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Abstract. We present a combined treatment of twotified” IR features were found in many different classes of ob-
dimensional (2D) continuum radiative transfer together wiflects. They include planetary nebulae, emission and reflection
the emission of transiently heated small dust grains. To calawebulae (Geballe et al. 1985, Cohen et al. 1986, Russell et al.
late this emission, an efficient and numerically stable algoritht®77, Bregman et al. 1989), proto-planetary nebulae (Buss et
was developed, which is outlined in detail. Using this new radiat. 1990), the environment of Be and Herbig Ae/Be stars (Toku-
tive transfer code, we were able to model the infrared emissioaga et al. 1991, Schutte et al. 1990, Brooke et al. 1993), active
of the starburst galaxy NGC 6090. We found that the assungalactic nuclei (Gillett et al. 1975, Willner et al. 1977, Acosta-
presence of transiently heated particles inside the dust torus?afido et al. 1996), and the general interstellar medium (Giard et
NGC 6090 is in agreement with the observed data. Special alt-1988a,b, Mattila et al. 1996)éber & Puget (1984) and Al-
tention is given to the PAH emission lines, discovered in recdamandola et al. (1989) proposed the IR features to be emission
ISOPHOT-S observations of NGC 6090. lines of polycyclic aromatic hydrocarbons (PAHS). This hypoth-
Our results show clearly that the emission of small pargsis was recently strengthened by discovering PAH molecules
cles influences significantly spectral energy distributions abg probing carbonaceous chondrites (Clemett & Messenger
intensity maps. Especially at wavelengths shorter thapr) 1996).
transiently heated particles are the main source of infrared radi- Up to now, many authors reported methods to calculate
ation. Therefore, transiently heated particles seem to be higtig emission from small particles (radii 100 A), i.e. Green-
relevant for understanding the nature of objects were these fm#rg & Hong (1974), Purcell (1976), Draine & Anderson (1985),

ticles are present. Dwek (1986), léger et al. (1989), and Guhathakurta & Draine
(1989). But only little progress was made in considering tem-
Key words: radiative transfer — dust,extinction — ISM:perature fluctuations of small particles in radiative transfer cal-
molecules — galaxies: active — galaxies: starburst — infrareddations. In fact, many radiative transfer codes were devel-
galaxies oped to handle spherically symmetric (Yorke 1979, Rowan-

Robinson 1980), axisymmetric (Efstathiou & Rowan-Robinson
1990, Spagnaetal. 1991, Pier & Krolik 1992, Granato & Danese
1994, Sonnhalter et al. 1995, Men’shchikov & Henning 1997)
or, in principle, arbitrarily shaped dusty envelope configurations
In the mid-fifties Platt (1955) investigated the optical prope(Yorke 1986, Stenholm 1995). However, all these codes consider
ties of tiny interstellar dust grainsadii ~ 10 A). Almost only thermal emission of “classical” grains. As calculating the
two decades later Greenberg & Hong (1974) and Purcell (19#&hission of small grains is much more time-consuming, tem-
showed that such small grains undergo temperature fluctuatipesature fluctuations were taken into account only for spheri-
in the interstellar environment. Andriesse (1977) proposed thesdly symmetric dust clouds (Lis & Leung 1991, Siebenmorgen
temperature fluctuation to be the reason for the observed nedral. 1992, Szczerba et al. 1997). However, the availability of
and mid- (.8um < X < 20um) infrared excess observed inan approximate, but very efficient 2D radiative transfer code
M17. Since then, temperature fluctuations of small grains wedden’shchikov & Henning 1997, Manske et al. 1997) enabled
made responsible for the near- and mid- infrared excess in vas; for the firsttime, to include a treatment of temperature fluctu-
ious other kinds of objects, i.e. in planetary nebulae (Sellgrations of small dust grains in 2D radiative transfer calculations.
1984), diffuse HI regions and dark clouds (Draine & Anderson In Sect. 2, we describe in detail a numerically stable and
1985), and in the circumstellar environment of Herbig Ae/Befficient algorithm to calculate the emission of small dust parti-
stars (Natta et al. 1993, Natta & #gel 1995). cles. In Sect. 3, the radiative transfer code is described as well as
Furthermore, it turned out that many astrophysical objedtse implementation of the emission from small grains. In Sect.
show infrared emission lines in their spectral energy distribd; we apply our code to the starburst galaxy NGC 6090 to show
tions. Since their discovery by Gillett et al. (1973) these “unidethe effect of temperature fluctuations on spectral energy distri-

