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epted on 22.08.2012)Abstra
t. We present a publi
ly available database of modeled SEDs of AGN dusty torus.The dusty torus was modeled as a 3D two-phase medium with high-density 
lumps andlow-density medium �lling the spa
e between the 
lumps. This database 
ontains a gridof models for di�erent parameters of the torus. Also, for ea
h two-phase model there aretwo 
orresponding models with the same global physi
al parameters: a 
lumps-only modeland a model with a smooth dust distribution. Apart from the SEDs, images of torus forall points in the wavelength grid are also available. Here we provide a des
ription of thisdatabase, with details on the stru
ture of �les and how to interpret them. These modeledSEDs 
an be used to interpret the observed infrared properties of AGN.Key words: galaxies: a
tive � galaxies: nu
lei � galaxies: Seyfert � radiative transferIntrodu
tionA
tive gala
ti
 nu
lei (AGN) are powered by matter spiralling into a super-massive bla
k hole in an a

retion disk. The a

retion dis
 is the sour
e ofthe strong X-ray emission and UV/opti
al 
ontinuum. Superimposed on the
ontinuum are the broad emission lines, 
oming from gaseous 
louds movingat high velo
ities, the so-
alled broad-line region (BLR). This matter 
omesfrom a dusty torus whi
h surrounds the 
entral regions. The dusty torus hasa major e�e
t on the appearan
e of an AGN. The torus absorbs the in
ominga

retion dis
 radiation and re-emits it in the infrared domain. As a result,a mid-to far-infrared bump is observed in the spe
tral energy distribution(SED) of AGN. Furthermore, viewed edge-on, the dusty torus blo
ks theradiation 
oming from the a

retion dis
 and BLR. In this 
ase an UV/opti
albump and broad emission lines are absent and the obje
t appears as a type 2AGN. In the 
ase when the line of sight does not 
ross the dusty torus, boththe a

retion dis
 and BLR are exposed, giving rise to a strong UV/opti
al
ontinuum and broad emission lines, and the obje
t is 
lassi�ed as a type 1a
tive galaxy.In order to prevent the dust grains from being destroyed by the hotsurrounding gas, Krolik & Begelman (1988) suggested that the dust in thetorus is organized in a large number of opti
ally thi
k 
lumps. Wada &Norman (2002) (with a model update in Wada et al. 2009) performed a 3Dhydrodynami
al simulations of AGN tori, taking into a

ount the self-gravityof the gas, the radiative 
ooling, and the heating due to supernovae. Theyfound that su
h a turbulent medium would produ
e a multi-phase �lamentary(sponge-like) stru
ture, rather than isolated 
lumps.We took a step further toward a more realisti
 model by treating thedusty torus as a two-phase medium, with high density 
lumps and a lowdensity medium �lling the spa
e between them. We 
al
ulated SEDs andBulgarian Astronomi
al Journal 18(3), 2012



4 M. Stalevskiimages of the torus for a grid of parameters. For ea
h two-phase model, ourapproa
h allows us to, generate a 
lumps-only model (with dust distributedin the 
lumps ex
lusively, without any dust between them) and a smoothmodel with the same global physi
al parameters. The details of our resultsand analysis of properties of the modeled dusty torus infrared emission 
anbe found in Stalevski et al. (2012). The aim of this paper is to presentSKIRTOR, publi
ly available database of model SEDs we 
al
ulated (https://sites.google.
om/site/skirtorus/). These modeled SEDs 
an be usedto interpret the observed infrared properties of AGN, su
h as, the intensityand shape of the sili
ate features, at 10 and 18 µm, whi
h represent a uniquewindow into the dust distribution and 
hemi
al 
omposition even in relativelydistant quasars. (Nikutta et al 2009; Stalevski et al. 2011, 2012). Re
ently,Roseboom et al. (2012) 
onsidered the opti
al to mid-IR properties of a sampleof quasars sele
ted from a 
ombination of the WISE, UKIDSS and SDSSdatasets. They estimated a number of quasar properties, in
luding the IRSED shape 
hara
terised by the ratio of near-IR to total IR luminosity. Theyfound that the near-IR to total IR luminosity ratios similar to that in theirobserved sample are easily a
hievable in our set of models.1 ModelThe detailed des
ription of our model 
an be found in Stalevski et al. (2012).Here we will only provide a brief des
ription of the most important propertiesof our model.To obtain SEDs and images of dusty torus at di�erent wavelength, wehave used the radiative transfer 
ode SKIRT (Baes et al. 2003, 2011). SKIRTis a 3D 
ontinuum radiative transfer 
ode based on the Monte Carlo algorithm(Cashwell & Everett 1959; Witt 1977), initially developed to study the e�e
tof dust absorption and s
attering on the observed kinemati
s of dusty galaxies(Baes & Dejonghe 2001, 2002; Baes et al. 2003). It has been extended witha module to 
al
ulate self-
onsistently the dust emission spe
trum under theassumption of lo
al thermal equilibrium � LTE (Baes et al. 2005). This LTEversion of SKIRT has been used to model the dust extin
tion and emission ofgalaxies and 
ir
umstellar dis
s (Baes et al. 2010; De Looze et al. 2010; Vidal& Baes 2007).1.1 Dust distribution and propertiesWe approximated the spatial dust distribution around the primary 
ontinuumsour
e (a

