisation.

Species withN,; < 17 are also predicted to be absent. They have to be formed from
CSOH%, but wherever these states exist, the ratio between the t#sity and the hy-
drogen density favours hydrogen addition. In those regiameare the ratio is favourable
to photodissociation with H loss, the radiation field is adémng enough to destroy the
carbon skeleton. The abundance gfi@, is boosted by Hlloss from G H%,, whichis a
much faster process than H loss frorgbﬂfs. Moving from the surface to the midplane,
the increasing, /G ratio allows all hydrogenation states fraij, + 1 to 2Ny, to exist.
However, since all of them excepf, = 19 are negatively charged, they are assumed not
to emit.

6.4.2 PAH emission

The integrated UV intensity between 6 and 13.6 eV, charseibyG| (Eq. (6.10)),
varies by many orders of magnitude from the disk’s surfatkdanidplane. The radiation
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Figure 6.3 — The radiation field (characterised Gy; Eq. (6.10)) for a flaring disk around a Herbig
Ae/Be star (10 K), containing PAHs of 50 carbon atoms. The dashed line is'¢h@ssion line”
from Fig. 6.2. The white contour lines are the same as thelaawstour lines in Fig. 6.2.

field for the model Herbig A®e system is shown in Fig. 6.3, with the region responsible
for most of the 2.5-13.Bm PAH emission indicated by contour lines. Part of this ragio
is truncated sharply due to photodestruction of the PAHskim@ theG|, = G line. An
analysis of the disk structure shows that some 95% of the RAldsgon originates from
a region with 16 < G < 10°, 10° < ny (cm3) < 10°, and 10* < ne (cm™®) < 10* (see
also Fig. 6.4).

When the radiation field is traced along thg = 1 surface, and the disk’s inner 0.01
AU is disregarded, the integrated intensity decreasessila®a power law. Specifically,
for any point on theris = 1 surface a distanae (in AU) away from the star,

G) ~3.0x10°r; 1™, (6.18)

The power-law exponent fliers from the value of2 expected based on geometrical
considerations because of the curvature intlie= 1 surface. This relationship allows
one to predict to what radiuges PAHS of a certain size are destroyed, as was done in
Sect. 6.2.6 and Fig. 6.1. It should be noted, however, thgothly applies to theis = 1
surface. PAHs can survive and contribute to the emissiam fre: rgeswhen they are at
lower altitudes (e.qg., Figs. 6.3 and 6.7).
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Figure 6.4 — Normalised cumulative PAH emission for the HerbigBe model as function of total
hydrogen densityry, left panel), radiation field&;, middle panel) and electron density(right
panel).

The abundances of the charge and hydrogenation statesdiB¥hemission region are
different from those in the entire disk. Although they agree notwsely to the emissivity
contributions, a perfect correspondence is not achieved.irstance, only D% of the
PAHs in this region are in the form of gH;, but they account for.8% of the emission
(Tables 6.2 and 6.3). This is again due to the positive iorsiioing in a more intense

radiation field than the neutrals and negative ions.

In a vertical cut through the disk, a point exists for everstaicer.n, from the star
where the PAH emission is strongest. These points form ties®on lines” in Figs. 6.2
and 6.3. The conditions along this line determine the chargehydrogenation of the
PAHSs responsible for most of the observed emission. Itidki depends mostly on two
competing factors: the intensity of the UV field and the PAHner density. A strong
UV field leads to stronger emission, but a strong UV field caly erist in regions of low
density, where the total emission is weaker.

The variation ofny, ne andGy along the emission line is plotted in Fig. 6.5. In the
disk’s inner 100 AU (disregarding the actual inner rim), fftestruction of PAHs causes
the emission line to lie below the;s = 1 surface, wheray andn, are relatively high (18
and 10 cm3, respectively) ane; is relatively low (16—10%). The resultingn,/G;, and
n, /Gy ratios favour the neutral normally hydrogenated specigghif;. Going to larger
radii, the emission line gradually moves up and crossegfige= 1 surface at around
100 AU. As a consequence, andne decrease whil&| increases. Because the electron
abundance with respect to hydrogen also decreases, thefifdHase a hydrogen atom
to become G H,,. Farther out, ionisation takes place to produggHZ.,. At still larger
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Figure 6.5 — Total hydrogen densityn(;), electron densityr¢), radiation field G) and ratio be-
tween electron density and radiation fietg /G;,) along the emission line defined in Fig. 6.2 and
Sect. 6.4.2. The bars at the bottom indicate the main engitteach distance along the emission
line. The parameters are those of the template Herbj§éeodel.

radii, the radiation field starts to lose intensity angl€;; becomes the dominant species.
The deviation from the=174 power law for the radiation field (Eq. (6.18)) is due to the
emission line not following the,;s = 1 surface.

