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ABSTRACT

Although the supermassive (AGN) and stellar mass (BHBs) black holes have many properties
in common, the broad emission lines (BELs) are exclusively signatures of the active galactic
nuclei (AGN). Based on the detection of these lines from Sloan Digital Sky Survey (SDSS)
data bases, there seems to be no AGN with mass Mgy < 10° M. In this paper, we investigate
if such low-mass black holes are really non-existent or they are undetected because the BELs
in them are not produced efficiently. Using the ionizing spectral energy distribution for a wide
range of black hole mass, 10-10° M), spanning black hole X-ray binaries (BHBs) to AGN, we
calculate the equivalent widths (EWs) of ultraviolet and optical lines Lyar 1216 A, HB 4861 A,
C1v 1549 A and Mgu 2798 A. The LOC (locally optimally emitting cloud) model has been
used to describe the broad emission-line region (BELR) for the calculations. We find that the
hardening of the SED shape with decreasing mass do not decrease the BEL EWs. However,
finite size of the BELR, as measured by the line widths, which is controlled by the mass of the
black hole, regulates the production of these emission lines. There seems to be a peak in the
EWs of the emission lines for typical AGN black holes of ~10° M, below which the lines
become intrinsically fainter with a sharp fall-off below ~10° M. This may be the cause of
the absence of low-mass AGN in SDSS.

Key words: accretion, accretion discs—black hole physics—line: formation— galaxies:

active —quasars: emission lines — galaxies: Seyfert.

1 INTRODUCTION

Active galactic nuclei (AGN) and black hole X-ray binaries (BHBs)
share many properties, but broad emission lines (BELs) are not
among them. One might speculate that the absence of BELs in
BHB spectra may be due to the harder spectrum that is emitted by
the accretion disc around the <10° times smaller black holes. Here,
we investigate the predicted BEL equivalent widths (EWs) over a
wide range of black hole masses, 10~10° My to see if there is a
threshold mass below which BELSs are not expected. The possibility
of a threshold mass for strong BEL production has become inter-
esting from recent observational results, which seem to suggest that
there are no broad line emitting black holes below Mgy < 10° Mo
(Greene & Ho 2004). Is this because there are no such black holes,
or is it that, even when accreting at substantial rates, such black
holes cannot produce BELs with detectable EWs?

Most existing photoionization calculations for the BELs in AGN,
study the line strengths as a function of the overall shape of the ion-

* E-mail: write2susmita@ gmail.com

izing continuum (Osterbrock & Ferland 2006; Leighly & Casebeer
2007) and the luminosity of the AGN. However, mostly, these stud-
ies do not take the further step of directly relating the emission-line
properties to Mgy and 2. On the other hand, dynamical measure-
ments of Mgy, from the widths of the broad lines and/or using the re-
verberation mapping techniques (Peterson 1993; Netzer & Peterson
1997; Kaspi et al. 2000) consider an average Rppir ™~ LL@N
relationship and do not need to delve into the details of the line
strengths and ratios. In this study, we shall use the locally opti-
mally emitting cloud (LOC) model, where the broad lines are due
to locally, optimally emitting clouds, first suggested by Baldwin
et al. (1995). We calculate the line strengths of the strongest broad
lines, Lyr 1216 A, HB 4861 A, C1v 1549 A and Mgu 2798 A, as a
function of the black hole mass ranging from 10 to 10° Mg.

2 THEORY

2.1 The accretion disc spectral energy distribution

A simple model for the radiation from the geometrically thin, opti-
cally thick accretion disc is a sum of local blackbodies emitted from

© 2013 The Authors
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Figure 1. The SED from accretion discs around black holes of mass
Mgy =102, 10%, 10° and 108 Mo accreting at 0.1rgqq (or emitting at
0.1Lg4q). The absolute scale of the y-axis is arbitrary, assuming that all the
sources are at a distance of 100 Mpc. However, the relative normalizations
of the SEDs are according to their mass ratios. We have labelled some of the
important energy values (accompanied by the dotted vertical lines) relevant
for AGN SEDs. In particular, note the positions of the u (3551 A), (4686
A), r(6165 A), (7481 A) and z(8931 A) filters used by the SDSS.

the different annuli of the disc at different radii. The temperature of
the annulus at radius R is

Lo\ /4 —1/4 _3/4
M R

T(R) =63 x10° | -2 BH & K (1)
MEdd 108 M@ Rl\v

(Peterson 1997; Frank, King & Raine 2002), where 1 is the accre-
tion rate of the central black hole of mass Mgy, mgqq 15 its Eddington
accretion rate and R, = 2GMpy/c? is the Schwarzschild radius (G
is the gravitational constant and c is the velocity light). The normal-
ization constant Agpp, for this spectral component is given by

A _ Rin/km : 0 2
w={ 5 | <o @

for an observer at a distance D whose line of sight makes and angle
6 to the normal to the disc plane. R;, is the radial distance of the
innermost stable annulus of the accretion disc from the black hole.
R;, is assumed to be a 3R, (as conventional).