1. Introduction
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1pc from a B-type starl(, = 10*L, T, = 2 - 10*K). The solid line
Y represents the emission calculated using the complete cooling equation
Solve ( Eq. () and the dashed line is emission for approximative cooling
matrix equation after Eq. [(5). The “+” signs indicate the “classical” emission after Eq.
l (@), whichis shown to illustrate the effect of quantum heating. Note that
for both kinds of matrix definitions the frequency-integrated emission
Normalize probabilities NEW is the same.
+
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' whereJ, is the mean intensity of the incoming radiation field at
Y the frequency, B, the Planck functiony ()2 the absorption
Conserv;?sglzf energy |—° cross section, andl,, the temperature of the dust grain.
AE/E <t The heat capacity of smaller dust grains, however, is so low
that even the absorption of one UV/visible photon can increase
v NO the heat content of the grain substantially. As a result of this,
YES - — small dust grains undergo temperature fluctuations if they are
N°rma"zf emisston exposed to UV radiation. Therefore, instead of an equilibrium
check spectral convergence temperature, a temperature distribution is required. In this pa-
MAX{AE, /E } <5 per, we will refer to this effect, which is often call&nsient
heating as toquantum heatindpecause the effect is related to
the absorption of individual photons.
YES . . . .
Two methods published in previous papers for calculating
Y the quantum heating process seem to be applicable for radiative
Use calculated emission equilibrium temperature transfer calculations. The first one we refer to (Secl. 2.1) is a
due to quantum heating instead of quantum heating general method for calculating the quantum heating process of

small particles and was developed by Guhathakurta & Draine

Fig. 1. Algorithm used to calculate the emission of small dust grair(éLng)' The second one (Sect.12.2) v_vas_ mainly developed by
Léger et al. 1989 to calculate the emission of PAHSs, and was

first used in radiative transfer calculations by Siebenmorgen &

) ) ) o ) Krigel (1992).

butions and intensity maps. We finish the paper in Sect. 5 with

the conclusions.

due to quantum heating.

2.1. Emission of small dust grains

2. Quantum heating To coalculate the emission of small dust grains (radii
. . . o 100 A), we use an extension of the method developed b

Standard interstellar dust grains (radii 100 A ) are large Guhat)hakurta & Draine (1989), hereafter GD89 Know?ng thg
enough to be in thermal equilibrium with an outer radiatiopange of the temperature fluctijatio[ﬁsf Tonns] .a grid for
Ilei::id'l'heirnefci;]e, §n| er(]qumbrlurr:i tre1mperatL(EP;q) can be ob- temperatured; and corresponding enthalpié is created.
ained using the balance equatio For these (artificial) energy levels, transition rates per unit time

oo o0 (Ay ;) for heating { > ¢) and cooling § < ¢) can be calculated.
abs _ abs s
/0 o)™ J, dv = /O o (V)" By(Teq) dv @) atter solving the stationary matrix equation for the probabili-
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ties P; of finding the grain in theé—th bin (in the temperature o' S ]
interval [T; — T=l=t 7, 4 Tl =Th)y g ]
N
dp; N
S N4 P=0,f=1,.,N ;S P =1 2
T ; : ! P )

the monochromatic energy per unit tink&™ emitted by the
grain can be obtained by

N
E°™ = dno(v)?® Z B,(T;) P;, 3)

=1

Probability density [1/K]

In the following section we present details on calculating
the transition matrix and solving Eq](2) as well as some results
for carbon grains.

This method, starting from the definition of the temperature
grid up to the calculation of the emitted intensity, is implemented
as the inner loop in the algorithm summarized in Fig. 1.

2.1.1. Transition matrix — 10

Following the formalism of GD89, the matrix elements for cook-— 28 |
ing from state to statef are defined by ? 10 i

9 L
l/f,iJrAI/f/Q () 730

A==z [ owrBAT) @ .

fii = AUZ o\v v ) v, £ R L

vii—Avs/2 L w07327

wherel; andAU;, are the values and widths of the enthalpy bins. i

The frequencies; ; andAv, are defined by ; = (U;—Uy)/h N Y- NN
andAvy = AUy /h. 1 10 100
To solve Eq.[(R) for the complete matrix (cooling according Wavelength  [wm]

to Eq.[4)), we used the bi-conjugate gradient method BiCGStab

of Sleijpen & Van der Vorst (1995), where the solution of theig. 3. a Probability densities for graphite grains (after Eq. 5) located

approximate matrix (cooling after E(5)) is used for precondit a distance o$ - 10'"cm from a B-type starf{, = 10*L¢, T\ =

tioning. Due to the nature of the matrix, standard matrix solve?s10*K). The dots represent the results of Siebenmorgen et al. (1992).

like LU-decomposition or the GauR algorithm (Press et al. 198g)Fmission of 10 and 4@ graphite grains due to quantum heating.

failed to give reliable results. T e_“_+”_signs indicates the emission obtained when assuming thermal
Because solving EGZJ(2) for such a matrix can be very timg3uilibrium.

consuming, GD89 used a more simple approach to calculate

the cooling rates. In their approximation, cooling from leveljnerease to such an extent that the integration limits numerically
occurs only to the next lower levgl= i — 1. Therefore, cooling approach0, oo in Eq. [2). This effectively transforms Eq (4)

rates are given by, into Eq. [5).
i % b o In Fig. 2, we show the emission of a Z0graphite grain
Ap, =4 AU g ocW)™B,(T;)dv : f=i—-1 (5 located in the vicinity of a B-type star, and obtained by the use
’ 0 : f=1,.,i-2 of both kinds of transition matrices. For wavelengths up to 30

1m both methods produce almost identical emission. However,

A matrix defined in such a way is a lower triangular matriin case of longer wavelengths, using cooling according to Eq.
with only one additional upper side diagonal and, thereforfg) systematically underestimates the emission up to an order
Eqg. () can now be solved directly, what makes the procedwimagnitude. These differences are due to the larger number of
very fast. There is no physical reason for this approximatitensition channels which are available if the exact cooling (Eg.
treatment of cooling because the temperature and enthalpy Igl)) is used.
els are artificial, whereas the physical states are expected to formTo test our implementation of the quantum heating algo-
a quasi-continuum. rithm, we compared our results with those published by Sieben-

