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ABSTRACT

We consider the effect of radiation pressure from ionizihgtpns on black hole (BH) mass estimates based
on the application of the virial theorem to broad emissioediin AGN spectra. BH masses based only on the
virial productAV?2R and neglecting the effect of radiation pressure can be sgvenderestimated especially
in objects close to the Eddington limit. We provide an enmairicalibration of the correction for radiation
pressure and we show that it is consistent with a simple physiodel in which BLR clouds are optically
thick to ionizing radiation and have average column deesitif Ny ~ 10?2cmi™2. This value is remarkably
similar to what is required in standard BLR photoionizatimndels to explain observed spectra. With the
inclusion of radiation pressure the discrepancy betweal BH masses based on single epoch spectra and on
reverberation mapping data drops from 0.4 to 0.2 dex rmsLsh@f single epoch observations as surrogates of
reverberation mapping campaigns can thus provide moreaecBH masses than previously thought. Finally,
we show that Narrow Line Seyfert 1 (NLS1) galaxies have agptir low BH masses because they are radiating
close to their Eddington limit. After the radiation pressgorrection, NLS1 galaxies have BH masses similar
to other broad line AGNs and follow the sarvsy-oe/Lsph relations as other active and normal galaxies.
Radiation forces arising from ionizing photon momentumaigtion constitute an important physical effect
which must be taken into account when computing virial BH seas
Subject headings. radiation mechanisms: general — galaxies: active — gadaXi;mdamental parameters —

galaxies: nuclei — quasars: emission lines — galaxies: e3eyf

1. INTRODUCTION Peterson & Bentz 2006 for a recent review) which provides
In the last few years, it has become increasingly clear that@? €stimate of the Broad Line Region (BLR) average dis-

supermassive black holes (BH) are an essential element ifance from the BHRgg). The BH mass can thus be de-

; . " N >
the evolution of galaxies. The key observational evidence V€d using the virial theoremMey = fAVRg /G, where
of a link between a BH and its host galaxy is provided AV is the width of the broad emission line arids a scal-

by the tight correlations between BH mass and luminosity, N9 factor which depends on the physical properties of the
myass, vegllocity dispersion and surface brightness profilleeof / BLR (e.g/Peterson & Wandel 2000). Although this technique
host spheroid$ (Kormendy & Richstone 1995; Gebhardtlet al.'S Potentially plagued by many unknown systematic errors
2000; [Ferrarese & Merritt_2000; _Marconi & Hurit_2003; (Krolik 2001iCollin et al. 2006), BH masses from reverber-
Graham & Driver 2007). The link between BH and host &li0N mappping are in agreement with thfg-oe relation

galaxy is probably established by the feedback of the ac-Of normal galaxies (e.g. McLure & Dunlop 2002). However,
creting BH, i.e. the active galactic nucleus, on the host this technique is very demanding in terms of telescope time

galaxy itself (e.g] Silk & Rees 1998 Granato etlal. 2004; nd it can be applied only to a few objects especially at high

Di Matteo et al.| 2005/ Croton etal. 2006. and references "€dshiftsi(Peterson etial. 2004; Kaspi et al. 2007). Theusadi
therein). ' ' | ' luminosity relation discovered by Kaspi el al. (2000) shows

In order to fully understand the implications of BH growth that centinuum Iuminos_i.ty can be used as a proxyReir
on the evolution of the host galaxies it is fundamental to (Kaspietall 2000, 2005; Bentz etal. 2006b). From the spec-
measure BH masses in large samples of galaxies from zerdrum of a broad line AGN it is therefore possible to obtain a
to high redshifts. Direct BH mass estimates based on stel-Single epoch (SE) BH mass estimate. o
lar and gas kinematics are possible only in the local uni- One of the most important sources of uncertainty in virial

verse and their complexity does not allow their application P}ABH estim%tes is the ecalingc;factdr anenhetalh (2004)
to large samples (e.. Ferrarese & Ford 2005; Marconi et al."ave provided an estimate df assuming that the AGN
2006). The limit of the local universe can be overcome Il\r/]l the RI\/II t(_:iatab]?se of IPetersc_)n e}_l‘_‘l' (2004) tfolllo;vogge
ith the reverberation mapping (RM) technique (see, e.g.,VBH-Ce r€lalion ol normail galaxies_(lremaine et al. ;
W v I pping (RM) ique ( g Ferrarese & Ford 2005). The factbrby|Onken et al. (2004)

1 Dipartimento di Astronomia e Scienza dello Spazio, Unitarslegli is only applicable to estimates of the virial product based