A standard model for the above-mentioned spectral component
from the accretion disc is available as disc blackbody (Mitsuda
et al. 1984; Makishima et al. 1987) in xspEc! (Arnaud 1996). We
have used version 11.3 of xspec to generate the disc blackbody
spectral component fy,,(v) for Mpy = 10—10° Mg at steps of
log (Mgu/M@)=0.5andm = 0.171gqq and 6§ =30° are held con-
stant. The spectral energy distributions (SEDs) for Mgy = 102, 10%,
10° and 10% My are shown in Fig. 1 to demonstrate how the peak
of the SED and its normalization change as a function of the black
hole mass. The SEDs for AGN with Mgy > 10* Mg peak in an
energy range which is unobservable for extragalactic sources due to
Galactic extinction. As a result, for AGN, determination of the mass

Uhttp://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
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of the black hole often depends on the study of the emission lines,
particularly the BELs (Netzer 1987; Korista, Ferland & Baldwin
1997b; Kaspi et al. 2000; Bentz et al. 2006).

AGN are often selected from large data bases like Sloan Digi-
tal Sky Survey (hereafter SDSS) based on their broad-band optical
colours, which depend on the intrinsic SED of the AGN. From
Fig. 1, we see that all of the five SDSS filters (u-3551, g-4686,
r-6165, i-7481 and z-8931 A) are positioned on the linear, same
slope ‘low-energy’ tail of the intrinsic AGN SEDs so that they can-
not be distinguished as black holes of different mass, merely from
studying the SDSS colours. SDSS, however, observes the redshifted
and not the intrinsic SEDs of the quasars. Even when seeing the red-
shifted SED, there is no effect of the mass on the SDSS colours for
z < 8.60 for Mpy < 10°Mgy.

We acknowledge that in the above argument we make a rather
simplifying assumption that all AGN have the same slope in the
optical energy band, i.e. all AGN have their optical SEDs defined
by the low-energy tail of a ‘diskbb’ model. This assumption may
not be strictly correct as discussed by Koratkar & Blaes (1999).
More rigorous physical models of the accretion disc, considering
radiative transfer through the atmosphere of the disc and/or the spin
of the black hole, now exist (see Section 4 for further discussion on
this issue). Further, the optical SED seen by us (SDSS) may not be
merely the intrinsic accretion disc SED, and may have additional
reprocessed light from outer parts of the AGN. However, it is beyond
the scope of this paper to consider such complicated models. Our
aim in this paper is to understand the relation between the black
hole mass and the emission line strengths, for which we assume
that all black holes have the same simplistic ‘diskbb’ model for an
accretion disc SED. In our future publications, we shall address the
effects of deviations from the ‘diskbb’ model.

Even if the colour selection algorithms of SDSS are not biased
against detecting the lower mass black holes, they will still drop
out because the intrinsic luminosity of the AGN decreases with the
mass of the black hole. For example, based on the flux limits of the
SDSS filters (Stoughton et al. 2002), the Mgy = 100 Mg, black holes
drop out beyond a redshift z > 0.075, whereas a Mgy = 108 Mg
black hole can be seen for z < 1.25. Note that the aforementioned
redshift limits are based on the continuum flux only. AGN are
however detected primarily through the detection of their emission
lines. The limits based on the emission lines would be different and
we shall discuss this further in Section 3.

