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ABSTRACT

The correlation between black hole mads, and stellar velocity dispessiomearby elliptical galaxies
affords us a novel way to determiig,,  in active galaxies. We report on measuremetiterafoptical spectra
of seven BL Lacertae host galaxies. The derived valuesark in the range of 160—-290 km's corresponding
to Mg, of 5 x 10"-1 x 10° M. The average ratio dfl,, to the host galaxy masg.6x 10°° , consistent
with that estimated in other active and inactive galaxies. The velocity dispersions and the derived values of
Mg, of the BL Lac objects are similar to those obtained for low-redshift radio galaxies, in good agreement with
the predictions of the unified models for radio-loud active galaxies.

Subject headings. BL Lacertae objects: general — galaxies: active — galaxies: elliptical and lenticular, cD —
galaxies: kinematics and dynamics — galaxies: nuclei

1. INTRODUCTION surement (at least for low-redshift objects) can be secured with
a single spectrum observable with a medium-sized telescope.
Here we present medium-resolution optical spectroscopy of
the host galaxies of seven BL Lac objects from which we derive
the stellar velocity dispersion. According to the shape of their
spectral energy distributions (SEDs), BL Lac objects are
ow : SO ; broadly distinguished into two types (see Padovani & Giommi
g(rar;[iesrsr?olgaftrlggotw?nulgl ?&N_S”']Zdr:f;?#ltmbeetﬁ%stehg Lh:sbnr%r\]/ta d1995): those whose SEDs peak at the near-infrared/optical and
to be successful for AGNSI is reverberation mapping of%road the y-ray MeV regions (low-frequency pea_lkeq BL Lac objects
emission lines, which is extremely time-consuming and gives [LBLs]) and those that _have SEDs _peaklng in the UV/X-ray
results onM ' that depend on the assumed geometry of theand thgy—ray Tev energies (cal[ed high-frequency peaked BL
accretion digll Therefore, for only a few well-studied quasars Lac objects [HBLs]). Our selection of nearty 0.2 ) BL Lac
: ; objects includes five HBLs and two LBLs. For all observed

and Seyfert galaxies is thd;, known (see, e.g., Kaspi et al'tar . o . .
. gets, high-quality images have been obtained either from the
2000, Nelson 2000, Wandel 2002, and references therein). Re—ground (Falomo & Kotilainen 1999) or with théubble Space

locts because they Iack prominont broad emission nes. there|S16520Pe Wide Field Planetary Camera 2 (Urry et al. 2000;
] y P : . ' Falomo et al. 2000). From these images, the characterization
fore, other methods need to be applied. The discovery of a

correlation betweeMy, and the luminosity of the bulge in of the host galaxies and the nuclear luminosity can be obtained.

nearby early-type galaxies (e.g., Magorrian et al. 1998) offered
us a new tool for evaluatiniyl;,, (see the recent reviews by
Merritt & Ferrarese 2001a, hereafter MFO1, and Kormendy &  The observations were obtained in 2001 June using the
Gebhardt 2001). So far, this correlation has been applied to a2.5 m Nordic Optical Telescope (NOT) equipped with the An-
sample of nearby quasars (McLure & Dunlop 2001) and BL dalucia Faint Object Spectrograph and Camera (ALFOSC).
Lac objects (Treves et al. 2002). Spectra were secured using two grisms to cover the spectral
Recently, a stricter correlation was found relativg, with ranges 4800-5800 fsetup A) and 5700-8000 fsetup B) at
the stellar velocity dispersion of the spheroidal component  0.54 and 1.3 Apixel™ dispersion, respectively. This allows us
in nearby inactive galaxies (Gebhardt et al. 2000; Ferrarese &to measure the absorption lines of K#861 A, Mg 1 (5175 A),
Merritt 2000). This relationship clearly demonstrates a con- CaE band (5269 A, and Nar (5892 A and the TiO+ Car
nection between BHs and bulges of galaxies and has spurred6178 A), TiO + Fe1 (6266 A), and other absorption line blends
a substantial effort in theoretical modeling (e.g., Silk & Rees from the host galaxies at a spectral resolufios 3000 .
1998; Haehnelt & Kauffmann 2000; Adams, Graff, & Rich- The chosen grisms, combined with ‘aslit, yield a spectral
stone 2001). The relationship appears to predicMpg moreresolution for a velocity dispersion measurement~60—-80
accurately but requires the measuremens @i the host gal- km s*, which is adequate for the expected range af Iu-
axies of AGNs that is difficult to obtain, in particular for objects minous elliptical galaxies (e.g., Djorgovski & Davis 1987;
at moderate or high redshift and with very luminous nuclei. Bender, Burstein, & Faber 1992) such as the hosts of BL Lac
On the other hand, BL Lac objects have relatively fainter nuclei
than quasars (e.g., Falomo et al. 1999), and for them this mea- * See http://imww.not.iac.es for instrument characteristics.
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The mass of the central black hole (BH) is of paramount
importance in theoretical models of active galactic nuclei
(AGNS). In particular, the dependence of BH makk,( ) on
the global host galaxy properties provides us with clues to the
role of BHs in galaxy formation and evolution. The dynamical