Studi di Firenze, Largo E. Fermi 2, 50125 Firenze, Italy on RM (see Peterson et/al. 2004 for more details). Building
_ IZEF;hysicRs Dt;partme'\r:t, R\(()Chkeﬂ%zlgsbitgf of Technologi.dab Memo- on the results by Onken etlal. (2004), Vestergaard & Peterson
rial Drive, Rochester, New Yor| y 3 H i i Y _
3 INAF - Osservatorio Astronomico di Roma, Via Frascati 390040 (.2006) hax.e ﬁahbrag.ed Sﬁalmgdrﬁla}lgns fOI’H?EhVI::J@r es.
Monte Porzio Catone, Italy t|ma_1t_es which combine the width of broadshivith the lumi-
4 National Astronomical Observatory of Japan, 2-21-1 Osaviaka, nosities ofA\L, at 5100A.
Tokyo 181-8588, Japan Overall, SE virial estimates are commonly used to estimate
5 INAF-Osservatorio Astrofisico di Arcetri, Largo E. Fermi 50125, BH masses |n |arge Sample Of galaXles from zZero to hlgh

Firenze, ltaly. redshifts (e.gl Willott et al. 2003; McLure & Dunldp_2004;
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Vestergaard 2004; Jiang ellal. 2007) and are deemed accurate
only from a statistical point of view on large samples of ob-

jects since a single measurement can be wrong even by a fac- AL LA R L B B R ALL R A R AL

tor of ~ 10 (e.gl Vestergaard & Peterson 2006). log N, [em ] j
There are three important considerations which are sug- [ —— 21 / I

gested by the results presented in the above papers. Hrst, S : : 22 i

virial BH masses of a few objects (e.qg. higthighL quasars —F— 23 /

or Narrow Line Seyfert 1 galaxies) imply they radiate near or 10 = T Sg :

above the Eddington limit. The virial theorem is based on the
assumption that the system is gravitationally bound arsl thi
might be violated in super-Eddington sources where the out-
ward force due to radiation pressure overcomes gravitaltion
attraction. Second, even when< Lgqq, One should take into
account that the radiation force partially compensatesigra
tational attraction. In the standard accretion disk motia, B
source of ionizing photons can be considered point-likbeat t L
distance of the BLR (see however Collin & Huré 2001 for a T
different point of view) and the radiation force scales&s i — —
mirroring the radial dependence of the BH gravitational at- C oo ond oo ol
traction. Thus BLR clouds are effectively being pulled by 105 10* 10 10® 10-! 10°
a smaller effective BH mass and all present virial mass es-
timates for objects close to their Eddington limit, where ra L/ Lgaao
diation pressure is not considered, might be underestimate _ - o ,
Finally, the Eddington limit is computed assuming that the r Fic. 1.— The ratio between virial BH masses taking into accoadtation
diation pressure is due only to Thomson scattering of pleoton pres-su{fr']m BHl) and tlh Effj-bafed OTy g” the virial produlist o) s plotied

g - against the classical ington ratio e_ised/tym,o. MBH/MBH_D is thus the
by free electrons. As supported by reverberation mapping,correction factor which should be applied to BH mass estisaased only
by the radius-|umin05ity relation and other observatiecnal on the virial productNy is, on average, the total column density of each BLR
idences (e.d. Blandford etlal. 1990), BLR clouds are almost¢'oud along the direction to the ionizing source.
certainly photoionized. Thus BLR clouds are subject to ra-
diation forces arising from the deposition of momentum by

ionizing photons which can substantially exceed that due to . . L
scattering. to scattering processes, (ii) the Thomson cross-secti@pis

The importance of radiation pressure due to ionizing pho- réSentative of all scattering processes involving freecurrtal
tons and its possible effects on virial BH masses has alreadyF!€ctrons and (iii) both recombination and scattered pi®to
been mentioned in a few papers (é.9. Mathews 11993; Gaskelfre 'isotropically’ re-emitted. These assumptions aredval
1996) but seem to have not been considered in detail subself U¢/as(H) < Ny < 1/o7 whereNy is the total cloud col-
quently. This effect might be particularly important in Nar Umn density along the direction to the ionizing soutdeis
row Line Seyfert 1 galaxies which are believed to accrete the ionization parametetg(H) is the ‘case-B’ recombination
close to their Eddington limit. Indeed, they are character- COefficientfor hydrogen anekr is the Thomson cross-section.
ized by small BH masses compared to other AGNs and to theF0r typical conditions in the BLRTE ~ 2 x 10°K, U ~001,
Mg-Lepr/oe relations (e.gi_Mathur et 5. 2001). It has also ©-g.Netzer 2006).2 x 107tcm? < Ny < 1.5 x 10**cm ™,