This procedure can only be understood in terms of numeriosorgen et al. (1992). To illustrate the effect of quantum heat-
If “coarse” grids are used, the widths of the enthalpy bins oftémg, the emission of the 10 and ﬁOgrains are compared with
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the emission obtained under the assumption of thermal equifitable 1. Conservation of energy due to quantum heating calculation
rium (Eq. [3)). In FidBa, one can nicely see the effect of grafar the plots presented in Fig_4a—f
size on the probability density. The probability density broad-

ens with decreasing grain size. In the “classical limit” where 40A grain

the grain reache_s therma_l equilibrium, the distribution becomeg; - 0 100 500 200

almqst ao-function. I_n Fig.[Bb, the main effect of quantunj N 6.0 37 0.75 0.15

heating, namely the increase of emission shortwards of abpat ———

10pum wavelength, is clearly observable. For the environment 40 A grain (with iterations)

used here40A sized grains are almost in thermal equilibriumjieration 1 3 5 6

As one can see from Figl 3a, the resulting probability densitiegins 50 112 252 387

are quite similar to the densities obtained by Siebenmorgen &t ..., Tmax | 300, 1100| 417, 793 | 444, 756 | 453, 755

al. (1992). AFEa 28 48 18 .08
10A grain

2.1.2. Adaptive temperature grid Bins 50 [ 100 | 200

For the calculations shown in Fig. 3, we used a fixed temperature Exe below 10 %

grid. But as illustrated in Fig. 4a-f, the probability distribution

is not calculated with sufficient accuracy if the grid is too coarse.

Not only the shape of the probability distribution may be wrong, {T € [Tnin, Tmax]old | P(T)/Paax > 10—14} ’ @)

also its maximum may be located at the wrong position. A good

indicator for the reliability of the solution of Eq1(2) is the conwhere P,,.. = M AX; {P;}. Additionally, to further increase
servation of energy. As shown in Tallle 1, the quanfit{,.; the accuracy of the calculations, the number of temperature grid
decreases with increasing number of temperature grid poimisints is increased by 50% for every new iteration.

Here, the deviation from the conservation of enefgl,.; and We found that another good indicator to check the conver-
the absorbed and emitted energies per unit time are defineddgnce of the quantum heating algorithm, apart from the con-
AFEq = ABS (Eups — Eom) /Eabe servation of energy, is the maximum spectral deviathi 2x
-~ defined by
B = 471'/ o(v)2bs J, dv (6) max em
S S A = MAX(, {ABS (B,(Tu) — J5™) /B, (Tig)} . (8
oo N . . - L .
E.. — 477/ O_(V)abs ZBV(Ti) Pdv. where the emitted mean intensif§™, which is defined by
0 i=1 N
To calculate the transition matrix and to solve Ed. (2) maj,™ = Z B, (T;) P;, 9)

take several seconds on a DEC-Alpha 3000/500 workstations if i=1

more than 200 grid points are used. Depending on the sizev\;gs multiplied by the factoF,ps/ Een to correct for remain-
the dust particle and on the spectral energy distribution of the, 1\, merically-caused deviations from conservation of energy.
oute_r radi.ation field, much more grid points may be required K’part from indicating convergence of the algoriththEma
obtain reliable results (Table 1). o , __provides information about the importance of the quantum heat-
If the quantum heating of small grains is considered in 2|} ¢, the analyzed grain (under the actual radiative conditions).
radiative tra_msfer calculations it is necessary to gpply the_prO(Ae-sma” spectral deviation indicates that quantum heating can

Redd. Their emission can be calculated using E¢. (1) whereas

time for each quantum heating calculation results in asignificambh levels of spectral deviation, like those shown in Eig_a—f

acceleration of the combined code. From this point of V|ew,ﬂt are clear indicators for the necessity of using the quantum

does not seem to be appropriate to use always several hundppec;ﬁing algorithm

of grid points to ensure reliable results for the quantum heat- In the current implementation of the algorithm (Fig. 1),
ing calculations. Hence, we developed the algorithm shown\m! usee — 10~ (limit for AE,) ands — 10~2 (limit for

Fig.[d. N .
. We also tested our code by using smaller valuesg for
The basic idea of this algorithm is to calculate the quantugy, cpec) y N

S . . X . dd but this did not significantly influence the results. The de-
heating viaan iterative scheme. For each iteration, anew tempeLs: <~ -0 aminthe cases shown in FIg_Za—f d-f, together

ature interval iy, Tiax]"*" is chosen, based on an analysig;in the criteria we just introduced, demonstrate that quantum
of the probability densities obtained from the previous 'terat'oﬂeating has to be taken into account for these grain sizes

The new interval exclgdes tempgratures wr_lich are not necessaryryaq effect of iterating can be seen by comparing the results
for the quantum heating calculation (adaptive temperature grlﬂ)Fig.lE‘a with those of Fi§_4a—fb. Already with an adapted
and is defined by 252-point grid, the position and shape of the probability density
[Trnin, Tmax|"™" = curve are similar to those obtained by a 400-point grid without
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Fig. 4a—f. Probability densities and spectral deviatidF.pec () = ABS (B, (Teq) — J™) /B, (Twq) for 40 and 104 graphite grains near

a B-type star [, = 10*Le, T, = 2 - 10*K). Left row: results for a 43 grain at5 - 10'°cm distance using a fixed temperature interval of
[Tmin, Tmaz] = [300,1100] K and different numbers of grid points. Middle row: like the left row but using the iterative scheme frofd Fig. 1
with adaptive temperature grids, see Tallle 1 for details on temperature grids. Right row: results ibgeajeratlolscm distance using a
fixed temperature interval 0T min, Traz] = [4,3000] K. The equilibrium temperatures (after EGJ (1)) are 605 K for thd4fain, and 1084

K for the 10A grain.