2. OBSERVATIONS AND DATA ANALYSIS
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TABLE 1
JOURNAL OF OBSERVATIONS AND RESULTS 12 b Neossat T T T
Exposure o 1
. 1 r
Object z Setup (s) SIN  (kms™) ool Measor
NGC 5831.......... 00055 A 600 45 167+ 5
B 600 55 185+ 10 o6l B
Mrk 421 ............ 0.031 B 3600 40 220+ 10 “F
Mrk 180 ............ 0.045 A 3600 40 225+ 10 [
Mrk 501 ............ 0.034 A 2400 40  265x 10 041 “E D% L, ‘g; é % % Q;DE 7
B 3600 55 280+ 15 [ - 4 % =z - = 3
| Zw 187 ............ 0.055 B 3600 30 253% 15 0z ° ol = ° ]
3C371 ... 0.051 A 2400 40 255+ 15 r | | S 1 |
B 3600 35 265+ 20 ol v L N L .
1ES 195965 ...... 0.048 B 2400 18 180+ 15 4500 5000 wovsiongth (4) " 6500
PKS 220104 ...... 0.027 A 3600 30 148+ 5
B 2400 50 153+ 8 Fic. 1.—Optical spectra of the BL Lac object Mrk 504 £ 0.034 ) and of

the nearby elliptical galaxy NGC 583% & 0.0055 ). The spectra are nor-

malized to the continuum and plotted in the rest frame.
objects. In addition to the spectra of the BL Lac hosts, we
acquired spectra of bright stars of type G8 111-K1 1l that exhibit
a low rotational velocity Y sini <20 km's). These are used
as templates of zero velocity dispersion. Furthermore, spectr
of the well-studied nearby elliptical galaxy NGC 5831 were
also secured in order to provide a test of the adopted procedur
to deriveo.

During the observations, seeing ranged betwéeantl 15.
The targets were centered into the slit or positionéagday
from the nucleus, and then the (?,ne_-dlmensmna_ll spectrum WaS‘resulting stellar velocity dispersions are in all cases in good
extracted from an aperture of-&' diameter, which is in all 4 00mant “with an average difference of 12 kih s , ensuring
cases within the effective radius of the host galaxy. In one casey sufficie’nt homogeneity of data taken with differer’1t grisms
(Mrk 180), spectra were taken with the object both centered into and/or resolution. Note, however, that there is a tendency for the
the slit and off-centered by’ 1but no significant difference was ' ' ;

; red grism (lower resolution) data to result in a slightly larger
apparent in the shape of the spectral features. Standard de} alug ofo. Ezor the nearby e)IIipticaI galaxy NGC 58?31,}\l1ve (?b-

reduction was applied to the spectra using the ta_sks availabl_e Naineds = 167+ 5 andl85+ 10 km< for the setups A and
the IRAF package. The procedure includes the bias subtractlon,B’ respectively._These values are in good agreement with pre-

flat-fielding, wavelength calibration, and extraction of one- vious measurements in the literatufe (= 168  kms : Prugniel
dimensional spectra. For each observation, we took two spectra,; | 1998). In Figure 1, we show an example of the,spectrum

and combined them in order to remove cosmic-ray hits and other ¢y g | ac object Mrk 501 compared with that of the elliptical
occasional spurious signals in the detector. In Table 1, we report

the list of our targets together with the instrumental setup and galsai>r<l3(/:el\l (e?’;l 5_?3180b§|2%22 g]xﬁi?atirt] g(p));cetralrzriz?egriss. in the ve-
the signal-to-noise ratio (S/N) of each spectrum derived from o y-type g g

the continuum in the middle of the observed spectral ranae city dispersion (Davies et al. 1983; Fisher, lllingworth, &
Inuum 1n the mi . Ved sp ange. pranx 1995), the measured value oflepends somewhat on
The stellar velocity dispersios was determined using the