The SEDs described in this section are solely due to the radia-
tion from the accretion disc around the black hole. Any observed
broad-band AGN SED would show more spectral components than
the radiation due to the accretion disc. For example, there is the
power-law emission at higher energies (>500eV) which may be
due to inverse Comptonization of some of the disc photons by the
hot coronal plasma surrounding the black hole. Moreover, for type I
AGN, often an additional component, the soft-excess at <1 keV (of-
ten modelled as a blackbody of temperature 100—200 keV) is seen.
However, for all the calculations presented in this paper, we ignore
the power law and the soft-excess components of the SED. The
energy range (S50¢eV) of the AGN that influences the production
and strength of the lines HB 4861 A, C1v 1549 A and Mg 2798 A
are dominated by the disc emission for the black hole masses con-
sidered in this paper (e.g. at 30 eV the power law or the soft-excess
would contribute less than 1 per cent of the radiation from the ac-
cretion disc around a black hole of Mgy ~ 103 M@). This issue is
discussed again in greater detail in Section 4. Being thorough, we
have in fact, investigated the effect of adding an X-ray power law
to the accretion disc component (for black hole of Mpy < 103 Mgp)
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and found that there is no difference in the resultant line fluxes from
when we consider an ‘accretion disc only’ SED.

2.2 The LOC model for the BELR

Baldwin et al. (1995) and Korista et al. (1997a) show that, for a
given SED, any particular emission line is dominated by emission
from a fairly narrow range of gas density (ny) and incident flux
®(H) = Q(H)/41tR?, where Q(H) is the number of hydrogen ion-
izing photons and R is the distance of the cloud from the source of the
ionizing radiation. This narrow range of the ny and ®(H) is different
for different emission lines. However, as long as there are enough
clouds distributed over the relevant density and distance ranges, all
the observed emission lines can be formed with the observed line
ratios. This is thus, a model, which does not require any extreme
fine tuning of ny and ®(H) to produce all the observed emission
lines. Leighly & Casebeer (2007) discuss both the successes and
limitations of the LOC model. Among limitations they mention that
(a) some of the parameters of the model like the indices of the
density and radial distribution of the clouds cannot be physically
interpreted and (b) the model does not include some physical effects
like self-shielding. An example of unsatisfactory LOC modelling
is discussed for QSO J1546+5253 (Dhanda et al. 2007), where the
authors attribute the discrepancies to unusual structure and/or un-
usual physical conditions in the broad emission-line region (BELR)
of the object.

In this paper, we use the principles of the LOC model while
calculating the average EW of the different emission lines. How-
ever, we make a modification by integrating the EWs across the
column densities, as well. Our methods are discussed in details in
Section 3.1.

3 CALCULATIONS

3.1 Unrestricted BELR

For each model SED, we use version C08.00 of cLoupy? (Ferland
et al. 1998), to calculate the emission-line spectrum for a three-
dimensional parameter grid of ®(H), ny and column density (Ng).
log ®(H) is varied from 17 to 24 in steps of 0.5, log ny from 7 to 14
in steps of 0.5 and log Ny from 21 to 23 in steps of 0.5, assuming a
solar metallicity (Allende Prieto, Lambert & Asplund 2001, 2002;
Holweger 2001; Grevesse & Sauval 1998) gas. We calculate the
EWs of the 42 more prominent quasar emission lines (see Korista
et al. 1997a, for the entire list). However, we demonstrate the re-
sults for only four of the strongest lines (Lya 1216 A, C1v 1549 A,
Mg 2798 A and HB 4861 A) in this paper, which is adequate for
the issues discussed here.

We assume solar metallicity for simplicity. The aforementioned
four strong lines we use for demonstrating the science in this pa-
per, do not have a significant metallicity dependence, as shown by
Hamann & Ferland (1993, 1999). The ‘thermostat effect’ (Korista
et al. 1998; Osterbrock & Ferland 2006) governs the intensities
of strong lines in photoionization equilibrium. As metallicity in-
creases, the gas cools more effectively and so the temperature falls
resulting in constant intensity for the strong lines considered in this
paper. Metallicity dependence is demonstrated by nitrogen lines be-
cause as Z increases, N/C or N/O increases as well (refer to Baldwin
1997, for a discussion). However, since we do not consider any such

2 URL: http://www.nublado.org/

emission line in this paper, we can use solar metallicity gas for the
simulations.

We plot the isocontours of the predicted EW (in log) for the
1549 A Civ line in the logny—log ®(H) plane (Fig. 2) for
the four SEDs with Mgy =10%%, 10*°, 10°° and 10%°Mp. In
the log ®(H)—logny plane, diagonal lines with a slope of 45°
are lines of constant ionization parameter U = ®(H)/cny, where
the value of U increases from the bottom right to the top left. We
see that the contours form well-defined diagonal ridges (collection
of constant U lines) in the log ®(H)— logny plane with signifi-
cant EW (>1). In each panel of Fig. 2, we have also labelled the
limiting values of log U, within which C1v line is efficiently pro-
duced with I < EW < 1037 for Mgy = 10> M@, 1 <EW < 10°%
for Mg =10*"Mg, 1 < EW < 10*7 for Mgy = 10" M, and
1 <EW < 10*7 for Mgy = 10*° M.