It should be noted that ionised and dehydrogenated speciesisk (and emit) in the
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disk’s inner part. However, for any given distance to the, steey only become the most
abundant species at around 100 AU.

6.4.3 Other PAHs

If CogH,, is put into the disk instead of £H,,, the abundance of the dehydrogenated
and normally hydrogenated states essentially goes to Zéris.is due to the hydrogen
addition rates being larger and the hydrogen dissociattesrbeing smaller for larger
PAHs. Most of the 2.5-13 &m emission in théN. = 96 case comes from{H ., (44%),
CyeHig (42%) and GH2; (14%), while the anion, GGHy, is the most abundant overall
(Tables 6.2 and 6.3).

If only C,,H,, is putin, the PAH emission becomes very weak. The criticdilation
intensity for this PAH is less than 1 (Fig. 6.1), so it can osilyvive in strongly shielded
areas. There, 66% of the PAHs are presentgbl(, 28% as G,H,, and 4% as GH;,.
Only the neutral species contributes to the emission; hewsince this PAH only emits
from regions wherés; < 1, no PAH features are visible in the calculated spectrum,
despite the high abundance used in our model. This is exBeabiln Fig. 6.6, where the
calculated spectra for the model stdisk system are compared for the three PAH sizes.
A disk around a Herbig ABe star containing PAHs of 50 or 96 carbon atoms shows
strong PAH features, but the 24-C spectrum contains onlyrtakdust emission.

The goal of Fig. 6.6 is to show theftkrences arising from the photochemical mod-
elling of the three PAH sizes in model Herbig /Be and T Tauri disks, rather than to
provide realistic spectra from such objects. In order todit model results to observa-
tions, one would need to include a range of PAH sizes in oneainad& Lunine 2003)
and execute a larger parameter study (Habart et al. 2004ys@¢ al. 2006) than was
done in this work.

6.4.4 Spatial extent of the PAH emission

The top panelin Figure 6.7 presents the cumulative intgoéthe five main PAH features
and the continua at 3.1 and 1% as a function of radius fal. = 50. In accordance
with Figs. 6.2 and 6.3, more than 95% of the power radiatedhénféatures originates
from outside the inner 10 AU, and some 80% from outside 100 s is largely due to
these PAHs being destroyed closer to the star. The 3.3 aBg@ilfeatures are somewhat
less extended than the other three features. The contiauawarh more confined than the
features, especially at 3iin, where 75% comes from the disk’s inner rim.

The PAH emission from a disk witN. = 96 (Fig. 6.7, middle panel) is less extended
than that from the same disk witlh. = 50, because larger PAHs can survive at smaller
radii. About 80% of the integrated intensity of the 8 feature originates from within
100 AU, and so does about 60% of the other, less energetioésatThe continuum at 20
um has the same spatial behaviour as the@®3PAH feature, while the continuum at 3.1
um is very much confined towards the centre. These resulthajedd agreement with
the spatial extent modelled by Habart et al. (2004b). Thé&aExtent of the continuum
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Figure 6.6 — Model spectra (flux at 1 pc) for disks around a HerbigBee(black) and a T Tauri star
(grey) containing either GH, ., C,H,, (shifted by a factor of two) or GH,, (shifted by a factor
of four), with the charge and hydrogenation balance caledlay the chemistry model.

emission from the ¢H,, disk is identical to that from the £H, ; disk, so the thermal
dust emission appears to be tieated by the details of the PAHs and their chemistry.

Our model also agrees well with a number of spatially resblebservations (van
Boekel et al. 2004, Habart et al. 2006, Geers et al. 2007)renvte PAH features were
consistently found to be more extended than the adjacetincmm. Furthermore, PAH
emission is typically observed on scales of tens of AU, wiiahnot be well explained
by our model if only PAHs of 50 carbon atoms are present. Hghesobserved emission
is probably due to PAHSs of at least about 100 carbon atoms.

6.4.5 Sensitivity analysis

The rates for most of the chemical reactions discussed ih &@are not yet well known.
In order to gauge the importance of having an accurate rate fgiven reaction, the
equilibrium distributions were calculated for rates iresed or decreased by a factor of
100 from their normal model values. These results are abEsepted in Tables 6.2 and 6.3.
Modifying the hydrogen dissociation and addition ratesits® no significant changes, so
treating photodissociation with loss of hydrogen in a pusghgle-photon fashion likely
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Figure 6.7 — Normalised cumulative integrated intensity of the fivem2AH features (black) and
the continua at 3.1 and 196n (grey) for G H,, around a Herbig ABe star (top), GH,, around
a Herbig AgBe star (middle) and GH,, around a T Tauri star (bottom). In each case, the charge
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and hydrogenation balance are calculated by the chemisiden

does not introduce large errors. The fact that most of the RAtission comes from
regions with a relatively weak UV field, < 10°), where multi-photon events play only

a minor role, further justifies the single-photon dehydrag®sn treatment.