retion disk) with a 
oni
al torus (i.e. a �ared dis
). Its 
hara
teristi
sare de�ned by (a) the half opening angle Θ � de�ning also the maximumheight extent to whi
h the dust is distributed �, (b) the inner and outerradius, Rin and Rout respe
tively, and (
) the parameters des
ribing dustdensity distribution, p and q (see below). A s
hemati
 representation of theadopted geometry is given in Fig. 1. For the inner radius of the dusty toruswe adopted the value of 0.5 p
, at wi
h the dust grains are heated to thetemperature of ∼ 1180 K, a

ording to the pres
ription given by Barvainis
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(

Rin

pc

)

≃ 1.3

(

LAGN

1046 erg s−1

)0.5( Tsub

1500 K

)−2.8 (1)where LAGN is the bolometri
 ultraviolet/opti
al luminosity emitted by the
entral sour
e and Tsub is the sublimation temperature of the dust grains.For the spatial distribution of the dust density we adopt a law that allowsa density gradient along the radial dire
tion and with polar angle (Granato& Danese 1994):
ρ (r, θ) ∝ r−pe−q|cos(θ)|, (2)where r and θ are 
oordinates in the adopted polar 
oordinate system (seeFig. 1).

Ôèã. 1. S
hemati
 representation of the adopted model geometry and 
oordinate system.The dust mixture 
onsists of separate populations of graphite and sili
atedust grains with a 
lassi
al MRN size distribution (Mathis, Rumpl & Nordsie
k1977):
dn(a) = Ca−3.5da, (3)where the size of grains, a, varies from 0.005 to 0.25 µm for both graphite andsili
ate. The normalization fa
tors for size distribution are C = 10−15.13 and

C = 10−15.11 for graphite and sili
ate, respe
tively (Weingartner & Draine2001). Opti
al properties are taken from Laor & Draine (1993) and Li &Draine (2001).



6 M. StalevskiThe dust is distributed on a 3D 
artesian grid 
omposed of a large numberof 
ubi
 
ells. The dust density is 
onstant within ea
h 
ell. The standardresolution for our simulations is 200 
ells along ea
h axis (8 × 106 
ells intotal). However, to properly sample the dust properties, an in
rease in thetorus size requires an in
rease of the resolution of the 
omputational grid aswell. Thus, to simulate a torus twi
e the size of the `standard model', oneneeds to employ a grid with 400 
ells along ea
h axis, that is, 64×106 
ells intotal. To ensure that the adopted resolution is su�
ient to properly samplethe dust, for ea
h simulation we 
ompare the a
tual and expe
ted values of(a) the fa
e-on and edge-on 
entral surfa
e density and (b) the total dustmass.We 
al
ulated emission for all models on an equally spa
ed logarithmi
wavelength grid ranging from 0.001 to 1000 µm. A �ner wavelength samplingwas adopted between 5 and 35 µm, in order to better resolve the shape of 10and 18 µm sili
ate features. Ea
h simulation is 
al
ulated using 108 photonpa
kages.1.2 Spe
tral energy distribution of the primary sour
eThe primary 
ontinuum sour
e of dust heating is the intense UV-opti
al
ontinuum 
oming from the a

retion dis
. A very good approximation ofits emission is a 
entral, point-like energy sour
e, emitting isotropi
ally. ItsSED is very well approximated by a 
omposition of power laws with di�erentspe
tral indi
es in di�erent spe
tral ranges. The adopted values are:
λLλ ∝