MBH/MBH,O

been noted that the distance of NLS1 galaxies fromMbg- The total force acting on a cloud in the outward radial di-
Lepr{e relations is larger for objects with larger Eddington Tection and due to radiation pressure is

ratios (Grupe & Mathur 2004) suggesting that smaller BHs +00 L

are growing faster. Alternatively, this might be an indioat F= dv 7 ——(1-€)AA 1)
that that virial BH mass are underestimated in the higheqgq 0 mrec

regime. wherel,, is the luminosity of the AGN continuum emis-

In this paper we investigate the effect of radiation pressur sion, r is the cloud distance from the ionizing soureg,is
on virial BH mass estimates. I § 2 we present a simple phys-the optical depth of absorption/scattering processes/sd
ical model for the radiation pressure effect on virial BH sias is the cloud surface exposed to the AGN radiation. Scatierin
estimates. In EI3 we calibrate the effect of radiation pmessu is important only for non-ionizing photons therefore, unde
on virial BH masses adapting the procedures of Onkenl et al.the above assumptions, it is possible to write:
(2004) and Vestergaard & Peterson (2006). [d § 4 we apply L L-L
our corrected virial BH mass estimates to Narrow Line Seyfer =_on + ‘on
1 galaxies and show that these galaxies are indeed corsisten 4rrec 4mrec
with the Mg-ce/Lspn relations, showing that BHs are not ab- where the two terms are the radiation forces due to absorp-
normally small. Finally, we discuss our results and draw our tion of ionizing photons and Thomson scattering, respebtiv

orNRAA (2

conclusions in §15. Lion is the total luminosity of the AGN ionizing continuum,
hv > 13.6eV (see, e.gl, Peterson 1997; Krolik 1999) &ihd
2. THE EFFECT OF RADIATION PRESSURE ON VIRIAL BLACK is, on average, the total column density of each BLR cloud

HOLE MASS ESTIMATES: A SIMPLE PHYSICAL APPROACH along the direction to the ionizing source. The contributio
We will explore the effect of radiation pressure on BLR to the radiation force from the absorption of line photons is
clouds using a simplified model which assumes that (i) eachnegligible for the optically thick clouds considered hesed,
cloud is optically thick to ionizing photons but opticallyimh e.g., the seminal paper oy Castor et al. 1975).
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Taking into account the total radiation force acting on each Krolikl 2001; |Onken & Peterson_2002; Collin et al. 2006;
cloud and assuming that the BLR is a bound system, it is pos:Vestergaard & Peterson 2006) which is beyond the scope of
sible to derive a modified version of the classical virial-the this paper. Nevertheless, virial BH mass estimators arelyid
orem which takes into account radiation as well as gravita- used, and in order to investigate the effect of radiatiorspre

tional forces. Approximating the cloud mass-asn,NHAA sure on such estimates, we must necessarily start from the
the modified expression for the virial BH madgy is: same set of assumptions for our simple model.
2
Mey = fV r, 1-a+ M 3) 3. THE EFFECT OF RADIATION PRESSURE ON VIRIAL BLACK
BH G Leqao 1Ny HOLE MASS ESTIMATES: AN OBSERVATIONAL APPROACH

wheref is a geometrical factor which takes into account the __1h€ Simple physical approach presented in the previous sec-
geometry of the BLRLggqo is the classical Eddington lumi- tions suggests that virial BH mass estimates can be written a

nosity for a solar mass object amd= Lign/L. This expres- a function of observed quantities as

sion has a physical meaning as long as the system is bound, V2R Ls100

i.e. as long as the radiation force on BLR clouds is smaller Mgu=f—+0 | ———— o (6)
; G 10*ergs?

than gravity. In formulae

L < LEddo @) whereLs;o represents\L, at 5100A. After Eq[Bg corre-
[1-a+a/(oTNu)] sponds to
whereLgqqp is the classical Eddington luminosity. Neglect- - 1 _ a
ing momentum injection by ionizing photona € 0) we re- 9=60x1¢° 9. 1-ax o1 Ny Q)

cover the classical relatioh < Lggqo. Using Mgy from

Eq.[3 to computégqqo, it Should be noticed that fdr — oo, whereb = L/Lsigois the bolometric correction at 5_100A. Fol-
L/Leddo — 1/ [L—a+a/(orNw)] andL/Leado will always be lowing[Marconi et al.|(2004), the/Lsi00 bolometric correc-
less than or equal to 1. This i a consequence of the assumpion is on averagé ~ 9.0 in the 16°-10"L, luminosity

tion of gravitationally bound BLR which allowed us to write range.f andg are free unknown parameters which depend on
Eq.[3. Therefore, it is not possible to establish whethersa sy the physical and geometrical properties of the BLR. In parti
tem is above Eddington by using virial BH mass estimates, ular theg factor critically depends on the assundgl value
since they are themselves based on the assumption of a subvhich determines the cloud mass and thus sets the relative