Deviations (of any contour) from the 45° lines show where ther-
mal heating of the gas begins to be more important than pho-
toionization, usually at high ny and high ®(H) (upper right, each
panel). For example, taking the example of the log (EW) = 4 con-
tour for Mgy = 10> M@, we see that it ‘turns over’ from high
logU(= —0.99, logny > 12 and log ®(H) > 21.5) and becomes
diagonal again at a lower log U(= —3.24).

To assess the sensitivity on column density, we have further drawn
the EW isocontours for log Ny = 21 in Fig. 2 (dashed blue lines). The
comparison with the log Ny = 23 show that at the low-ionization
end the ®(H) — ny distribution is identical, irrespective of the
value of Ny. It is only at the high-ionization end that the value
of Ny makes any difference — emission lines from highly ionized
clouds with low Ny (log Ny = 21) do not have sufficiently high EW
(log(EW) > 0). For example, the high-ionization ridge (upper left)
is pushed to lower U by 1.23 dex for the Mgy = 10" M5 SED (see
lower-right panel of Fig. 2). Thus, for any given SED, lower Ny
restricts efficient line production to a tighter range of U.

To assess the contribution from all the clouds of different density,
different column density and at different distances, we have taken
a weighted average of EW:

d ®(H)dny d N
SW:f///EW(op(H),nH,NH)ﬁnLHH NHH 3)

over 18 < log ®(H) < 24, 8 <logny < 14 and 21 < logNy < 23,
all in steps of 0.5. f= 0.2 is the constant covering fraction adopted
in this paper.

Korista et al. (1997a), Baldwin (1997) and Bottorff et al. (2002)
discuss the effect of varying R, ny and Ny on the EWs of the emis-
sion lines. Baldwin (1997) summarizes that the integrated spectrum
(i.e. the EWSs of emission lines) have a weak sensitivity to the
radial and column density distribution of the clouds, as long as
(a) y > —1 in an RY radial distribution and (b) there are clouds
with a wide range of R (through the range of ®(H), in this paper)
and Ny. Baldwin (1997) further shows that a power-law index —1
is strongly suggested by observations for the density distribution.
We accept the conclusions presented in the above-mentioned papers
and use one constant value of —1 for slopes of the ®(H), ny and Ny
distributions while performing our weighted integration to derive
EW.

Note that although Korista et al. (1997a) and Baldwin (1997) dis-
cuss the effect of column density on the EW contours, they leave out
column density from the LOC integration of EWs and considered
clouds of only log Ny; (cm~2) = 23. In this paper, we have modified
the standard method of LOC integration of EWSs to integrate over
21 > log Ny (cm™?) > 23, as well (equation 3). As shown in Fig. 2,
the lower column densities would contribute EWs due to relatively
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Figure 2. Contour plots for the C1v (1549 A) EW as a function of the black hole mass in the ny—®(H) plane. The bold solid black lines are contours at steps
of 1 dex and the intermediate dotted red lines are contours at steps of 0.25 dex, for log Ng = 23. In each panel, the outermost contours correspond to EW = 1
(log(EW) = 0), whereas the innermost contours of the maximum EW are different for different SEDs due to different black hole mass. Note that diagonal lines
with a slope of 45° in the log ®(H)— logny plane are lines of constant ionization parameter U = ®(H)/cny. In each panel, we have labelled the value of
log U corresponding to the outermost EW = 1 contour, both at the low-ionization and high-ionization end. For comparison, we also over plot the isocontours
for log Ny = 21 (dashed blue lines) at steps of 1 dex, the outermost contour being for log(EW) = 0.

lower ionization parameters. The —1 slope of the Ny distribution,
used in (equation 3) further facilitates the contribution from the
lower Ny clouds. The overall effect of including the column den-
sity as a variable in the EW integration is to increase the resultant
EVV by a factor of a few. For example, for the black hole of mass
Mgy = 105 Mg, EW for C1v 1549 A is higher by a factor of 1.28
when the integration includes column density as a variable.