. ) . the distances of the galaxies and the size of the aperture used.
Fourier quotient method (e.g., Sargent etal. 1977) |mplementedIn order to compare our values ofwith the data available in

Ir?1 tlfi1ze (;R;)AF Sb-[rSDtﬁ]S &aCkaggh Thrﬁ sp?:/tr?[ vc\j/etre f||rst rr]|?rr1 the literature (in particular, with the MFO1 relationship), we
alized by subtracting the continuum, converted 1o a ‘oga applied aperture corrections according to the procedure given

mic scale, and then multiplied by a cosine bell function that ;750,00 cen “Frany, & Kjeergaard (1995). The individual mea-
apodizes 10% of the pixels at each end of the spectrum. F'na”y’surements ol are therefore corrected to a circular aperture

I Fourter lansform of he gay specta es dided bY 1 iy & metric dameter of 118" kpo, equalent i
P ' P the distance of the Coma Cluster to derive the central velocity

2 |IRAF is distributed by the National Optical Astronomy Observatories dispersiono, , which is given in the third column of Table 2.
is distribu y i i y vatories, d .
which are operated by the Association of Universities for Research in As- When measurements ofin two SpeCtraI ranges are available,

tronomy, Inc., under cooperative agreement with the National Science th€ average is reported.

ax? fit with a Gaussian-broadening function (see Bertola et al.
1984 and Kuijken & Merrifield 1993 for further details on this
6\‘nethod). The rms scatter of theresults using different tem-

late stars was typically10 km s* and can be considered as
he minimum uncertainty of the measurement. The observed
values ofg and their estimated errors are reported in the last
column of Table 1.
For three objects, we have spectra in both spectral ranges. The

Foundation. No previous systematic study of the stellar velocity dispersion
TABLE 2
VELOCITY DISPERSION AND BH Masses oF BL LAac OBJECTS
. Oc IOg (MBH)a Re IOg (MBH)bulge IOg Mhosl
Object Type (kms?) Mg) Mg (kpc) (Mg) Mo)
Mrk 421 ............ HBL 236+ 10 850+ 0.18 -—23.12 3.4 8.65 11.20
Mrk 180 ............ HBL 244+ 10 857+ 0.19 -—2281 5.0 8.50 11.45
Mrk 501 ............ HBL 291+ 13 8.93+ 0.21 —23.87 15 9.00 11.59
1 Zw 187 ............ HBL 253+ 15 8.65+ 0.18 —22.22 4.7 8.20 11.39
3C371 ..o LBL 284+ 18 8.88+ 0.20 —23.67 2.9 8.90 11.32
1ES 195965 ...... HBL 195+ 15 8.12+ 0.13 —22.48 6.6 8.30 11.27

PKS 220104 ...... LBL 160x 7 772+ 013 —22.36 51 8.27 11.00
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Fic. 2.—Host galaxy stellar velocity dispersiop  ¥W&band absolute mag- - i
nitude for the BL Lac objectdi{led circles) and for low-redshift radio galaxies 1~ —
(open circles; Bettoni et al. 2001). The solid line indicates the original Faber B 7]
& Jackson (1976) relationship, transformed into téand. C ]
in BL Lac objects is available, although, recently, Barth, Ho, & 0 am |
Sargent (2002) reported optical spectroscopy for Mrk 501. These 300 400 200
authors measured avaluesof= 372+ 18 kms , which differs o(km/s)
significantly from ours € = 291+ 13 km s ). Their mea-
surement ofs, derived from the 5200-5600 Fegion, could be Fic. 3.—Distribution of the stellar velocity dispersian  of low-redshift

reconciled with our value, given their |arge scatter (81 ki s ) radio gala)_(ies L(pper}pan_el; B_ettoni et al. 2001) compared with that of the
fitting the data in this range. On the other hand, the higher Bt L2 obiects studied in this Letiefower panel).

o-value obtained from the Ca triplet lines (8498, 8542, and
8662 A), which are partly blended with telluric absorptions,
appears inconsistent with our value within the estimated errors.
Applying aperture correction to the value of Barth et al. (2002),
the difference ofs becomes even larger (byl5 km s*).