. a |

5 10
Wavelength  [um]

iterating (for energy conservation, see Tddle 1). Additionally, 28
with the 252-point grid (Fid_4al-fe), almost the same low lev-

els in spectral deviation are reached as for the 400-point grid 10729
without iterating (Figl4alfd). For the sake of comparison, the_,
resulting probability density and spectral dezviation for aALO I
grain located in the same environment as thé\4fain are pre- .2 4
sented in Fid. 4atfc,f. Here, the results are much less sensitive 10

to the number of temperature grid points for a simple reason:

For a given temperature grid, the width of the enthalpy bins is. 10
proportional to the number of atoms in the grain. Therefore, they
are proportional to the cube of the grain radius. This results in

a much finer enthalpy grid if the grain size decreases.

Our calculations clearly show that the use of fixed temper-
ature grids, even if they contain about 400 grid points, cannot
always ensure reliable results for the quantum heating of small
interstellar dust grains. We demonstrated that iterative scherfis5. Emission of a compact PAH consisting of 30 carbon atoms,
with adaptive grids are a good approach to obtain a sufficidpated at a distance &f: 1_017_Cm from a B-type starl. = 104L_@,
and controlled accuracy, for all grain sizes and environmerfts = 2 10°K)- The solid line is for the emission calculated using the
of astrophysical interest. Using the algorithms presented ab&'/%thOd of GD89, whereas the diamonds indicate the results obtained

. . . using the cooling curve (EJ_{IL1)). The absorption cross section of the
_(F|g.lj]), en_ab_les us to consider the emission from small graibsiy was taken from Schutte et al. (1993).
in a 2D radiative transfer code.

10

10750

32

10733

2.2. Heating of PAHs PAHs may consist of only some dozens of carbon atoms, the

time between the absorption of two UV/visible photons (Eq.
In general, we use the same quantum heating algorithm for {i€l)) can be so long that the PAH can cool down via IR emission,
PAHs as for the small dust grains, assuming that the absorptimfore the next high-energy photon impinges. In this case, a
cross section of PAHs is independent of temperature. Butrasch faster method is used to calculate the emission, based on
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z

the results of Eger et al. (1989). It was first used in radiative A

transfer calculations (for spherical geometry) by Siebenmorgen
etal. (1992):

First, the mean timey for absorbing a UV/visible photon
is determined,

1 Veut abs JV
—:477/Ldy, (10) 5
tUV hv \
0 w Ly
wherev.; denotes the low-frequency cut-off in the UV/visible J
absorption cross section of the PAHs. Knowing the energy a r b
sorbed during this time interval, the peak temperature and cor Se

responding enthalpy,..x can be calculated. Then, the PAH

cools down via IR-emission, according to the energy-time de-
pendence found by Allamandola et al. (1989), adddr et al.

(1989)

E(t) = [E 5 —0.004t]7*7 , energies irm ™" . (12) X

Here we assume that this cooling behaviour found for chryse'ﬁ'g' 6. Geometry of the model disk with the opening angle

(24 C-atoms) is also valid for all larger compact PAHs. For each
time stepi = 1, .., NV during the cooling (Eq.[(12)) conserva-,ye self-consistently calculated for points in the disk’s midplane

tion of energy is considered, and at its upper and lower conical surfaces only. The disk itself
Veut is essentially a part of a sphere with two removed polar cones
o(v)™s J, dv (Fig.[B). A more detailed descriptions of the strategy for the

solution of the radiative transfer problem can be found in our
o earlier papers mentioned above.
abs AE(t;)
_ abs . _ v
= /a(u) B,(T(t;))dv In At (12)

0
with AE(t;) = E(t;_1) — E(t;) andAt; = t; — t;_,. Finally, Inthe code, aray tracing technique is used to solve the radiative
the emission is again obtained by a Superposition of b|ackbdﬁ§n5fer equation. This means that this equation is reduced to a

curves, similar to Eq[{3), with probabilitie3 given by 1-dimensional equation (E¢.{[14)), which has to be solved along
rayss, with corresponding impact parameters

3.1. Implementation of quantum heating

Veut

f O.(V)abs Jy dV+ AE(t;)

~ 4 Aty N ~ dIV Tl ex
P= - D> Pi=1. (13) N% = k") [I, - 8,] (14)
o(v)abs B, (T(t;)) dv 0 . . . . . .
of @) (T(t:)) Herer is the radial positions is the direction of the ray, and