EW (in log) as a function of Mgy for Ly, C1v, Mg and Hp is
shown in Fig. 3 (dotted black line). For each of the emission lines,
the average £V rises monotonically with the decrease in mass. We
further calculate the line ratios Mg1/C1v and Mgu/HB and plot
them against each other in Fig. 4 (dotted black line). The labelled
solid black circles along the line mark the black hole masses in units
of log (Mgn/ M@).

3.2 Restriction on the radius of the BELR

3.2.1 Limits from velocity of the clouds

Reverberation mapping has established that the time lag between the
variation in the continuum flux and the line flux #,, is proportional
to 1/2 power of the full width at half-maxima (FWHM; see Bentz
et al. 2006, and references therein). Hence, the BELR gas seems to

move with Keplerian or at least virialized velocities, so that we can
define the outermost radius of the BELR

RKeplerian =G ZWBH/U2 (4)

corresponding to the clouds with the lowest observed velocity vyyi,.
The FWHM of BEL are >2000(>1200) kms~! (Hao et al. 2005),
so that vy, (= FWHM/4/8In2) 2 1000 km s~!. The distribution of
Rxeplerian are shown as solid red lines in Fig. 5, for vy, = 1000,
3000 and 10000kms~!.

Introducing an Rgeplerian cut-off in our cLoupy simulations,
produces a pronounced cut-off in EWW (solid red lines in
Fig. 3). BELs used by SDSS to detect and identify AGN activ-
ity, HB 4861 A, Civ 1549 A and Mgu 2798 A are all affected.
The ratio EW;5/EWso > 10 for all the emission lines, for
Umin = 3000kms~! (Table 1, bottom panel of Fig. 6), where EW,
is the £EW due to the black hole mass Mgy = 10° M. This ratio
is as high as 720 for Mg 2798 A. Below Mgy =10°° Mg, EW
rapidly falls for all the lines.

The larger BELR allowed by vy, = 1000 km s~ produces a
less drastic drop and theory predicts non-zero EWs up to much
lower black hole masses (~10%° M@). For vy, = 1000kms—!,
EW75/EWs,y reduces to 5.27 for Mgn 2798 A. Table 1 list the
EW ratios for the different lines and the same are plotted in the top
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shows the value of EW if we consider an SED with a disc blackbody plus an X-ray power law, instead of just a

disc blackbody SED. The mass distribution of £}V is modified if a cut-off is applied on the maximum allowed radius of the BELR; the solid red curves (with
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blue square denote the value of £V for the disk+power-law SED for Mgy = 1080 Mo when the respective radius cut-off schemes (as described above) are
assumed. Note that for the Keplerian cut-off mechanism, we have shown the filled circle only for the vyin = 3000 km s~! case.
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Figure 4. The line ratios Mgu/Civ and Mgu/Hp are plotted against
each other for the three different BELR. The case of Unrestricted BELR
(Section 3.1), with no upper limits on its size, is represented by the dot-
ted black line. When the BELR is truncated using limits from observed
Keplerian velocities (Section 3.2) we have line ratio profiles given by
the solid red lines, for the two different velocities of the clouds, namely,
Umin = 1000 and 3000 kms~'. The dashed blue line corresponds to BELR
with size limitations imposed by the gravitational instability (Section 3.2.2).
The solid circles represent the points on the line ratio profiles for different
black hole masses (as labelled) in units of log (Mpu/ M)
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Figure 5. The outer radius of BELR as a function of black hole mass.
Various methods of determining this cut-off radius are demonstrated : con-
sidering (a) a phenomenological approach based on the observed veloci-
ties of the emission lines (solid red lines) and (b) gravitational instabil-
ity of the accretion disc (dashed blue line). For stellar mass black hole
(Mg = 10 M@), the black star shows the tidal disruption radius.

$TOZ ‘G sNBNY U0 Salkelq i Apnua Jo A1SeAIUN 12 /610°S[euIno [piojxo'seiuw//:dny woij pepeojumoq


http://mnras.oxfordjournals.org/

Table 1. The ratio of the weighted EWs EW for different black hole
masses. We have considered the finite size of the BELR, cut-off corre-
sponding to the two Keplerian velocities vyin = 3000 and 1000 km s

Cut-off Civ—1549A Mgn—2798A HB—4861A
used

) EWsrs EWrs EWsis EWrs EWsis EWsrs
(Wmin EWap EWs EWap EWs EWap EWs
kms™!)

