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THE DISTRIBUTION OF SILICATE STRENGTH INSPITZER SPECTRA OF AGNs AND ULIRGs

Ler Hao,' D. W. WEEDMAN, H. W. W. SroonN,*? J. A. MARSHALL,® N. A. LEVENSON,® M. ELiTzuURr,® aAnND J. R. Houck?
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ABSTRACT

A sample of 196 AGNs and ULIRGs observed by the Infrared Spectrograph (IRR)taer is analyzed to study
the distribution of the strength of the 9um silicate feature. Average spectra are derived for quasars, Seyfert 1 and
Seyfert 2 AGNs, and ULIRGs. We find that quasars are characterized by silicate features in emission and Seyfert 1s
equally by emission or weak absorption. Seyfert 2s are dominated by weak silicate absorption, and ULIRGs are
characterized by strong silicate absorption (mean apparent optical depth about 1.5). Luminosity distributions show that
luminosities at rest frame 5fm are similar for the most luminous quasars and ULIRGs and are almosinEs
more luminous than the least luminous AGN in the sample. The distributions of spectral characteristics and luminosities
are compared to those of optically faint infrared sources-2 being discovered by the IRS, which are also characterized
by strong silicate absorption. Itis found that local ULIRGs are a similar population, although they have lower luminosities
and somewhat stronger absorption compared to the high-redshift sources.

Subject headings: galaxies: active — galaxies: ISM — infrared: galaxies — quasars: general

1. INTRODUCTION spectral features, especially the silicate features at 9.7 apch18

. . . are particularly important in the context of the unification model
Previous observations with the Infrared Spectrograph (IRS) (e.g.F,) Antonugci 1%93). The unambiguous detection of silicate

on Spitzer (Houck et al. 2004) have discovered a high-redshift ¢ iiqiongin quasars wipitzer is a strong support for the uni-

population of optically faint infrared sources. This population ge~ion' model (Siebenmorgen et al. 2005; Hao et al. 2005), but
has been derived from sources having extreme infrared to opticaly,e e s 5 Jarge variety of silicate features in AGNS. Silicate ab-
flux ratios JR/opt>40, IR/opt= »,(24 um)ii,(R)] as se- sorption is seen in some type | AGNs (Weedman et al. 2005), and

lected from surveys at 24m with the Multiband Imaging Pho- i L
; . ; . emission in some type Il AGNs (Sturm et al. 2005). It is important,
tometer (Rieke et al. 2004) dipitzer. Redshifts were determined therefore, to investigate the distribution of silicate strengths within

from mid-infrared spectral features for 43 of 58 sources observed g i :
. - ) a large sample of different types of AGNs. The distribution will
in the Bootes field (Houck et al. 2005; Weedman et al. 2006b) constrain the models of AGNs (e.g., Efstathiou 2006; Fritz et al.

and for 14 of 18 radio sources in tiSpitzer First Look Survey 2006: D : . D
. ; Dullemond & van Bemmel 2005; Nenkova et al. 2002; Pier
field (Weedman et al. 2006a). For the 57 sources that have red-& Krolik 1993, 1992) and in turn provide insights into the ge-

shifts, the redshift4) ranges from 0.7 to 2.7, with a median :
o . -~ . ometry of the dusty structure, the optical depth of the clouds, and
z = 2.2 Fifty-three of these 57 sources have silicate absorption, the filling factor along the line of sight.

with only four having redshifts derived from polycyclic aromatic
hydrocarbon (PAH) emission. This is in contrast to spectral fea-
tures of sources selected on the basis of their near-infrared or
submillimeter characteristics of the spectral energy distributions, We gathered a large sample of local AGNs and ULIRGs from
most of which show PAH emission features (Yan et al. 2005; archival and published literature that have been observed with the
Lutz et al. 2005; Weedman et al. 2006c). Jitzer IRS. The AGN sample combines the unpublished Guar-

The presence of strong silicate absorption and the absence oénteed Time Observation (GTO) archival data (program 14) and
PAH features in samples chosen from extreme values of IR/opt hagpublished data from Hao et al. (2005), Weedman et al. (2005),
been interpreted to mean that these sources are heavily obscurdgluchanan et al. (2006), and Shi et al. (2006). The ULIRG sample
active galactic nuclei (AGNSs). Extreme IR sources with confirmed is drawn from the GTO program (program 105; Armus et al. 2007;
optical AGN properties were also found by ISOCAM (Haas et al. Spoon et al. 2007). The total sample includes objects having a
2004). Itis therefore essential to compare the characteristics of thesarge variety of classifications: radio-quiet QSOs, radio-loud
high-redshift, heavily absorbed sources to known examples of AGNsQSOs, Seyfert 1s and Seyfert 2BAS-discovered sources, and
and ultraluminous infrared galaxies (ULIRGS) to determine if there 2MASS-selected red AGNs (Smith et al. 2002).
are local analogs to the obscured, high-redshift sources. Inthis Letter, We use only the IRS observations of sources that include all
we examine this issue by studying the distribution of silicate low-resolution modules: Short-Low?2 (SL2; 5.2—%ih), Short-
strengths of local AGNs and ULIRGs. Lowl (SL1; 7.4-14.5um), Long-Low?2 (LL2; 14-21.3um), and