= +4/1 — p2/r2. Assuming isotropic scattering and that the

In Fig.[§ we compare the emission for a PAH obtained using . . I N .
9.5 b ains are in thermal equilibrium, the source function is defined

both kinds of calculation methods, the matrix method of GD
(Egs.[2) -[[5)) and the cooling curve method (Efs] (10)} (13 Y

We conclude in agreement with Siebenmorgen et al. (1992) 1 abs cen
that the cooling curve method gives reliable results for large ab- = OIS Z [£()2% By (Tik) + 6w)i5 o] (15)
sorption timesyy . Actually, we demand that;y > 5 minutes, ik

which is much larger than the typical “cooling time scale” ofynere., is the mean intensity3, is the Planck function and

about 10 seconds (Allamandola et al. 1989). T; « is the temperature of the dust grains of the chemically dis-
tinct dust componeritand the size bik. The quantities: ()2}*

3. The radiative transfer code ands(v);5 are the absorption and scattering coefficients of the

. oxct § . .
For the calculation of the continuum radiative transfer in 1B.USt componer(tz.,k;), andr(v)** is the total extinction coeff
Cient, defined by:

(spherical symmetry) and 2D (flared disk geometry) dust con-
figurations, we used the code developed by Manske et al. (199 l)/ ext _ abs sca 16
which is based on the method given by Men'shchikov & Her’iﬁ—Z ) 2 [k + s3] - (16)
ning (1997). The main approximation used in this code is that
even for the disk geometry, the density depends on the radfaghe dust model contains small dust grains, so that the quan-
coordinate only. In addition, mean intensities and temperatutam heating method must be used to calculate the emission, the
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source function has to be modified in order to account for tteells of starburst activity. Each of them has a luminosity of

effect: Lyust = 10°L. They are located each at 20 pc distance start-
big ing at a distance of 10 pc from the central source. However,
1 the exact positions of the starburst sources have only very little
S, = 2 B(T; 17 o :
K(v)ext ; Fw)ik Bu(Tik) (7 effect on the results of the radiative transfer calculations.
small
1 abs
o > k@)Y BL(Tik )P 4.2. The dusty torus
) ok ’ 4.2.1. Dust models
+ K (v)ext R(V)ik Ju - In a detailed modeling, one might have to use dust mixtures
ik

consisting of amorphous carbon and silicate grains as well as
Here “small” means grains with radi 100 A and P, denotes grains with ice mantles (Men’shchikov & Henning 1997). These

: : . should correspond to the physical conditions in the objects
;roemp'r:ci):zabllltles obtained by the quantum heating algorlthW ich are studied, e.g., dense molecular cloud cores (Ossenkopf

e% Henning 1994, Preibisch et al. 1993, Henning et al. 1995),

To illustrate the difficulties of considering quantum heat otostellar envelopes (Lenzuni et al. 1995) or protoplanetar
particles in radiative transfer codes, note that it may take upqo . . PES ( o ) or p fop y
cretion disks (Henning & Stognienko 1996). For silicates, re-

25 seconds CPU time (on a DEC-Alpha 3000/500 workstatio?‘ngnt optical data measured for cosmic dust analogigetEt
to apply the quantum heating algorithm (Fig. 1) tre grain al. 1994, Dorschner et al. 1995) are available.

species and ane spatial grid point foone iteration. However, . ! -

due to the basic approximations in our radiative transfer code, Applylng Mie the_ory, we calculated the_ coefflqlents of ab-
the numerical effortin flared disk geometry is only twice as hig%orptlon and scatte_rlng for compac_t sp_henc_al grans.
as for spherical symmetry (1D codes). For the models presentedThe power-law indey of the grain size distribution
in this paper, the typical CPU time on a DEC-Alpha 3000/500(a) o< ™9 , amin < @ < Gmax (18)

was about 6 hours. .
is set to 4.

The dust used in this work is composed of silicate, graphite,
4. Application: the starburst galaxy NGC 6090 and amorphous carbon grains with the optical data from
Dorschner et al. (1995), Draine (1985), and Preibisch et al.
%93), respectively, as well as of PAHs. According to chemical

117 Mpc Hy = 75kms ™' Mpc~'). Observations in the optical o . . A
.~ composition and heating mechanism, we have six distinct dust
by Mazzarella & Boroson (1993) show that NGC 6090 is mgonlelntS' g ! W Ve six dist u

interacting pair of galaxies in the process of being merged. The
two nuclei are separated by a distancexo8600pc and have 1. Big silicate grains with radii between 0.¢%n and Jum.
comparable luminosities. First ISO results, recently reported (& Big graphite grains (0.0bm to 1um).
Acosta-Pulido et al. (1996), show strong PAH emission lines. Big amorphous carbon grains (0.081 to 1um).
Therefore, any modeling of NGC 6090 has to take into accouAt Small silicate grains
emission from quantum heated particles. (0.0011m (10,&) to 0.01pum (100,&))
5. Small graphite grains