in the fifth and sixth columns of Table 2, respectivél,,  was
thus calculated following the relationship by McLure & Dunlop
(2002):

log Mg, = —0.50+ 0.08M, — 2.91+ 1.23 M,]. (2)
3. RESULTS AND DISCUSSION The corresponding values 8, are given in the seventh
We have adopted the relationship betwégp and foundcolumn of Table 2. For most sources, the differencevigf,
for nearby early-type galaxies that is based on optical spec-derived with the two methods is within the estimated uncer-
troscopy (MFOL1): tainty. The average values o®fl;, for our BL Lac objects
derived fromo and the host luminosity aréMg,,), = 8.62 =
Mg, = (1.48% 0.24) x 10°(0/200)*°*°**® M, ]. (1) 0.23 and (Mg, )ost = 8.66 = 0.25, respectively.
In two cases (I Zw 187 and PKS 22004), a factor o~3
We assume that this relationship is also valid for AGNs (see, difference inMg,, is found. We note that for PKS 22604,
e.g., MFO1) and in particular for BL Lac objects. This is con- W€ derive a significantly lower velocity dlsper5|on with respect
sistent with our imaging studies of BL Lac objects (Falomo & tO the rest of the observed sources, leading to aMyy . On
Kotilainen 1999; Urry et al. 2000; Falomo et al. 2000), indi- the other hand, for this target,is well determined (with good
cating that all our objects are hosted by luminous elliptical S/N data and the two spectral ranges giving similar results).
galaxies. The derived values bE,,  are reported in the fourth _ In our sample, there are two LBL-type and five HBL-type
column of Table 2, where the errors are the composition in BL Lac objects (second column of Table 2). With the caveat
quadrature of uncertainties inand in the MFO1 relationship.  that the number of studied objects is very small, we find no
Using the Gebhardt et al. (2000) relationship instead of the oneSignificant difference iMg,, between the two types of BL Lac
by MFO1 tends to yield slightly lower values M,, but does ©Objects.

not substantially modify our main conclusions. The values of  he measurements efcombined with the effective radii of
M, in Table 2 span a facto#20 from5 x 107 M, for PKS the host galaxies can be used to estimate the mass of the hosts

2201+04 t09 x 10° M, for Mrk 501. through the following relationship (Bender et al. 1992):
As mentioned abovél,, is also correlated, but with a larger
scatter, with the luminosity of the bulge of the host galaxy. The Mios = 50°1/G. 3)

host galaxy absolute magnitullg,  (uncorrected for extinction)
and the effective radiR, of the seven BL Lac objects are given  This dynamical mass (eighth column of Table 2) turns out
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to be in the range of1-4) x 10** M. The ratio between  butions of Mg, in radio galaxies and BL Lac objects are in-
Mgy and M, is in the range of(0.5-3.6)x 10* , with distinguishable, consistent with the model that both types of
(Mgu/Mposd = 1.4 x 10723 This is in good agreement withval-  AGNs belong to the same population but are observed from
ues derived for both AGNs and inactive galaxies different orientation angles.
((Mg,/M, o0 = 1.2 x 10°3% McLure & Dunlop 2001; Merrit
& Ferrarese 2001b). We thank D. Bettoni for helpful discussions and suggestions
In the unified model of radio-loud AGNs, BL Lac objects on the measurements of the velocity dispersion. This work has
are believed to be drawn from the population of radio galaxies received partial support under contracts COFIN 2001/028773
according to their orientation effects (e.g., Urry 1999). It is and ASI-IR-35. The Nordic Optical Telescope is operated on
therefore interesting to compare orientation-independent prop-the island of La Palma jointly by Denmark, Finland, Iceland,
erties, such as the velocity dispersion of the host galaxy, of Norway, and Sweden, in the Spanish Observatorio del Roque
BL Lac and radio galaxy populations. We show in Figure 2 a de los Muchachos of the Instituto de Astrofisica de Canarias.
comparison of the host luminosilM; verdoego  (the Faber- We thank the NOT staff for their kind hospitality and support.
Jackson relationship) for the BL Lac objects with respect to a The data presented here have been taken using ALFOSC, which
large sample of low-redshift radio galaxies (Bettoni etal. 2001). is owned by the Instituto de Astrofisica de Andalucia (IAA)
Both samples follow quite well the original Faber & Jackson and operated at the Nordic Optical Telescope under agreement
(1976) correlation. The similarity of the distributions @for between the IAA and the NBIfAFG of the Astronomical Ob-
these two samples (Fig. 3) furthermore implies that the distri- servatory of Copenhagen.
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