The distribution of the mid-IR properties of different types of Long-Lowl (LL1; 19.5-38um). We also exclude objects that
known AGNs has been discussed in various studies (Heckman ehave redshifts larger than 0.5, so that we can compare charac-
al. 1994; Haas et al. 2003; Siebenmorgen et al. 2004; Clavel etteristics in similar rest frames.
al. 2000; Shi et al. 2006; Buchanan et al. 2006). The mid-IR  To define subsamples of objects, we adopt the optical classi-

fications from M. P. Veron-Cetty & P. Veranwhich include three
1 Astronomy Department, Cornell University, Ithaca, NY; haol@isc.astro catalogs: “quasars,” “AGNs,” and “blazars.” In these catalogs,

2. OBSERVATIONS AND DATA REDUCTION

comell.edu. quasars are defined as objects that are starlike or with a starlike
ngltztr%tr FeyO\le-Dh ) 4 Ast University of Kents Lexington. KY nucleus, broad emission lines, and brighter than absolute magni-
epartment O ySICS an stronomy, University of Ken ucky, exington, . tude MB = —23. AGNs include Seyfel’t 1S, Seyfel’t 23, and

“The IRS was a collaborative venture between Cornell University and Ball
Aerospace Corporation funded by NASA through the Jet Propulsion Labo-
ratory and the Ames Research Center. 5 Vizier Online Data Catalog, 7248 (M. P. Veron-Cetty & P. Veron, 2006).
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LINERs that are fainter thaM, = —23 . Seyfert 1s are further
divided into five subgroups: Seyfert 1.0, 1.2, 1.5, 1.8, and 1.9 ' (e [Arlmfs;w [NT”INTVDINT‘”] (s ' [N;:VhOI\V]
based on the appearance of the Balmer lines. For our study, we 10.0 Ko S(3) 1 S2) Ko S(1)
compiled a quasar sample including all objects from the quasar L -
catalog that have been classified as S1, S1.2, S1.5, or S1n (narrow- I

line Seyfert 1s) from their optical emission-line properties; a Sey-
fert 1 sample from the AGN catalog of sources that have optical
spectroscopic classifications of S1, S1.2, S1.5, and S1n; and a

H, S(0)
|

Silicates

Silicates

Normalized Flux (f,)

Seyfert 2 sample from the AGN catalog of sources that have 1.0F 3

classifications of S2, S1h (Seyfert 2s with broad Balmer lines in ;

the polarized light), and S1i (Seyfert 2s with broags Ba the

near-IR). Objects that are classified as S1.8 or S1.9 have weak deyfert 1s

broad Balmer lines, and their identification as Seyfert 1s depends Sifé?{; 2s

very much on the signal-to-noise ratio (S/N) of the spectra. There-

fore, we do not include them in our Seyfert 1 sample. We also 0.1 : ' : '

do not consider objects classified as LINERs in our sample. 5 10 15 20 25 30
Our ULIRG sample includes all objects observed in program rest wavelength (um)

105 with all four low-resolution modules and having: 0.5 . It

is a loosely defined sample, chosen primarily on the basis of , F'6- 1.—Average spectra of QSOsefl), Seyfert 1s green), Seyfert 2s
g . . (blue), and ULIRGs black). The average spectra are obtained by averaging

bolometric mfrgred lum'nos'Fy (Armus etal. 2007). Some ULIRGs after first normalizing each spectra at 143 in the rest frame. The 10m

also show optical characteristics of quasars, Seyfert 1s, or Seyfertilicate strengths measured from the average spectra are:-00281, —0.54,

2s according to M. P. Veron-Cetty & P. Veron (see footnote 5), and —1.44 for quasars, Seyfert 1s, Seyfert 2s, and ULIRGs, respectively.