(0.001.m (10A) to 0.01m (100A))
6. Compact PAH molecules, composed of 30 to 500 carbon
To model NGC 6090 we used an association of OB-type stars atoms, with the absorption cross sections from Schutte et al.
(T, = 3 - 10*K) in combination with red-giant starg( = (1993).
3-103K). Both kinds of stars are assumed to have the same tofa
luminosity of6.5-10% L, which results in a total luminosity of
Lsource = 1.3 - 101 L, for the central source. The source itselﬁ
is surrounded by a molecular dusty torus. To account for sta
bursts, additional radiative sources (“starburst sources") loca
inside the dust torus were added. These "starburst sources”
treated in a similar way as the so-called “hot spots” ofi¢fel
& Siebenmorgen (1994):
Each of the “starburst sources" consists of a B-star &
3-103Le, T, = 2 - 10*K) surrounded by a homogeneous
optically thin dust enveloperfsonm = 0.5). For the sake of
computational simplicity, the “starburst sources" are assuméd7’) =
to form distinct concentric shells of starburst activity inside 4.15-1022 733
the dust torus. For our best-fit model (FIg. 7), we used 27 755 1037 £ 1.5.10-572 + 8.3 . 10— 723’ (19)

The starburst galaxy NGC 6090 is located at a distance of ab

4.1. Energy sources

Ie silicate to carbon mass-ratio is 1:2 and the mass ratio of
raphite to amorpous carbon is 2:1. To simplify matters, we
ave chosen the same sublimation temperature of 1500 K for
i dust grains, whereas the PAHs may exist up to temperatures
500 K.

A€o calculate the quantum heating of the small silicate and
graphite grains, the internal energy of the grains as a function
of temperature is required. In agreement with GD89, for the
graphite particles we used the analytic fit to the graphite enthalpy
tlata of Chase et al. (1985).
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where E(T) is in erg per atom. These enthalpies were also used
for the PAHSs. Léger et al. (1989) pointed out that the specific
heat of PAHs is comparable to the one of carbon, especially if
the PAHSs are in a dehydrogenated state.

For the silicate grains we used a fit to experimental resul;s
for SiO- and obsidian (Eger et al. 1985).

10

5

S ==
1.4-10% T2 T < 50K B oot Con
oy = ) 22100 T3 50 < T < 150K Y U S L S 29K dust E
(T) =9 48.10° 7008 150 < T < 500K (20) = i N B
3.41- 107 T > 500K I -~ Big grains only ]
whereC(T) is the specific heat in erg pem—3 per K, which IR — Big * small grains \\’
is related to the enthalpy by 103 o L
- 10 100
7) /C’(T) oF 21) wavelength  [um]
. Fig. 7. Best fit model SED for NGC 6090, illustrating the effect of

guantum heating. The numerical results are compared to IRAS and
To account for the fact that the enthalpies described above weseent 1ISO data (Acosta-Pulido et al. 1996). Filled circles: ISOPHOT-
determined for bulk material, whereas we apply them to clustérsiperture measurements, filled squares ISOPHOT-C measurements,

of N atoms, the enthalpies had to be multiplied by a correctionen diamonds: IRAS values. The fluxes obtained from our models are

factor of1 — % multiplied by a factor of two, to account for the bi-nuclear structure of

According to the grain size distribution, for the dust mod&{GC 6090.
containing big and small dust grains, the ratio of masses of small , -
dust graingV/gman to big grainsMy;g is Mgman © Mpig =1 : 1.

The amount of PAHs is assumed to be 3% of the mass of the total2.0
carbon content of the dust torus, being fairly in agreement with
estimates by Pendleton et al. (1994). To reduce the strengthrof!->
the C-H lines we choose a degree of dehydrogenation of 90%.

1.0

F./10°

4.2.2. The model torus 0.5

C* ol b b b

The dust torus used to model NGC 6090 is assumed to have & ¢
radius of 900 pc and an opening anglelof= 170°. The obser- 5
vations of Mazzarella & Boroson (1993) indicate that NGC 6090

is viewed almost face-on. Therefore, the line of sight was choseg g. comparison of observed and calculated PAH emission. The
to have a viewing angle af0° above the torus midplane. Thesstrisks represents the fluxes from our model SED, the vertical bars are
value for the opening angle of the torus is somewhat constraingel ISOPHOT-SL data published by Acosta-Pulido et al. (1996).

by the required optical depth (see below).

The density distribution used for the model torus is given
and produces similar fluxes at longer wavelengths. The some-

what plateau-like structure around Ifn is also reproduced.

On the other hand, the model SED shows too few emission
(22) in the far infrared regionX > 100 um). But the far-infrared

emission can be explained by emission from cool (23 K) dust

The dust mass i8/4,s = 6.75 - 10M, resulting in an located outside the nuclei of NGC 6090. This emission from

optical depth along the line of sight, in direction to the centréthe host galaxy is included in the observed data but not cov-
source, ofrssonm = 40. For this value of optical depth theered by our torus model. In Figl 8, we compare our results with
strength of the silicate absorption featuke=£ 10.:m) obtained the ISOPHOT-SL data obtained by Acosta-Pulido et al. (1996).
from the model matches the observed data (Big. 7). ISOPHOT-SS data were not taken into account because accord-
ing to Acosta-Pulido et al. (1996) theses data are too noisy to be
used in a detailed analysis. All calculated PAH line intensities
are roughly in agreement with the observed ones. However, the
As shown in FiglY, even this simple model gives a reasonabldifie-widths are somewhat different. Additionally, the observed
tothe ISOPHOT-data. It reproduces the main spectral charact&rm, 7.6um, and 11um feature seem to have slightly different
istics of NGC 6090. The calculated spectral energy distributi@enter-wavelengths as the corresponding features in our model
(SED) fits well to the observed }fm silicate absorption feature but this is mainly red-shift caused & 0.03). However, a more