Eddington system. importancelof gravity and _radiation pressure. _
In order to quantify the effect of the radiation force correc A correction for the radiation force which is proportional
tion we write Eq[B as to L is more general than the simple physical model pre-
sented in the previous section therefore, in order to avoid
Mg = Maho {1+ L <1—a+ a )] (5) a-priori assumptions on the values of the physical param-
" Leddo orNH eters characterizing BLR clouds, we can determinand

g following a procedure similar to_ Onken et al. (2004) and
Vestergaard & Peterson (2006). Thus our model will only
provide a simple physical interpretation of the empirgal-
ues.

whereMgy o is the standard virial BH mass computed with-
out taking into account radiation pressure. In Eig. 1 we show
the behavior oMgn/Mgn o as a function ot /Lgqqo and for
different values ofNy. Thea = Lj,,/L bolometric correction
has been computed following Marconi et al. (2004) and is on . .
averagea ~ 0.6 in the 19— 1012L ., luminosity range. For 3.1. Black hole masses from reverberation mapping data
Ny=1073cm? andL /Lggqo > 0.1, Mgn/Mgp o Varies between Onken et al. [(2004) considered the AGNs from the re-
2 and 10. This can be much larger for smaller column densi-verberation mapping databaselby Petersonlet al. (2004) with
ties of BLR clouds but values at loy should be taken with  measured stellar velocity dispersion. They used the timge la
caution since the adopted formula is valid only if the cloud of the broad lines foR and the velocity dispersion of the

is optically thick to ionizing photons, i.&y > Uc/ag(H) ~ r.m.s. spectra fol. They determined by assuming that the
1.2 x 107%(U /0.01) cn2. The correction factor remains small  AGNs in their sample follow th&/gy-oe relation for normal

(< 2) only for column densitiedly > 10?*cm2. Clearly the ~ galaxies.

correcting factor critically depends on tNg value which sets We first update the RM database by Petersonlet al. (2004)
the total cloud mass and thus the relative importance of-grav With the newer estimates of BLR time lags for NGC 4151
itational attraction with respect to radiation pressureie®  (Bentzetal.l 2006a), NGC 4593 (Denney etlal. 2006) and
all, this figure suggest that neglecting the effect of radimat NGC5548|(Bentz et al. 2007). We exclude from the database

pressure might result gy values which are underestimated PG1211+143 and IC4329A because their time lags are not

even by a factor 10. reliable (Peterson etal. 2004). When possible, we correct
Virial estimates of BH masses are based on the assumpthe average AGN luminositiesL, (5100 A) for the host

tion that the BLR is gravitationally bound to the BH and that galaxy contamination following Bentz et/al. (2006b). We

outflowing motions are negligible. In recent years, buiiin  consider the host galaxy velocity dispersions by Onken.et al

upon observational evidence for outflows in the BLR, alter- (2004) and we supplement them with the data by Nelson et al.

native models have been proposed in which part of the BLR (2004) for Mrk 279 and Dasyra et/al. (2007) for PG1229+204,

is in the form of a disk wind (e.d. Murray & Chiang 1995, PG1426+015, PG1617+175and PG2130+099.

Chiang & Murray| 1996; Elvis 2000;_Collin & Huré 2001; f andg are then derived by finding the minimum of:

Proga et al. 2000; Proga 2007; Everett 2005 and references lod Mes ) — (I0aM 12

therein). This possibility has generated a debate aboutthe 2= Z [(IogMen)i — (logMer)o.] (8)

liability of virial BH masses (e.d. Peterson & Wardel 2000; — (6logMa)? + (5 logMei)3; + AX?
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TABLE 1 TABLE 2

CALIBRATION OF RM VIRIAL MASSES CALIBRATION OF SEVIRIAL MASSES
Database f logg Ares Mgn from RM log f logg Avres
Onken2004 5.5 (+1.9;-1.5) -10* 0.39 Mg from SE ¥, Ls100)
Onken2004 ® (+1.6;-1.2) =10 0.39 o
Updated 48 (+1.5;-1.3) -10* 0.52 f=55;logg=-10" 6.93(+0.12;-0.13) -10° 0.43
Updated (Fam1) 3.1 (+1.3;,-15) 7.6(+0.3,-0.3) 0.50 f=55;logg=-10 647 (+0.17,-0.22) 748 (+0.16;,-0.25) 034

(Fam2) 43 (+1.2;-1.1) <2 f=31;logg=7.6 6.13 (+0.15;-0.30) 7.72(+0.06;-0.05) 0.22

Mgy from SE (\/H[:h LH[;)

5;logg=-10"  6.69 (+0.12;,-0.08) -10° 0.46
1;logg=76  595(+0.12,-0.17) 7.82(+0.07,-0.09) 0.27

T AX = 0.0 as i Onken et all_(2004)Fixed fit parameter.

f=5

. . . . f=
where (logVign); is the log BH mass of theth object which 3
depends orf andg, (logMgn)o,; = o + 3log(ge/200km S_l)i T Original[Onken et al[(2004) databas€ixed fit parameter.