λ1.2 0.001 ≤ λ ≤ 0.01
λ0 0.01 < λ ≤ 0.1
λ−0.5 0.1 < λ ≤ 5
λ−3 5 < λ ≤ 50

(4)where λ is expressed in µm. These values have been quite 
ommonly adoptedin the literature, and 
ome from both observational and theoreti
al arguments(see e.g., S
hartmann et al. 2005). We have anyway veri�ed that 
hanges inthe shape of the primary sour
e SED a�e
t only very marginally the infraredre-emission. For the bolometri
 luminosity of the primary sour
e we adoptedthe value of 1011 L⊙ (see e.g., Davis & Laor 2011).1.3 Dusty torus as a 
lumpy two-phase mediumModels of emission in whi
h the dust is uniformly, smoothly distributed withinthe toroidal region are obtained starting from Eq. 2. The density gradient isdetermined by the two parameters, p and q. The total amount of dust is�xed based on the equatorial opti
al depth at 9.7 µm (τ9.7). While for thesmooth models distributing the dust is straightforward, for the 
lumpy modelthis pro
ess is non-trivial. As hydrodynami
al simulations of Wada & Norman(2002) demonstrated, dust in tori is expe
ted to take the form of a multiphasestru
ture, rather than isolated 
lumps. Therefore, we adopted the approa
hwhi
h allows us to generate su
h a medium.



SKIRTOR database 7

Ôèã. 2. Dust density distribution at the meridional plane, given in logarithmi
 
olor s
ale.Density law parameters are p = 1 and q = 2. The smooth dust distribution is presented inthe top left panel. The top right and bottom left panel present two-phase dust distributionfor two di�erent sizes of 
lumps: ea
h 
lump is 
omposed of one 
ubi
 grid 
ell (top right)and 8 × 8 × 8 grid 
ells (bottom left). In the bottom right panel, a 
lumps-only dustdistribution is presented. The 
ontrast parameter between high- and low-density phases inthe two-phase and 
lumps-only models is 100 and 10
9, respe
tively.We start from the 
orresponding smooth models, i.e. the one with thesame global parameters, and then apply the algorithm des
ribed by Witt &Gordon (1996) to generate a two-phase 
lumpy medium. A

ording to thisalgorithm, ea
h individual 
ell in the grid is assigned randomly to either ahigh- or low-density state by a Monte Carlo pro
ess. The medium 
reatedin su
h a way is statisti
ally homogeneous, but 
lumpy. The �lling fa
tordetermines the statisti
al frequen
y of the 
ells in the high-density state and
an take values between 0 and 1. For example, a �lling fa
tor of 0.01 representsa 
ase of rare, single high-density 
lumps in an extended low-density medium.The pro
ess for the 
lump generation is random with respe
t to the spatial
oordinates of the individual 
lumps themselves. Thus, as the �lling fa
tor isallowed to in
rease, the likelihood that adjoining 
ells are o

upied by 
lumpsin
reases as well. This leads to the appearan
e of 
omplex stru
tures formedby several merged 
lumps. For �lling fa
tor values & 0.25, 
lumps start toform an inter
onne
ted sponge-like stru
ture, with low-density medium �llingthe voids. We form larger 
lumps by for
ing high-density state into severaladjoining 
ells.To tune the density of the 
lumps and the inter-
lump medium, we usethe `
ontrast parameter', de�ned as the ratio of the dust density in the high-and low-density phase. This parameter 
an be assigned any positive value.For example, setting the 
ontrast to one would result in a smooth model.Setting extremely high value of 
ontrast (> 1000) e�e
tively puts all the dustinto the 
lumps, without low-density medium between them. An example of