3000 - 17.52 - 720 - 32.22
1000 4.83 0.96 79.31 5.27 39.37 6.27
~3[ v = 1000 km/s N
§ L min i

o
w 2 —
o
S I )
s 1F _
e | J
QD
S o -
| | |
CIV-1549 MgIl-2798 HB-4861
T T T
3 . 2
) PN
% + e S J
5 2 é“'bf/?_/é“le/s_q///‘ ‘\'\»\,\ —
o I e ’ T 7
.-oj L}
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e |1 i
Qb
S ok V_ ., = 3000 km/s _|

Figure 6. The ratios (in log) of the weighted EWs EW for the three different
emission lines Mg 2798 A and HB 4861 A. We have considered the finite
size of the BELR, cut-off corresponding to the two Keplerian velocities
vmin = 1000 (top panel) and 3000 (bottom panel) km s

panel of Fig. 6. In fact, for the two C1v and Mg lines the EW
profiles are not monotonically decreasing functions of black hole
mass, rather the peak of the profiles shift to lower mass ~10% M.

The intrinsic luminosity in the lines depends on the mass of the
black hole. For example, for an unrestricted BELR (dotted black
lines in Fig. 3) around a 106 Mg black hole, we convert EWe to
intrinsic luminosity for Mg 2798 A and HB 4861 A. The predicted
theoretical luminosity is such that the Mg 2798 A line should be
detected up to a redshift of 0.67 and the HB 4861 A line up to
0.27 by SDSS (according to the central wavelength and detection
limits of the filters, given by Stoughton et al. 2002). However,
SDSS surveys do not find 10® M black holes using these emission
lines, at the above-mentioned redshifts. We found that this disparity
between our predictions and the lack of SDSS observations can be
mitigated if we instead, consider BELRs with size limitations. For
example, the predicted luminosities of Mg 2798 A or HB 4861 A
for a size limited BELR around a 10° M@ black hole (for both
Umin = 1000 and 3000 kms~!, solid red lines in Fig. 3) are low
enough that they should not be detected by SDSS.

The line ratios Mgu/HB versus Mg1/C1v, for the size-limited
BELR, using Keplerian cut-offs, are plotted using the solid red lines
in Fig. 4. The distribution of Mgu/HpB as functions of Mgu/C1v
are very different from the case of the unrestricted BELR (dotted
black line). For a 103 Mg, the values for the line ratio Mg u/HpB
are almost same for the size limited and the unrestricted BELR,

BELR as a function of black hole mass 745

but the line ratio Mg1u/C1v is very different in the two cases. This
line ratio varies from the unrestricted BELR case by 0.25 dex for
Umin = 1000kms~! and by 0.74 dex for vy, = 3000 km s~!. For a
100 M@, black, even the Mg 11/Hp ratio varies from the unrestricted
BELR case by 0.47 dex in the v, = 3000kms~' limited BELR.
The Mgu/C1v line ratio varies from the unrestricted BELR case
by 0.59 dex for vy, = 1000km s~! and by 1.24 dex for vy, =
3000kms~!. Such variations in the line ratios for different physi-
cal scenarios of the BELR, would act as diagnostics in our future
publications when we shall compare our theoretical results with
observations from SDSS or the likes of it, not only for these three
emission lines, but for many more appropriately chosen BELs.

3.2.2 Gravitational disc instability

The outer parts of a geometrically thin and optically thick accretion
disc becomes self-gravitating and breaks up. This radius has been
suggested as the outer boundary of the BELR and the beginning of
the ‘torus’ (Netzer & Laor 1993; Collin & Hure 2001; Suganuma
et al. 2006). The radius at which the disc becomes Toomre unstable
(the Toomre parameter; Q < 1 Binney & Tremaine 1987) depends
weekly on the central black hole mass. Translating the Toomre
criterion in terms of the a-disc parameters, ¥/H = Mg/ anslabimy
(X is the surface density and H is the scaleheight of the disc), gives
us

9/8 /10 ) 11/20 Mgy 7/40
In ot 11/5
Rulhay = a0l (0) ()

&)

(Frank et al. 2002), where Ringabiliry 1S in cm. ogisc is the free pa-
rameter associated with the subsonic turbulent viscosity of a thin
accretion disc and varies between zero (for no accretion) and ap-
proximately 1. f* =1 — (f’%ﬂ)'/ 2. The much weaker mass evo-

lution of Rypgapility (compared to Riepierian) is shown as a dashed blue
line in Fig. 5 for atgisc = 0.1 and m = 0.1m1pqq.