N

wavelength [um]

by

(r) % ¢ Ruyin <7 <0.1- Ry
p 7“_1 0.2 anax <r S anax ’

4.3. Results
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detailed fit of the SED of NGC 6090 seems not desirable, at the "' AN . 1000
moment: First, even for the most recent ISOPHOT observations 7 S - e S
(Acosta-Pulido et al. 1996) the area covered at the distance of_,, ~ ) NV ~
NGC 6090 is much larger than 2000 pc in radius (torus diam- _: s
eter), especially at wavelengths larger tharn.h®. Therefore, B - S B S
the emission at infrared wavelengths is systematically some-
what underestimated by the model. However, Acosta-Pulido et "} o] 2ok ]
al. (1996) pointed out that the observed emission at wavelengtljsﬁw ) N 1 Q b _ L ooem
above 10Qum can be explained by emission from diffuse inter-~ _ + ~~-~ NN N NN
stellar dust. Second, a detailed fit of the observed PAH emission_s{~~ = I =
lines is extremely challenging because of the many free param- ' —=° 72 %% 19 s s e e
eters which are necessary to parameterize the dust model: size
limits for the small grains, mass ratio of small to big grains, grain, ~'° P
size power law exponent, sizes of the PAHs, degree of ionisatidjjj: / : :z JIN e
and hydrogenation of PAHs. Especially the ionisationand dehy- _ | ———~ Sl NS
drogenation of PAHs have significant influence on line widths _,; 18 -
and relative line intensities. Moreover, astrophysical PAH mod- ~°  —°° 72 95 19 B S
els contain mainly compact PAHSs (i.eder etal. 1989, Schutte
et al. 1993), whereas also non-compact PAHs may be present .
in space. Each of these parameters, or even all together, may be'*| oo 5 - IS
responsible for the differences between the observed and calcu-1s. . —— Taad S oefT <
lated PAH emission fluxes. However, a detailed fit of the infrared _,; e
lines is not the basic intention of this paper. The PAH modelis ~'* = 52 % 19 B S
basically used to demonstrate the capabilities of the new com-
bined radiative transfer code. Further investigations may show "’ O 6 i
that other materials, i.e. very small hydrogenated amorphous_. RN R NN 7w
carbon (HAC) grains, are necessary to explain some aspects of >~ -~ LI Bosp T LI
the observed infrared features. As soon as the specific heat data,’| ) I }
of these materials are available, their emission can be calculated ' —°° 72 5 19 B S
with the code developed by us.
£ jj A 3.5 um £ :S /// b 3.5 pm

4.3.1. Effect of quantum heating e s a N o L T
Apart from the appearance of the PAH emission lines, the main ,f T
effect of including quantum heated particles onthe SEDscanbe ~° = 72 % 10 B S
nicely seenin Fid.17. Itis the increase of emission at wavelengths
shortwards of 1Q:m, balanced by the decrease of emission in, ~* | B jz / 22
the FIR (\ > 20m). 5 -1 LN 2 S

Not only the total emission is affected by quantum heat- -1/~~~ S
ing, it also changes the temperature structure of the dust torus.,; 18

-1.0 -0.5 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

and, therefore, the intensity maps. In [Eih. 9 we present intensity s e
maps for our best-fit torus model for both kinds of dust models. _ _ _ _ _
Due to the orientation of the dust torus relative to the line &f9. 9. Horizontal (left column) and vertical (right column) intensity

sight, the horizontal (east-west direction in observations) inteifofiles of the model torus for various wavelengths. In each panel we

sity profiles are symmetrical with respect to their center. In tff@MPare the results obtained for the dust model containing quantum
ated particles (full line) with those obtained using the dust model

vertical (north-south direction) intensity profiles the asymmetggnsistin only of big grains (dashed line). The abscissa is always in
of the projection of the torus surface onto the plane of sky can g only 99 ' Y

L . . s actions of the torus radius. The ordinates show logarithms of inten-
be seen. Here, the majority of intensity asymmetry originatg$.s i, arbitrary units.
from dust around the polar cones of the torus.

As already indicated by the SED (Fig. 7), the flux in the FIR
is dominated by emission of big dust grains. Poe= 100um  where most of the UV radiation emitted by the central source
the intensity maps show comparable levels of emission at mastonverted to the IR, the emission of small quantum heated
points in the torus, whether quantum heated particles are preggatins is, in general, higher than those of the big grains. This
or not. The higher total emission seen in [Elg. 7 originates frorasults in the somewhat plateau-like structures seen in the maps
higher intensities at the inner torus points. At shorter wavesr A =30, 18, and 7.@m. In the outer cooler parts of the torus,

lengths, the picture changes. In the inner hot parts of the torudere the thermal emission of dust peaks at wavelengths above
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10pum (Tyust =~ 300 K and lower), the quantum heating “shifts"Chase M.W. Jr., Davies C.A., Downey J.RJr., et al., 1985,
emission to shorter wavelengths. This effect can be seen by thePhys.Chem.Ref.Data 14, Suppl. No. 1

inspection of the maps for Z@m. In the inner regions (about 10Cohen M., Allamandola L.J., Tielens A.G.G.M., et al., 1986, ApJ 302,
% of the torus radius) the emission from big grains is compara- 737 -

ble to the emission from dust including small particles. But gengleef:]est;r.’ glceiZiizg;; zégcmlher X.D.F., etal., 1996, Lunar and
the dlsFance to_ the central source increases, the emission f%)rpschner.].),/Begemann B.. Henning Thgr C.. Mutschke H., 1995,
big grains dominates more and more. Moreover, the maps for 2, A&A 300, 503