8 M. Stalevskidust density distributions at the meridional plane for smooth, two-phase and
lumps-only models is given in Fig. 2.2 SKIRTOR databaseSKIRTOR database 
an be 
urrently rea
hed at https://sites.google.
om/site/skirtorus/. In this se
tion we �rst present the adopted values ofparameters used to 
al
ulate the available grid of models and then we providea des
ription of the stru
ture of the �les.2.1 Parameter gridFor the inner and outer radius of the torus we adopted the values 0.5 and
15 p
, respe
tively. The half opening angle of the torus � Θ � is �xed to
50◦ for all of our model realizations. All models are 
al
ulated at 7 di�erentline-of-sight in
linations, namely 0◦, 40◦, 50◦, 60◦, 70◦, 80◦ and 90◦, where
i = 0◦ represents a fa
e-on (type 1) AGN and i = 90◦ an edge-on (type 2)AGN. In
linations between 0◦ and 40◦ (dust-free lines of sight) were omittedsin
e their SED shows no appre
iable di�eren
e with respe
t to the full fa
e-on view. The equatorial opti
al depth τ9.7 takes values 0.1, 1.0, 5.0, 10.0. Wenote here that this is the opti
al depth of the initial smooth model, before thedust is redistributed to make the 
lumpy one (see Se
. 1.3). Thus, the exa
tvalue along the given line of sight will vary due to the random distributionof the 
lumps. The parameters de�ning the spatial distribution of the dustdensity (Eq. 2) are p = 0, 1 and q = 0, 2, 4, 6.De�ning the relative 
lump size, σ, as the ratio of the outer radius of thetorus over the 
lump size:

σ = Rout/Dclump (5)we explored the 
lumpy models for two di�erent 
lump sizes, 0.15 p
 and 1.2p
, that is, σ = 100 and σ = 12.5, respe
tively. The number of 
lumps in theformer 
ase is 9 × 105, and ea
h 
lump o

upies one grid 
ell. In the latter
ase there are ∼ 3000 
lumps, ea
h one being 
omposed of 8×8×8 grid 
ells.The adopted �lling fa
tor values are 0.15 in the 
ase σ = 100, and 0.25 in the
ase σ = 12.5 models. Both values allow us to have single, as well as 
lustersof high-density 
lumps immersed into a low-density medium. The 
ontrastbetween high- and low-density phases is �xed at 100.We generated three sets of models with the same global physi
al parameters:(a) models with the dust distributed smoothly, (b) models with the dust asa two-phase medium and (
) models with a 
ontrast parameter set to anextremely high value (109), e�e
tively putting all the dust into the high-density 
lumps. We will refer to these models as `smooth', `two-phase' and`
lumps-only', respe
tively. For 
lumpy models (both two-phase and 
lumps-only) we generated another set of models with the same parameters, but witha di�erent random distribution of 
lumps.For ea
h model we 
al
ulated SEDs and images of torus for all the pointsin the wavelength grid. Cal
ulated �ux is s
aled for the torus distan
e of 10Mp
 from the observer. The parameter grid is summarized in Table 1.



SKIRTOR database 9Òàáëèöà 1. The grid of parameters for whi
h the 
lumps-only and two-phase modelshave been 
omputed. The 
orresponding set of smooth models have been 
omputed for thesame parameters, ex
ept the ones whi
h are ex
lusive to 
lumpy models only (�lling fa
tor,
ontrast, size of 
lumps)Parameter Adopted valuesL 10
11 L⊙

Rin 0.5 p

Rout 15 p

τ9.7 0.1, 1.0, 5.0, 10.0
p 0, 1
q 0, 2, 4, 6
Θ 50

◦Filling fa
tor 0.15, 0.25Contrast 100 , 109Size of 
lumps 0.15 p
, 1.2 p
In
lination 0
◦, 40◦, 50◦, 60◦, 70◦, 80◦, 90◦2.2 File stru
ture of the modeled SEDsAfter the users have downloaded and unpa
ked the desired set of SEDs,they will have at their disposal a number of as
ii �les with their namesending with `*sed.dat'. The �le names are 
omposed of 
on
atenated modelparameters values, separated by unders
ores. Here are the several examples:t5.0_p1_q2_oa50_2pC12_8_i0_sed.datt10.0_p0_q6_oa50_1pC11_1_i90_sed.datt1.0_p1_q0_oa50_S_8_i70_sed.dat� t stands for τ9.7 (equatorial opti
al depth spe
i�ed at 9.7 µm)� p, q - dust density distribution parameters� oa stands for half opening angle (Θ) of the torus� S stands for smooth dust distribution model� C stands for 
lumpy� 2pC stands for two-phase 
lumpy model (high density 
lumps with lowdensity medium between the 
lumps)� 1pC stands for 
lumps-only model (without low density medium betweenthe 
lumps)� C is followed by a number (
urrently C2, C11 or C12). This number issimply a label to distinguish di�erent sets of models with all parametersthe same, but with a di�erent random arrangement of the 
lumps� Next number (
urrently 1 or 8) des
ribes the size of 
lumps. _1_ meansthat ea
h 
lump is 
omposed of one grid 
ell; _8_ means that ea
h 
lumpis 
omposed of 8× 8× 8 
ells� i stands for in
lination, angle between the line of sight and axis of torus,with i = 0◦ 
orresponding to a fa
e-on view and i = 90◦ to an edge-onview.Values of other parameters are �xed:
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L = 1011 L⊙, Rin = 0.5 p
, Rout = 15 p
 Θ = 50◦.Models in whi
h ea
h 
lump is 
omposed of one grid 
ell (_1_):Filling fa
tor = 0.15Total number of 
lumps: 9× 105