Using the Rpugubitiy cut off, below Mgy ~ 10%° M, the EW
distribution is same as when no radius restriction is applied, leading
to the unobserved increase in £V with decreasing mass (dashed
blue curves in Fig. 3). The line corresponding to line ratios Mg 1/HpB
versus Mg 11/C 1v are shown by the dashed blue line in Fig. 4, further
showing that the line fluxes are exactly the same as that for an
unrestricted BELR for My < =10 M,

3.2.3 Tidal disruption by stellar mass black holes

In the previous sections of this paper, we have discussed emission
line strengths from gas around black holes of a wide range of masses,
including ones with Mgy as low as 10 M, (e.g. see Fig. 3). For these
low stellar mass black holes, the above-mentioned ‘gravitational
disc instability’ is not relevant. On the other hand, the accretion
disc around such black holes is more likely to suffer tidal disruption.
In this section, we briefly discuss the tidal disruption caused by a
10 Mg, black hole and calculate the radius of disruption, to put it in
the context of the other radii discussed in Sections 3.2.1 and 3.2.2.
According to Hills (1975) and Gezari et al. (2003),

-2/3
Rraa = L1Rw, (Mpi/10°Mg) "%, ©6)

for solar mass disrupted stars. Thus, the disruption does not happen
for Mgy > 1.1 x 108 Mg - the stars are swallowed whole. Thus,
we use (equation 6) to calculate Rrig, for a black hole of Mgy =
10M¢ having a solar mass binary companion. The tidal disruption
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is plotted as a black star in Fig. 5, and we find that Rrjga ~ Rieplerian
for vmin = 3000. Our calculations for £V suggest zero flux in the
emission lines for such low-mass black holes (see Fig. 3) when the
BELR size limit is imposed with vy, = 3000km s~!. No high-
sensitivity search for these emission lines have been conducted for
stellar mass black holes to corroborate or contradict these theoretical
results.

4 DISCUSSION AND FUTURE WORK

(i) Additional components of the AGN SED:

Both the AGN (supermassive black holes) and the BHBs (solar
mass black holes) are powered by the active matter accretion into
the black hole. However, the emission from the accretion disc is
not the only component of the observed SED from the AGN or
the BHBs. In both cases, we also observe power-law emission at
higher energies (=500eV for AGN and >3keV for BHBs). The
power law is thought to be due to inverse Comptonization of some
of the disc photons by the hot coronal plasma surrounding the black
hole, or due to the jet (particularly for BHBs). In the case of AGN
of type 1, sometimes we see an additional component, the soft-
excess at <1 keV, which may be Comptonized disc emission or an
entirely separate component altogether. Often the soft-excess can be
modelled as a blackbody of temperature 100-200 keV. However, for
all the calculations presented in this paper, we ignore the power-law
and the soft-excess components of the SED, because their shape or
strength are independent of the mass of the black hole.

The strengths of the emission lines from the X'th ions are deter-
mined by the available number of photons close to the ionization
potential (IP) of the X'~ 'th ions. In this paper, we have restricted
our studies to black holes with Mgy < 10° Mg because it was suffi-
cient to consider only the mass dependent accretion disc component
of the SED. In this mass range, the accretion disc is hot enough
that the energy ranges of the ionization or excitation potentials
(<50eV) required to produce the lines HB 4861 A, C1v 1549 A
and Mg 11 2798 A are dominated by the disc emission and the power
law or the soft-excess would contribute less than 1 per cent of the
radiation from the accretion disc.

To be thorough, we investigated the effect of adding an X-ray
power law with spectral index @« = 0.8 and aox = 1.2 for
My = 1089 M@. In each panel of Fig. 3, the resultant EWVs are
shown as filled black triangles, for an unrestricted BELR, as filled
red circle for the vy, = 3000kms~! Keplerian limit on the BELR
and as filled blue squares for the BELR restricted by gravitational
instability. In each case, these points lie exactly on the line for the
EW distribution, generated using only the accretion disc compo-
nent, showing that the addition of the power-law and the soft-excess
component is redundant for these emission lines in the black hole
mass range considered. We would like to note here that Korista
et al. (1997b) had pointed out the deficiency of enough E > 54.4eV
(IP of He 1) photons in the SED of the quasar Mrk 335 to produce
the observed He 11 emission lines strengths. Although not shown in
the figures of this paper, we have calculated and compared EW
for Hen 1640 A using the ‘accretion disc only” SED (which is the
default in this paper) with the case when the additional X-ray power-
law component is added to the SED, for Mgy = 10890 Mg . As for
Hp 4861 A, Civ 1549 A and Mg 2798 A, EW for Hen 1640 A
came out to be equal in the two cases.