and these are also included in the three AGN samples. The final

sample includes 24 quasars (including three ULIRGS), 45 Seyfertavera . :
' : i . X ge ULIRG shows the strongest PAH emission compared with
llJSLII(:IerBC.lc,Udg]r? : %%Vailgélsgnsztbti.l? %%yfsét azrsa tggﬂu?égg €ight he AGNs and also shows clear absorption at both the 10 and
), ! ! P u . 18 um silicate features. The Hines are also more pronounced

The spectra were extracted using the SMART analysis package[h - : o
. . . an those in AGNs. The mid-IR spectral slope decreases signif-
(Higdon et al. 2004). Extractions were done differently for ob- icantly from ULIRGS to quasars.

servations done istaring mode and inmapping mode. Fostaring . - :

mode observations, we extract spectra from the DROOP productssil;ggtgusat?etlr%tmm? S'ggate strength a0 um, we define the
provided by theSpitzer Science Center in Pipeline version 11.0.2 0
and 14.0, and subtract background by differencing the SL1 and
SL2 or LL1 and LL2. The spectra are then calibrated using the S, = In Toos(10 pm) ,
IRS standard stars HD 173511 (5.2—18r6) and¢ Dra (19.5— feon(10 pm)
38.5 um). The mapping mode spectra are extracted using the

default column extraction in SMART, utilizing the pipeline Basic wheref, (10 um) is the observed flux density at the peak of
Calibrated Data products and extracting only the central image ofthe 10um feature, and,,.(10 um) is the continuum flux at
each observation after subtracting the outermost image as backthe peak wavelength, extrapolated above the silicate absorption
ground (see Buchanan et al. 2006 for technical details). The finalfeature (or below the emission feature). For determination of
spectra were stitched and scaled to the LL1 spectrum. f.on(10 um), we adopt the methods described in Spoon et al.
(2007). This uses three different techniques for PAH-weak
spectra, PAH-dominated spectra, and absorption-dominated
spectra to avoid the contamination of various PAH emission
The mid-IR spectra of the objects in the four samples show features to the continuum and to make best use of uncontam-

great variety. The average spectra of the four samples are presentdgated continuum regions. N

in Figure 1° The average quasar spectrum clearly shows silicate In Figure 2, we show the distribution of the 1dn silicate
features in emission at both 10 and 8. There are very weak  strengths of quasars, Seyfert 1s, Seyfert 2s, and ULIRGs. For
indications of PAH emission at 6.2, 7.7, and 1418, and weak  objects with silicate strength close to O (the bin crossing
emission lines from [Sv] 10.5 ym, [Ne 1] 12.8 ym, [Ne v] S, = 0_|n I_:lg. 2), identification of the feature as emission or
14.3pm, [Nem] 15.5 ym, [Sm] 18.7 um, [Ne v] 24.3 ym, and absorption is strongly affected by the S/N of the spectra and the
[O 1v] 25.9 um. PAH emission is also detected in the average uncertainty of the continuum determination. We ignore the ob-
spectrum of PG quasars, even for those that do not show PAHgEects in this bin for furthe_r.stanstlcal anz_alyss._The majority of
in their individual spectra (Schweitzer et al. 2006). For the Seyfert quasars have the 1@m silicate feature in emission, but two

1 average spectrum, it is not clear if the A silicate feature is ~ cases clearly show the feature in absorption. These include one
in emission or absorption. All the PAH features and atomic emis- ULIRG (IRAS 00275-2859) and a source from the 2MASS-
sion lines are stronger compared with the quasars. The averagéelected red AGN sample (2MASSi J12586:282921; Shi et
spectrum of Seyfert 2s indicates even stronger PAH emissional. 2006). Their optical spectra clearly show broad Balmer emis-
features. The silicate feature at 1@ is clearly in absorption. The ~ sion and blue continuum (Zheng et al. 2002; Smith et al. 2002),
H, lines are stronger, but the atomic lines are similar to those in Which do not distinguish them from typical quasars. But the fact
the Seyfert 1s. Stronger PAHs in Seyfert 2s compared with Seyfertthat they are selected in thiefrared Astronomical Satellite

1s are also seen in Buchanan et al. (2006). The spectrum of thd/RAS) or Two Micron All Sky Survey (2MASS) red AGN
sample, which select for dusty sources, agrees with their having

¢ The average spectra are available at http:/fisc.astro.cornetfeail/ silicate features in absorption. For quasars that have silicate emis-
AgnlirAve/ave_spectra.html. sion, the features are weak. The strongest silicate strength in

@

3. RESULTS



No. 2, 2007 SILICATE STRENGTH DISTRIBUTION L79

QSOs

eature strength
|

o

eature strength

o

The 10um feot
.

le]