The ionisation and electron attachment rates are more taupicio know accurately.
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6.4 Results

For instance, the contribution from the cations to the spectdecreases by a factor of
a few when taking an ionisation rate that is 0.01 times thenabmodel rate. The shift
away from positively charged species aldteats hydrogenation (addition of hydrogen
is faster to cations than to neutrals), resulting, e.g., smaller emissivity contribution
from G, H,4 and G H;,; with respect to G H,, and G H;,. Further laboratory work on
ionisation and electron attachment rates, especiallyaiayelr PAHs, will help to better
constrain this part of the model.

As shown by e.g. Kamp & Dullemond (2004) and Jonkheid et 8043, the gas tem-
perature is not constant throughout the disk. The recortibmaates between electrons
and cations decrease for higher temperatures, whereattahbraent rates of electrons to
neutrals are almost independent of temperature (Sect)6Taking a higher temperature
would result in a slightly larger cation abundance. Howgeeen for an extreme temper-
ature of 5000 K, the recombination rates decrease by onlgtarfaf four, and the #ects
are smaller than what is depicted in Tables 6.2 and 6.3. Heveebelieve it is justified to
take a constant temperature of 300 K throughout the disk.

6.4.6 T Tauri stars

The results discussed so far are for a star with fiecéve temperature of ¥ 10* K,
appropriate for a Herbig ABe type. Colder stars, like T Tauri types, are lefiicient
in inducing IR emission in PAHs, as shown with both obseoratiand models by Geers
et al. (2006), unless they have excess UV over the stellaogihere. Hence, when the
model parameters are otherwise unchanged, the continuxifindha the sta#disk system
and the absolute intensity of the PAH features become wéglger6.6).

It was shown in Sect. 6.4.2 that the integrated intensityhef WV field along the
1vis = 1 surface of a disk around a Herbig /Be star decreases approximately as a power
law. Thisis also true for the T Tauri case, if the disk’s in@g€¥1 AU are again disregarded.
The exponentis slightly larger:

Gy~ 12r]19%3, (6.19)

with r, in AU. The UV field peaks aGj = 6 x 10° at the inner rim and drops by two
orders of magnitude within 0.01 AU, so a PAH of 50 carbon at@@js= 1.2 x 10°) can
survive almost everywhere (see also Fig. 6.1).

The smaller destruction radii also lead to the PAH emissgindpmore concentrated
towards the inner disk (Fig. 6.7, bottom panel). The @8 feature is particularly con-
fined, with 70% originating from the inner 10 AU and 25% frone ihner rim. As was
the case for the Herbig ABe disks (Sect. 6.4.4), the inner rim contributes stronglhe
continuum emission at 3;Am. The 19.Gum continuum also behaves very similarly to that
from the Herbig A¢Be disks, except that it is stretched inwards because ofrttadler
Rin. Thus, the spatial extent of the thermal dust emission séers largely unfiected
by the temperature of the central star.

Cations are practically absent in the model T Tauri disk aitly kind of PAH, due
to the weaker radiation field. Fdf. = 24 and 50, almost all of the PAH emission origi-
nates from the normally hydrogenated neutral speciggi G or C,H, .. Less than (1%
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originates from other neutral states, primarily those mgsne hydrogen atom ((H, ,,
C;,H;) or having twice the normal number of hydrogen atomskG,, C.;H,,). If a
disk around a T Tauri star contains only 96-C PAHs, all of timéssion is due to G;H .
The absence of cations could help explain the weak 7.7 andn8 ®atures in observed
spectra (Geers et al. 2006), because these two featuregakemn neutral PAHs.
Anions are abundant for all three PAH sizes, accounting baua half of the entire
PAH population. However, they are again assumed not to iborérto the emission.