is the expected mass value from thHdgy-o relation .
(Tremaine et &l. 2002; Ferrarese & Hord 200R)is the stel- 3.2. Black Hole masses from single epoch spectra

lar velocity dispersion of the host spheroid,ldgMgy); is Vestergaard & Peterson (2006) considered the AGNs in the
the error on (lodgn)i based on the errors oW?, R and Peterson et all (2004) database. They collected singlehepoc
5(logoe)i is the error on logfe/200). At variance with spectra for the same sources and used the FWHM of the broad
Onken et al.[(2004), we allow for an intrinsic dispersion of lines as an estimate & and the continuum or broad line lu-
the Mgy-o relation, AY, which we assume equal to 0.25 dex Minosity to estimatdr from the radius-luminosity relation of
(e.g.[ Tremaine et al. 2002; Marconi eflal. 2004; Tundo ket al. Bentz et al./(2006b). Then they determined the correspondin
2007). We follow a standarg? minimization and we es-  f parameter (see Elgl 9 below) by rescaling the virial products
timate errors on the parameters with the bootstrap methodrom single epoch spectra to the BH masses determined fol-
(Efron & Tibshirani 1994) with 1000 realizations of the par- lowing/Onken et al.[(2004).
ent sample. As shown by Onken et al. (2004) the use of the We consider the database of single epoch measure-
Ferrarese & Foro (2005) or Tremaine et al. (2002) version of ments of FWHM(Hg) (hereafterViig), Lug and Lsigo by
the Mpy-oe relation provides consistent results; therefore, in [Vestergaard & Peterson (2006) and following those authors
the following we will focus only on the Tremaine et al. (2002) we write the virial BH mass from single epoch measurements
relation,a = 8.13+0.06,5 =4.02+0.32. as:

The results of the fitting procedure are summarized in Ta- v 2 L 05
ble[d. We have considered the origihal Onken étlal. (2004) MBH/M@=f< Hp > ( 5100 >
database and the updated one. Errors on fit parameters are 1000kmst? 10*ergs?
determined from the percentiles of the bootstrap resultseat Ls100
68% confidence level around the median. Several consider- g (m) 9)
ations can be made from the results in Tdlle 1. As a sanity
check, we are able to reproduce the results by Onken et alwhere the proxy foW is now the FWHM of the 8 line and
(2004) i.e.f =55+ 1.9 (first table row). The fits shown in  the BLR radiusR is given by the radius-luminosity relation
the second and third row indicate that whgiis fixed and  with a slope of 660+ 0.06. As before, the bedtandg values
negligible, the use of the updated database or the use of an infollow from x? minimization as in EqJ8 where (Iddgn)o;
trinsic dispersion foMgy-o do not significantly change thfe is now the BH mass from reverberation mapping computed
value. With the use of the updated database which has a largesiccording to_Onken et &l. 2004 € 5.5, logg = —10.0) or to
number of objects, the scatter of the residuals is signifigan our new calibration{ = 3.1, logg = 7.6). Obviously, theAY:
increased. Wheagis free to vary, the bootstrap analysis shows term has been removed.
that there are two distinct families of solutions: those wehe The fit results are shown in Tallé 2 where, as before, we
both f andg are determined and those wheyés negligible provide bootstrap errors. The fit results in the first row are
and totally undetermined. The existence of two families of the sanity check to show that we are able to reproduce the
solutions from the bootstrap simulations is an indicatiaitt  results by Vestergaard & Peterson (2006), who findfleg
the dependence on luminosity can be inferred only from partg 91+ 0.02 with an rms of 0.43. Our errors are larger be-
of the sample, i.e. from the objects with the lardeéteqara-  cause of bootstrap simulations, but they would be similar to
tios. In roughly 20% of the sample realizations the number the ones by Vestergaard & Peteison (2006) if we used the for-
of these objects is lovg is undetermined and thievalues are  mal errors of the fit. In the second row we start from the
consistent with the Onken etlal. (2004) determination. Tikei assumption that virial masses from RM are Computed follow-
clusion of theg parameter has the net effect of decreading  ing/Onken et al.[(2004), but we allow for a frgdactor. The
since the expected BH mass is fixed by Mgy-oe relation. SE data are clearly able to provide an estimate ofjtfeetor
~ Our ability to determine an accurate empirical valuegof  which turns out to be remarkably similar to what was found
is limited, as were previous efforts to determifigby the  for the RM data. In the third row we start from virial RM
size, composition and accuracy of the existing reverb@mati  masses computed with the bésandg values and there are
database. In particular, it currently contains few souveés  two surprising results: first, thg value which turns out for
high Eddington ratios, which provide the tightest constt®i  SE virial masses is log= 7.72+ 0.05, perfectly consistent
ong. With this caveat in mind, however, we provide a first es- wjth that from RM virial masses, but with a much smaller un-
timate off =3.1+ 1.4 and logy= 7.6+ 0.3 to computeMgy certainty. Second, the dispersion of the residuals draps fr
from reverberation mapping data. ~ 0.4 to 0.2 dex. The latter result indicates that half of the
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log[Mgy(SE;HB,L,)/Mpy(RM)] log[Mgy(SE;HB,L,) /Mgu(RM)]