Q

O

(o]
The 10um feot

o. 10 0.01 0.10 1.00
f(14.5um)/1(27.5um) 1(5.54m) /(27.5um)

Seyfert 1s o g8 o
Y ] Bl oo BEM b ]

trength
x X%%
%

The 10um feot
]
%&o

O
®
o]

0.1 1.0
1(5.5um) /(14.5um)

Seyfert 2s
Fic. 3.—Correlation between the observed strength of the silicate feSfyre, , and
various IR slope. The open circles are ULIRGs, squares are Seyfert 1s, crosses are

Seyfert 2s, and filled circles are quasars. The color code is the same as in Fig. 1.

m ] is also detected in the average spectra of type Il QSOs (Sturm et
al. 2006), although IRAS F0147%740 in our sample is not a
highly luminous source.

The ULIRG sample is dominated by sources with strong sil-
icate absorption with 1Qum silicate strength—-4<S,<0.2 .
There are two cases of weak silicate emission—Mrk 1014 and
1 IRAS 07598+6508—but their optical spectra place the former
] 3 in the quasar and the latter in the Seyfert 1 samples. The average
of the 10um strength in the ULIRG sample is1.56.

1 0 -1 -2 -3 -4 In Figure 3, we show the comparison between the infrared
The 10 um silicate strength spectral slope and the silicate strength. There is a clear cor-
relation of the silicate strengths with the IR slopes as measured
i D O e 0 St SO 1t 0% Sl fom e lux el of 145 10 27.5um,  resu hat 5 also
1s, and Séyfert 2s, the distributions ofpsources that are also |?1 the ULIRG’ :sample("\wdent n Flgure 1. But there is less correlation Of. the silicate
are shaded. The averages of theufi0silicate strengths are 0.20 for quasarg,18 strength with the slope measured from the flux ratio at 5.5 and
for Seyfert 15,—0.61 for Seyfert 2s, ane-1.56 for ULIRGs. The range of the ~ 14.5 um or 5.5 and 27.5um. This suggests that the silicate
silicate strengths ar®<S,<0.4 ;0.7<S,<0.3 —1.6<S5,,<0, —4< feature arises primarily within the cooler dust responsible for
S < 0.2 for most quasars, Seyfert 1s, Seyfert 2s, and ULIRGs. the mid-IR emission of deeply absorbed ULIRGs and that the
near-IR emission does not arise from the same dust. Levenson
. et al. (2007) suggest that absorption features as strong as those
qllljar?ars hﬁls. aJE/aIute eO.t7hS I(PG 1;5%%42)' _?ﬁt the rema|nd$r rcobserved require a nuclear source to be deeply embedded in a
gtrenz\t/ﬁ iril':ﬁz (equsagzrr‘qsamglsésis (?20 . [he average stlicateq, ooth distribution of dusty material that is both geometrically
N and optically thick. Given their extreme obscuration, the near-

In the Seyfert 1 sample, even more objects show silicate ab- o o icion would be heavily attenuated. The observed near-
sorption at 1Qum. Excluding objects tha_t have measured_s_lllcat(_a IR emission would thus have to have a different origin and not
strength close to 0, the number of objects that have silicate NG in the deep silicate absorption trough

g .

emission is about the same as the number of objects that hav
silicate absorption. All of those in emission have strengths less
than 0.35, and the average silicate strength in the sample is
—0.18. There are four Seyfert 1 sources that show silicate ab- Our sample is not complete in any sense, but with 196 objects,
sorption deeper thari 1. They are 2MASSi J130708&33805, this is the largest available data set of local AGNs and ULIRGs
2MASSi J1453315135358, IRAS 143481447, and UGC observed by the IRS that enables us to measure the distribution
5101. However, their optical spectra do not show unambiguousof the silicate strength. The distribution should be representative
broad Balmer lines (Smith et al. 2002; Veilleux et al. 1995; of the different categories of objects in the local universe.
Sanders et al. 1988), and it is possibly arbitrary to classify them The results in Figure 2 are important for understanding the faint
as Seyfert 1s. The deepest silicate absorption for sources withsourcesf (24 um) ~1 mJy] at high redshift, which have large
unambiguously identified broad Balmer linesi6.65, from Mrk values of IR/opt for which S/N is poor and features must be strong
231 (Weedman et al. 2005). We particularly note that the silicate for a redshift to be assigned. Of the 53 sources with redshifts
strength in quasars is more dominated by emission than in Seyfertierived from silicate absorption as reported in Houck et al. (2005)
1 AGNs and that the luminosities of the quasars as shown inand Weedman et al. (2006a, 2006c¢), 44 sources had silicate ab-
Figure 4 are systematically greater than for Seyfert 1s. sorption at least as deep as in Mrk 231, for which the silicate
Almost all of the Seyfert 2s in the sample show theufiDsilicate strength is—0.7 (the absorbed continuum is at a level of 50% of
feature in absorption except for one case: IRAS FOVEI0. The the continuum extrapolated above the absorption). Sixteen of 76
average silicate strength of the sample-3.61. Silicate emission  sources observed (21%) had no apparent absorption, to a limit for