3.3, fanq 7.qum |IIu_strate that at shorter wavglengths quantum) sine B.T, 1985, ApJS, 57, 587

heating is the dominant source of dust emission, all over the dgsi,e B.T., Anderson N., 1985, ApJ 292, 494

torus. ForA = 3.3 and7.6.:m this effect is strengthened by thepwek E., 1986, ApJ 302, 363

fact that PAH emission lines are located at these wavelengthsitathiou A., Rowan-Robinson M., 1990, MNRAS 245, 275

Hence, the PAH emission increases the continuum emissiorGeballe T.R., Lacy J.H., Persson S.E., McGregor P.J., Soifer B.T., 1985,

big grains up to an order of magnitude, independently of their ApJ 292, 500

location in the dust torus. Giard M., Serra G., Caux E., Pajot F., Lamarre J. M., 1988a, A&A 201,
L1

Giard M., Serra G., Caux E., Pajot F., Lamarre J. M., 1988b, A&A 215,
5. Conclusion 92

) o ) _ Gillett F.C., Forrest W.J., Merrill K.M., 1973, ApJ 183, 87
We described an efficient and numerically stable algorithmjjettF.c., Kleinmann D.E., Wright E.L., Capps R.W., 1975, ApJ 198,
based on the results of Guhathakurta & Draine (1989) aget L65

et al. (1989), to calculate the quantum heating of small duStanato G.L., Danese L., 1994, MNRAS 268, 235

grains and of PAHs. The iterative procedure, combined wi@reenberg J.M., Hong S.S., 1974, kU Symposium 60, Galactic
adaptive temperature grids and quality checks (conservation of and Radio Astronomyeds. F. Kerr and S.C. Simon I, Reidel,
energy, spectral deviation) leads to reliable results for all kinds Dordrecht, p. 155

of grain sizes and radiation fields. We demonstrated the need®1athakurta P., Draine B.T., 1989, ApJ 345, 230

such algorithms to calculate quantum heating at a reliable acE§™ing Th., Stognienko R., 1996, A&A 311, 291

racy, especially if quantum heating should be used in radiati &nning Th., Michel B., Stognienko R, 1995, PS&SS 43, 1333

. . L S C.,MutschkeH.,B B.,D hnerJ.,H ing Th.,1994
transfer calculations, in the presence of grain SlzedlStFIbutIOﬂS?i\r&A'2;252416 » Begemann ., Lorschiner ., Henning th., ’

and for various types of local radiation fields. Kriigel E., Siebenmorgen R., 1994, A&A 282, 407

For the first time, a quantum heating algorithm is includedsger A., Puget J.L., 1984, A&A 137, L5
in a 2D radiative transfer code. This new code enabled usii@er A., Jura M., Omont A., 1985, Astr. Ap., 144, 147
model the IR emission of the starburst galaxy NGC 6090. Ou#ger A., d’'Hendecourt L., Bfourneau D., 1989, A&A 216, 148
calculations proved that quantum heated small particles inflLenzuni P., Gail H.P., Henning Th., 1995, ApJ 447, 848
ence significantly the SED as well as the intensity maps of thig D.C., Leung C.M., 1991, Icarus 91,7
dust torus. It even happens that continuum emission of sn4anske V., Henning Th., Men'shchikov A.B., 1997, A&A in press
grains is the dominant source of dust radiation at most NIR Mfithis J.S., Rumpl W., Nordsieck K.H., 1977, ApJ 215, 425
MIR wavelengths, for all points inside the dust torus. Naturall{ffattila K., Lemke D., Haikala L.K., etal., 1996, A&A 315, 353
this effect is much stronger for the emission lines of the PAH _azzarella J-M, Boroson T.A., 1993, ApJS 85, 27

. ; . . . en'shchikov A.B., Henning Th., 1997, A&A, 318, 879
Despite the fact that it may be possible to fit the continuuRL a4 A prusti T. Kiigel E, 1993, AGA 275, 533

emission using dust composed only of big grains, the resul{gia A, Kiiigel E, 1995, A&A 302, 849

obtained this way would lead to a completely wrong interpreyssenkopf V., Henning Th., 1994, A&A 291, 943

tation of the observations, because completely different densiyhdleton Y.J., Sandford S.A., Allamandola L.J., Tielens A.G.G.M.,
and temperature distributions would be derived. Therefore, we Seligren K., 1994, ApJ 437,, 683

conclude that any modeling concerning dusty objects whiéter E.A., Krolik J.H., 1992, ApJ 401, 99

show PAH lines must include quantum heating if reliable intePlatt J.R., 1955, ApJ 123, 486

preta“ons Of the data are the goal Press WH, Teukolsky SA, Vetterllng WT, Flannery BP, 1%.6‘,
merical RecipesCambridge University Press, Cambridge, Chap.
2
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