FiG. 2.— Comparison between SE and corresponding RM virial egadseft panel: without taking into account radiation pteegsame as Fig. 8, right panel,
of[Vestergaard & Peterson 2006); the dispersion of the dateyahe x axis around the 0 value is 0.4 dex. Right panel: sswight panel but taking into account
radiation pressure as described in the text (RM virial masse also computed with the correction for radiation pnegsthe dispersion is 0.2 dex. Error bars
combine errors on RM and SE virial masses but are dominateédedfprmer. Error bars are different in the left and rightgarbecause of the different relative
importance of virial products and luminosities in RM virraksses.

scatter of SE virial BH masses around RM ones is consistent The two g values determined by (1) minimising the RM
with a need to take into account radiation pressure. The re-virial mass against th®gy — o relation and (2) minimising
duced scatter of the SE virial masses is also shown irJFig. 2the SE virial mass against the 'calibrated’ RM mass are both
(right panel) and should be compared with the left panelén th consistent with a value lag~ 7.7. Considering Edq.]7 we
same figure and Fig. 8 (right panel) of Vestergaard & Petersoncan derive the averagsdy which is needed to obtain thg

(2006). value determined empirically. With lap= 7.7 anda = 0.6
Wu et al. (2004) and Greene & Ho (2005b) have shown thatwe can deriveNy ~ 1.1 x 10?3cm™. This Ny value which
it is also possible to use the luminosity of the broad if- we inferred by calibrating RM and SE virial BH masses is

stead ofLs;90 to avoid possible contamination of the AGN remarkably similar with the indications from photoionimat
continuum emission from the host galaxy. Thus, follow- modeling studies of the BLR. Within the framework of the
ing \Vestergaard & Peterson (2006), we substilugg with standard BLR model, photoionization calculations can ex-
Lug in Eq.[9 to obtain SE virial masses from the broad H plain observed spectra only if BLR clouds are optically khic
line only. Inverting thel s — Lsigo relation byl Greene & Ho  to ionizing radiation and adoptdd, are usually of the order

(2005b) we can write of 1073cm (e.g/Baldwin et al. 1995; Kaspi & Netzer 1999;
} Vi 2 Lus 0.44 Korista & Goad 2004 and references therein).
Men/Me = f < 1000km sl> < 10%2erg sl> 4. THE CASE OF NARROW LINE SEYFERT 1 GALAXIES

Lng 0.883 The nature of Narrow Line Seyfert 1 galaxies and their re-
+g 0'732<W) (10)  lation to 'normal’ Seyfert 1 galaxies is still debated, bisi
. ) ergs more or less generally believed that they are AGNs character
The fit results are shown in Taljle 2. As before, we can repro-jzed by high accretion rates and small BH masses account-
duce the Vestergaard & Peterson (2006) calibrationflseg  ing for their smaller line widths (e.q. Pounds etlal. 1995).
6.67+ 0.03, and the best fit which takes into account radia- Many different authors have undertaken the task of measur-
tion pressure shows a significant drop in the dispersionef th ing virial BH masses in NLS1 galaxies and found that they
residuals providing a best fitvalue which is consistent with  are small compared to broad line AGNs with similar lumi-
previous results. nosities (e.g._Grupe 2004). The location of NLS1 on the
. Mgh-celLspn, however, is still hotly debated. Most authors
3.3. The average column density of BLR clouds suggest that NLS1 galaxies have small BHs compared to their
The results in the previous sections show that it is possi- host galaxies (e.q. Mathur et/al. 2001; Grupe & Mathur 2004;
ble to determinef andg both for RM and SE virial masses Zhou et all 2006; Ryan etial. 2007) while others find an over-
although it is difficult to accurately quantify their magmnie all agreement with thégy-o. relation of normal galaxies
with the present data. The values are smaller than those (e.g./Botte et &l. 2005; Komossa & Xu 2007). A picture is
derived byl Onken et al! (2004) and Vestergaard & Petersonnow emerging in which the BHs in NLS1 galaxies are now
(2006) because the final BH masses are still calibrated withexperiencing a rapid growth which will eventually lead them
theMgy-o relation but part of the findWgy value is accounted  on theMgy-Lspi/oe relations as other active and normal galax-
for by the effect of radiation pressure. Considering theaff ies (e.gl Collin & Kawaguchi 2004; Mathur & Grupe 2005).
of radiation pressure can significantly improve the agragme  NLS1 galaxies are thus ideal targets to explore the effects
of SE and RM virial masses. of the newly calibrated expressions which take into account
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w/o radiation pressure w/ radiation pressure
40ilIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|:40illIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|:
- <log Mpy/Mo> = 7.10£0.07 4 [ <log Mgy/Mo> = 7.64+0.09 -
E <log Mpg/Mo> = B.07+0.05 3 [ <log Mpy/Mo> = 7.9940.07 3
30 J30F _ =
nE 1k ]
S _F 1. E
o 20F =20F E
o C 3 C — 3
IS = 1 F 3
e 10 —10F L =
oF | : :
:IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIF :IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|:
S 6 7 8 9 10 5 6 7 8 9 10