σ = Rout/Dclump = 100; (Dclump = 0.15 p
)Models in whi
h ea
h 
lump is 
omposed of 8× 8× 8 grid 
ells (_8_):Filling fa
tor = 0.25Total number of 
lumps: ∼ 3000
σ = Rout/Dclump = 12.5; (Dclump = 1.2 p
)Two-phase models (2pC): Contrast = 100Clumps-only models (1pC): Contrast = 109Fig. 3 shows a fragment of a typi
al SED �le. Header of a �le provides ashort des
ription of what is found in ea
h 
olumn. Here, for 
larity, we providea more detailed des
ription of a �le header:lambda: wavelength (in µm.)Flambda: �ux at a given wavelength (in W/m2).total flux: total �ux observed by a virtual instrument in a simulation.dire
t stellar flux: remaining primary sour
e �ux that rea
hes the instrument(the part that is not absorbed or s
attered).s
attered stellar flux: primary sour
e radiation s
attered at di�erentwavelengths.dust flux: �ux re-emitted by the dust.transparent �ux: SED of the primary sour
e.Cal
ulated �uxes are s
aled for a sour
e distan
e of 10Mp
 from the observer.Fig. 4 shows a typi
al example of the total SED and its thermal ands
attered 
omponents, along with the primary sour
e emission, for the fa
e-on and edge-on view.2.3 Images of the dusty torusApart from the SEDs, we 
al
ulated images of torus for all points in thewavelength grid. These images are in the form of fits �les and in
lude imagesof total �ux 
oming from the torus, but also separate images of the s
attered,thermal, transparent and dire
t 
omponents. However, due to the large sizeof the image �les, at the time being, they are available upon request. Fig. 5shows an example of images of the torus at di�erent wavelengths for fa
e-onand edge-on views.Con
lusionIn this paper we presented a publi
ly available database of modeled SEDs ofAGN dusty torus. The dusty torus was modeled as a 3D two-phase medium
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Ôèã. 3. An example of a typi
al SED �le.
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Ôèã. 4. The total (solid line), thermal (dotted line), s
attered (dashed line) and primarysour
e (dash-dotted line) emission are plotted. Left panel: fa
e-on view; right panel: edge-onview. In the fa
e-on view, as the primary sour
e is unobs
ured, the dire
t and transparent�uxes are identi
al. In the edge-on view, only the dire
t �ux is shown.
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Ôèã. 5. Images of the torus at di�erent wavelengths for typi
al parameters of the torus.Top row is fa
e-on view, bottom row edge-on view. From left to right, panels representimages at 4.6, 9.7, 13.9, and 30.7 µm. Images are given in logarithmi
 
olor s
ale. Thevisible squared stru
ture is due to the 
lumps whi
h in the model are in the form of 
ubes.with high-density 
lumps and low-density medium �lling the spa
e betweenthe 
lumps (Stalevski et al. 2011, 2012). This database 
ontains a grid ofmodels for di�erent parameters of the torus. Also, for ea
h two-phase modelthere are two 
orresponding models with the same global physi
al parameters:a 
lumps-only model and a model with a smooth dust distribution. Apart fromthe SEDs, we have 
al
ulated images of torus for all points in the wavelengthgrid, whi
h are available upon request. For the 
onvenien
e of potential users,here we provided a des
ription of this database, with details on the stru
tureof �les and how to interpret them. An interested resear
hers may �nd themuseful, e.g., to interpret the observed infrared properties of AGN and derivesome physi
al and geometri
al parameters. This work will be extended and theparameter grid will be progressively improved; models with di�erent 
hemi
al
omposition of the dust, di�erent torus and 
lumps sizes and their spatialdistributions will be further explored and added to this database.A
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