However, while considering similar studies for higher mass black
holes, one has to carefully account for the other aforementioned
components of the AGN SED because, the high-energy tail of the

accretion disc SED for Mgy > =10° M@ may cut-off at less than
~50eV.

Similar considerations are required for constructing the AGN SED
required to correctly predict the EW for Ovi 1034 A, which
is an important BEL in the UV. The IP of OV is 113.90eV,
an energy range dominated by the power law for quasar-like
(Mg 2 108°M@) SED. Thus, EW calculations for OVI would
require an AGN SED including all the components, and not just
the accretion disc emission. We will study such emission lines in
details in our future publications.

(ii) Alternative models for the accretion disc:

Instead of a radiatively efficient, thin accretion disc (modelled
by ‘diskbb’ in this paper, hereafter BBB), sometimes black holes
might have advection dominated, radiatively inefficient accretion
flows, which would result in significantly different SEDs (see e.g.
Hopkins et al. 2009) than the models considered in this paper. These
alternative prescriptions drastically change the shape of the SED in
the energy range of the IP of the ions responsible for the BELSs
and the narrow emission lines (NELs). We intend to calculate the
line strengths due to such ionizing SEDs and predict observable
signatures, which might act as diagnostic tools.

Even for the BBB, more rigorous models exist for modelling
the radiation from the accretion disc (BBB). For example, Blaes
et al. (2001), Hubeny et al. (2000, 2001), Hui, Krolik & Hubeny
(2005) discuss the role of real radiative transfer in the accretion
disc. The spin of the black hole is another physical parameter pa-
rameter to be considered (Davis et al. 2005; Davis & Hubeny 2006).
Qualitatively speaking, for the same black hole mass and accretion
rate, these models push the peak of the SED to higher energies than
due to the ‘diskbb’ model. We would like to calculate line strengths
corresponding to these models and test if the observations of BELs
and NELs are sensitive enough to differentiate these accretion disc
models from BBB.

(iii) Comparison with data:

We intend to use the SDSS data base for HB 4861 A, C1v 1549 A
and Mg 11 2798 A and the HST and/or FUSE data base for O vi 1034
A, to compare our predicted £V and line ratios with the observed
line strengths. We would hope to draw constraints on other phys-
ical parameters (e.g. distance of the BELR) by such comparisons.
Eventually, we would want to extend our theoretical analysis to
include other fundamental black hole parameters like the accretion
rate. We would like to test if such systematic LOC modelling can
explain observed effects like the ‘Baldwin Effect’ (Baldwin 1977),
where the EW of the C1v emission line decreases with increasing
continuum luminosity.

(iv) Narrow emission lines:

We intend to do similar studies for the NELs in the AGN spectrum.
It would be interesting to see if they also show a mass dependence
of the £, given that the NEL clouds are further away from the
black hole and may be outside its sphere of influence (FWHM for
NEL 1/6 of that for BELs) and/or their sizes are not governed by
Keplerian dynamics.

5 CONCLUSIONS

(1) We wanted to investigate if there is a lower mass cut-off
below which black holes cannot produce the BELs like HB 4861 A,
C1v 1549 A and Mgu 2798 A typically used to detect and identify
AGN activity from large optical data bases like the SDSS.

(i1) Using the standard LOC (locally optically emitting clouds)
model for the BELR without any restrictions on the radius on its
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radius, photoionization calculations show an unobserved rise in the
equivalent widths (EWs) of the lines with decreasing mass.

(iii) However, introducing a cut-off radius for the BELR pro-
duces sharp mass-dependent drops in the £Ws, when the cut-off
radius is determined from simple Keplerian mechanics, depending
on the mass of the black hole (Mpy). Such drops are consistent with
the observations including that below Mgy = 10° Mg the above-
mentioned emission lines are not observed. Our findings conclude
that these observations may not indicate the absence of black holes
of such low mass, but the inability of such black holes to produce
the observable (with our detectors) line strengths.

(iv) Such a conclusion might have consequences for modifying
the black hole mass function in the lower mass end. However, before
we can attempt to address such issues, we need to carry out a more
rigorous systematic study (listed above, in Section 4) of the EW
of BELs and NELs, as a function of other fundamental black hole
parameters like its accretion rate and alternative accretion theory
models.
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