log Mgy/Mg log Mpy/Mg

Fic. 3.— Distributions of BH masses for narrow line Seyfert lagés {445 < 2000km s1, thick line) and 'normal’ Seyfert 1 galaxie¥{3 > 2000km st,
thin line with shaded area). Left panéitgy obtained with the scaling relations by Vestergaard & Petef2006). Right panelMgy obtained with the scaling
relations which take into account radiation pressure. Tumabers in the top left corners of both panels denote the medrstandard deviation of the mean
(o/+/N) of narrow and broad Seyfert 1 galaxies.

radiation pressure. In particular, using our new calilut a&be- sues connected with using surrogates like the dispersion
pressions for virial BH masses, we will verify (i) whether BH of the [Oiil] line (e.g..Greene & Ho 2005a; Komossa &/Xu
masses of NLS1 galaxies are indeed small compared to othe2007). We thus consider the samples of NLS1 galaxies by
AGNs with similar luminosities and (ii) whether they lie be- |Botte et al. [(2005) and Zhou etal. (2006) whereare di-
low the Man-oe,Lspn relations. rectly measured and the sample lby Ryan etial. (2007), the
We first test whether BH masses in NLS1 galaxies are only one for which accurate high resolution J and K photom-
on average smaller than those in 'normal’ Seyfert 1 galax- etry of the host spheroid is available. From Zhou et al. (2006
ies. We consider the complete, soft X-ray selected sam-we take the sub-sample of 33 sources with z <0.1 for which
ple byl Grupe et al. (2004) which is composed of 110 broad either the host galaxy appears to be face on or the SDSS fiber
line AGNs with measuredy g, Lz andLsigo and we com- aperture is dominated by galactic bulge contribution. This
pute virial BH masses using Egl 9. In F[d. 3 we plot the choice is motivated by the need to avoid bulge velocity dis-
distributions ofMgy obtained with the scaling relations by persion values which are artificially increased by rotatién
Vestergaard & Peterson (2006) (left panel) and with the-scal the galactic disks.
ing relations which take into account radiation pressugh(r For the Botte et all (2005) and Ryan et al. (2007) samples,
panel). The sample has been divided in two parts, narrowwe compute virial BH masses using the scaling relations by
line Seyfert 1 galaxiesvys < 2000kms?, thick line) and Vestergaard & Peterson (2006) and E§. 9. Instead for the
'normal’ Seyfert 1 galaxiesk, 3 > 2000kms?, thin line with Zhou et al. (2006) sample we use Eg] 10, i.e. we use the lu-
shaded area). In the top left corners of both panels we reporfninosity of the broad H as a proxy forRg.r, since, due
the mean and standard deviation of the mesh/(N) of nar- the latter selection criteria\Lx might be strongly contami-
row and broad Seyfert 1 galaxies. If radiation pressure is no Nated by stellar light. The comparison with expected BH mass
taken into account, we recover the well known result that BH Values from théVlsi-ce (Tremaine et al. 2002) arfdg-Lspn
masses are a facter 10 smaller in NLS1 galaxies. However, (Marconi & Hunt/2008) are plotted in the Figl 4: in the left
this difference is greatly reduced to a factor2 when radi- ~ Panel we use the virial BH masses by Vestergaard & Peterson
ation pressure is taken into account. The average BH mas$2006) while in the right panel we use our new virial mass
of 'normal’ Seyfert 1 galaxies is unchanged as expectedsinc €stimates which take into account radiation pressure. Aemor
these objects are accreting at moderately low Eddington ra€fined statistical analysis would be complicated by the het
tios compared to NLS1. Itis beyond the scope of this paper to€rogeneity of the data and is beyond the scope of this paper
accurately determine the average BH mass of NLS1 with re-but it is clear that, although with a large scatter, NLS1 with
spect to Seyfert 1 galaxies, we only wish to point out that the '0ld’ virial BH masses are lying preferentially below thes-
effect of radiation pressure is very important and, wheeak e relation defined by normal galaxies. When radiation pres-
into account, BH masses of NLS1 galaxies are, on average, #Uré is taken into account in virial BH mass estimates, this
factor 5 larger. tendency disappears or is strongly reduced. It is significan
We now test whether NLS1 galaxies indeed lie below the that the NLS1 galaxies with bulge luminosities by Ryan et al.
Men-ce/Lspn relations. We consider only samples whege ~ (2007) are all lying below the expectdthy-Lsphvalues while
or Lsph are measured directly because we want to avoid is-they are in good agreement with it after radiation pressase h
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FiG. 4.— Comparison between virial BH massédga(; vir) and those expected from tidgy-oe or MpH-Lsph correlations for normal galaxiesMgH corr,
Tremaine et al. 2002: Marconi & Hunt 2003). Left panel: JiBd masses are computed using the calibrated relatiohs bieldmard & Petersoh (2006). Right
panel: virial BH masses are computed using the relationseden this paper which take into account radiation pressur