6.4.7 Comparison with observations

Acke & van den Ancker (2004) performed a comprehensive aisbf the PAH features
in a large sample of Herbig ABe stars observed with 1SO, measuring line fluxes and
comparing them to each other. Figure 6.8 recreates thei9Figlotting the ratio of the
integrated fluxes in the 8.6 and Guth bands against the ratio of the integrated fluxes in
the 3.3 and 6.2m bands. In order to gauge the plausibility of the numeroasgdand
hydrogenation states a PAH can in principle attain, the saties are also plotted for a
sample of models containing one PAH in one specific state only

The 3.3-6.2 ratio from the model is very sensitive to the ghaf the PAH and in-
creases by an order of magnitude when going from ionised utralespecies. The 3.3
and 8.6um features are due to C—H vibrational modes, while theZeature is due to
a C-C mode (Sect. 6.2.3), so both ratios in Fig. 6.8 incredtbeNy,. The observations
fall mostly in between the model points for neutral and iedi$?’AHs, so both charge
states appear to contribute to the observed emission. rhisgthens the model results
presented in this work, although the observed emissivitgrdaution from neutral species
seems to be somewhat less than the predicE%0. Most of the observations agree with
the model prediction that the emission originates from ipléthydrogenation states, with
a lower limit of N, = N7, — 1.

6.5 Conclusions

We studied the chemistry of polycyclic aromatic hydroca®@AHS) in disks around
Herbig AgBe and T Tauri stars, as well as the infrared (IR) emissiomftioese species.
We created an extensive PAH chemistry model, based priynanilthe models of Le
Page et al. (2001) and Weingartner & Draine (2001), with glitgan cross sections from
Draine & Li (2007). This model includes reaction$escting the charge (ionisation, elec-
tron recombination, electron attachment) and hydrogerrame (photodissociation with
hydrogen loss, hydrogen addition) of PAHs in an astronoheicgironment. Destruction
of PAHs by UV radiation is also taken into account, includitggtruction by multi-photon
absorption events. By coupling the chemistry model to astej radiative transfer
model, we obtained equilibrium charge and hydrogenatistridutions throughout the
disks. The main results are as follows:

e Very small PAHs (24 carbon atoms) are destroyed within acglpilisk lifetime of
3 Myr even in regions of low UV intensity@;, ~ 1). No features are seen in the
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Figure 6.8 — The ratio of the fluxes of the 8.6 and g bands against the ratio of the fluxes of
the 3.3 and 6.2zm bands. Filled circles and arrows are detections and uppés lfrom Acke &
van den Ancker (2004). Open diamonds and lines are predgcfrom the template Herbig ARe
model. The cross in the lower right shows the typical erraslfar both the observations and the
model results.

calculated spectrum for either a Herbig/Be or a T Tauri disk, despite a high PAH
abundance.

e PAHs of intermediate size (50 carbon atoms) do producelglesible features, even
though they are still photodestroyed out to about 100 AU i sirface layers of
a disk around a Herbig ABe star. The model predicts that most of the emission
arises from the surface layers and from large radii (more & AU). Neutral and
positively ionised species, bearing the normal number dfbgen atoms or one less,
contribute in roughly equal amounts. Negatively chargextis are also present, but
are assumed not to contribute to the emission.

e Going to still larger PAHs (96 carbon atoms), photodestomcbecomes a slower
process and the PAHs can survive down to 5 AU from a Herbj@Astar. The slower
photodissociation rates also mean that these PAHs areifydisogenated everywhere
in the disk. Neutral and ionised species still contributeamparable amounts to the
emission, with some 15% originating from doubly ionised RAH

e The PAH emission is predicted to be extended on a scale siinilthe size of the
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disk, with the features at longer wavelengths contributimgre in the outer parts
and the features at shorter wavelengths contributing motée inner parts. The
continuum emission is less extended than the emission fnenPAH features at the
same wavelength.

Disks around T Tauri stars show weaker PAH features than sisdiround Herbig
Ae/Be stars because of the weaker radiation from T Tauri stassjnaing they have
no excess UV over the stellar atmosphere. The PAH emissoon T Tauri disks is
considerably more confined towards the centre than that ffisks around Herbig
Age/Be stars, because PAHs can survive much closer to the staingtance, a 50-
C PAH survives everywhere but in the disk’s innermost 0.01 Aurthermore, the
radiation field is no longer strong enough to ionise the PAds, all the PAH emission
originates from neutral species for all three PAH sizes.sTuuld help explain the
weak 7.7 and 8.am features in observed spectra. About half of all PAHs in adriTa
disk are predicted to be negatively ionised.

Comparing the model results to spatially resolved obsemat(van Boekel et al.
2004, Habart et al. 2006, Geers et al. 2007) for HerbigBaestars, it appears that
PAHSs of at least about 100 carbon atoms are responsible fst aidhe emission.
The emission from smaller species is predicted to be tomeeit. Other observations
(Acke & van den Ancker 2004) support the conclusion that théssion is due to a
mixture of neutral and singly positively ionised species.