ULIRGs

10 F
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S, of ~—0.3. Figure 2 indicates that only 10% of ULIRGs have 13

silicate absorption shallower than0.3 (S,,> —0.3), implying 10°7F . o

that ULIRGs are even more absorbed than the faint sources char- r ng O o P

acterized by extreme IR/opt, although the absence of features in "¢ 10121 s g o =

the optically faint sources could sometimes arise because features - g {é}‘@m 9 o © o ]

are redshifted out of the IRS spectral range. S i, W %8 €O, %om ° g o]
Figure 4 shows the 5.»m luminosity compared with the R s 0@ P oo%gjgo S 3 :

10 pum silicate feature strength for quasars, Seyfert 1s, Seyfert 2s, i %@D < g OREe S 00

and ULIRGs. It is particularly useful for interpreting the sources 5 10'%: o ®  » O & o E

at high redshift, which must be extremely luminous in order to 2 : Ox% X" ©

fall within samples havind,(24 um)~1 mJy and~2 . For £ afl . D?xx

example, the most luminous source yet found among these samples - 10 3 ;X x XX 3

is source 9 in Houck et al. (2005), which has luminosity of sl oy 2% :

7 x 10" L, at 5.5um and exceeds any source in our current 10 ! ! ! ‘ ‘

sample. All of the sourcesat- 2 reported so far have luminosities L 0 -1 —2 =3 —4

above~2 x 10" L, at a rest wavelength of6 um. Figure 4 The 10 um feature strength

indicates that l_)Oth quasars and ULlR.GS can h_ave luminosities that Fic. 4—Correlation between the observed strength of the silicate feature,
match these high-redshift sources. High-redshift quasars have beeg  and the IR luminosity at 5.5m. The symbols and color code are as in
discovered in th&pitzer 24 um samples, but these quasars have Fig. 3; silicate absorption increases to the right.
R < 21.7 (Brown et al. 2006) and therefore have much brighter
optical magnitudes than the obscured sources with extremeicate absorptions in Seyfert 1s and a few in quasars, and one
IR/opt. This means that examples at high redshift similar to the silicate emission in a Seyfert 2. These results are not expected
“quasars” in Figure 4 have been discovered in the infrared, butfrom the simplest unification scenario, although several AGN
they are not heavily attenuated in the optical. This implies that models can accommodate such exceptions (e.g., Nenkova et al.
the local analogs to the optically faint sources at high redshift 2002; Efstathiou 2006; M. Nenkova et al. 2007, in preparation).
would be those luminous ULIRGs in Figure 4. The fraction of these exceptional cases and the ranges of their
Although we do not attempt to interpret individual objects silicate strengths provide important constraints on these models.
within the dusty torus model of the unification scheme, since It should be noted that the fraction of Seyfert 1s having weak
some silicate emission from AGNs may arise on scales largersilicate absorptions is much larger than the fraction of Seyfert
than the torus (Sturm et al. 2005), the distributions of the silicate 2s with silicate emission, which requires a dust geometry that
strengths presented here are intended to give statistical meaningllows the broad-line region to be easily visible even when there
to understanding the dusty structure of AGNs and ULIRGs. For is significant optical depth through the dust clouds themselves.
example, the average spectra provide a practical means to identify
fundamental differences among the nuclear dusty environments We thank D. Devost, G. Sloan, and P. Hall for help in im-
of the different families. A significant number of ULIRGs show proving our IRS spectral analysis and M. Strauss for helpful
very deep silicate absorptio8,f{< —2.5 ), in strong contrast to discussions. This work is based on observations made with the
the quasars of similar luminosity, which show no obvious sign Spitzer Space Telescope, which is operated by the Jet Propul-
of absorption, and also in contrast to the classical optically clas-sion Laboratory, California Institute of Technology, under
sified AGNs. This reflects a different geometry of the dusty NASA contract 1407. Support for this work by the IRS GTO
material in these deeply absorbed ULIRGs (Levenson et al.team at Cornell University was provided by NASA through
2007). The distribution also reveals a significant number of sil- contract 1257184 issued by JPL/Caltech.
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