been taken into account. This is confirmed by Eig. 5 where
we plot the histogram of the distances from ¥Mgy-o, cor-
relation for the data by Zhou etlal. (2006). In the top left-cor

ner we report the mean and standard deviation of the mean

(cr/\/N) of residuals from théMgn-oe correlation. If radia-
tion pressure is not taken into account, NLS1 galaxies lie, o
average, a factor 5 below the correlation. However, after
taking into account radiation pressure, virial BH masses ar
dispersed around the correlation.

The above findings do not constitute the definitive proof
that radiation pressure provides a solution to the small BH
mass problem in NLS1. We only show that our calibrated
correction for radiation pressure is approximately of tigatr
amount to bring NLS1 to lie on thelgy-oe,Lspn cOrrelations.

Finally, although it is not possible to establish whether a
system is emitting above Eddington using virial BH masses

(see €P), the average increase of BH masses by 0.5-0.7 dex

in NLS1 galaxies (from the Grupe et/al. 2004 and Zhou et al.
2006 samples, respectively) implies a similar decreadwsif t
classical./Lgqqo ratios.

5. SUMMARY AND CONCLUSIONS

In this paper we have considered the effect of radiation-pres
sure on virial BH mass estimates.

With a simple physical model, we have provided a correc-
tion for the effect of radiation pressure on virial produdthkis
correction mainly depends on the average column deRity
of broad line clouds.

We have re-calibrated virial BH masses based on re-

Zhou+06 sample

15H\HHH‘HHHH\‘HHH\H‘\HHHH‘HHHH\‘HHH\H
- <log Mpy/Mo> =—0.73+0.09 4
| <log Mpy/Mg> = 0.10+0.10 |
10— L _
n [~ —
*g L |
o L i
(]
“5‘ - [ .
H= 5+ —
0
H\HHH‘HHHH\‘HHHH\‘\HHHH‘HHHH\‘HHH\H

-3 -2 -1 0 1

log MEH,vir/MBH,corr

2 3

FiG. 5.— Histogram of théVlg vir /MgH,corr ratio for the_Zhou et all (2006)
sample of 33 NLS1 galaxies (see text). Virial BH masses anepced us-
ing the calibrated relations by Vestergaard & Peterson@2@in line with
shaded area) and with the relations derived in this papechwtake into ac-
count radiation pressure.

cloud column density required in photoionization models to
explain the observed spectra.

verberation mapping data and single epoch spectra fol- When taking into account radiation pressure, the average
lowing a procedure analogous to Onken etal. (2004) andrms scatter of the ratio between single epoch and reverber-
Vestergaard & Peterson (2006). With the caveat that it is dif ation mapping virial BH masses drops from 0.4 to 0.2 dex.
ficult to accurately quantify the importance of radiatioepr  The use of single epoch observations as surrogates of expen-
sure with the present data, we find consistent values for thesive reverberation mapping campaigns can thus provide more
radiation pressure correction which, based on the above-phy accurate virial BH masses than previously thought.

ical model, indicates an averag ~ 10?°cm? for BLR We have considered our newly calibrated virial BH mass re-
clouds. This value is remarkably consistent with the BLR lations for Narrow Line Seyfert 1 galaxies and we have shown
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that, after taking into account radiation pressure, thedaxg virial BH mass estimates.
ies seem to have BH masses similar to that of other broad line
AGNSs and and which follow the sam¥gy-oe,Lspn relations

as normal galaxies.

The small BH masses previously found in NLS1 can be at-
tributed to the neglect of radiation pressure in objectsatad  of radiation pressure from ionizing photons on BLR clouds,
ing close to their Eddington limit. Hongyan Zhou for providing us with the stellar velocity dis-

Overall, the analysis presented in this paper clearly indi- persion measurements of their sample and an anonymous ref-
cates that radiation forces arising from the deposition of m eree for comments and suggestions. We acknowledge finan-
mentum by ionizing photon constitute an important physi- cial contribution from the grant prin-mur 2006025203 by the
cal effect which must be taken into account when computing Italian Ministry of University and Research.

We thank Julian Krolik for pointing out the importance
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