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Abstract. We search for a direct signature of discrete “clouds” in the 
broad line region (BLR) of the Seyfert galaxy NGC 4151. For this pur- 
pose we apply cross correlation (CC) analysis to a high resolution KECK 
spectrum of the galaxy. No such signature is found in the data. In or- 
der for cloud models to be compatible with this result, there must be at 
least - 3 x lo7 emitting clouds in the BLR, where the limit is based on 
simulation of a homogeneous cloud population. More realistic distribu- 
tions increase the lower limit to above 10’. These numbers are an order 
of magnitude improvement on our previous limit from Mrk 335, where 
the improvement comes from higher S/N, broader lines, and refined sim- 
ulations. Combined with the predicted upper limit for the number of 
emitting clouds in NGC 4151 (lo6 - 107), the derived lower limit puts a 
strong constraint on the cloud scenario in the BLR of this object. Simi- 
lar constraints can be placed on models where the emission originates in 
streams and sheets. Thus, this investigation suggests that the BELs in 
NGC 4151, and by extension in all AGNs, are not made of an ensemble 
of discrete independent emitters. 

1. Overview 

Broad emission lines (BELs) are among the most prominent feature observed in 
Active Galactic Nuclei (AGN). The standard picture is that the BEL material is 
in the form of dense clouds with a volume filling factor of - 10e6 illuminated by 
a central ionizing continuum source (Netzer 1990: Arav et al. 1997). Two main 
cloud models appear in the literature: One is the two-phase model in which 
cool clouds (T - lo4 K) are embedded in a hot medium with T - lo8 K which 
confines the clouds (Krolik, McKee & Tarter 1981). Another class of models 
create the BELs out of stellar atmospheres or “bloated” stars (Scoville & Norman 
1988; Kazanas 1989; Alexander & Netzer 1994). In these models the individual 
sources are slow (- 10 km s-r) outflows emanating from super giant stars. For 
further description of the two-phase and bloated star models including some of 
their shortcomings, see Arav et al. (1997) and references therein. Alternatives to 
the cloud picture can be found in magnetic driven winds (Emmering, Blandford, 
& Shlosman 1992), and in models of disk emission coupled with winds (Chiang 
& Murray 1996). 
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In a previous paper (Arav et al. 1997) we described an investigation aimed 
at testing the cloud picture. Here we give a brief description of the basic idea 
and our methodology. An ensemble of discrete emitting units is expected to 
give a smooth line profile only when the number of units approaches infinity. 
For any finite number of randomly distributed clouds there will be fluctuations 
associated with the discreteness of the profile building blocks. The same micro 
structure that is caused by the fluctuations in one line profile should appear in 
different observations of the same line, and in different lines which arise from 
the same ion. On the other hand, photon shot noise, which is the major cause 
for fluctuations (in essence the S/N of the observation), is a random process, 
and therefore there is hope to obtain a clear distinction between the two sources 
of fluctuation Furthermore, since fluctuations due to clouds in two different 
profiles ought to correlate along the entire profile, we should be able to detect 
them even if they are locally smaller than the random photon shot noise. 

The most straightforward way to test for similar microstructure in different 
profiles is to use cross-correlation (CC) techniques (for details see Arav et al. 
1997). Such an approach was used by Atwood, Baldwin & Carswell (1982) on 
a moderate resolution spectra of Mrk 509 and the lack of a strong CC at zero 
velocity shift in their data was interpreted as a lower limit of 5 x lo4 for the 
number of emitting clouds (N,). By using an improved CC analysis on high 
quality data from Mrk 335, and extensive Monte Carlo simulations, we were 
able to put a lower limit of N, 2 3 x lo6 in this object. This limit applies 
to identical clouds with realistic temperature (T=2x104 K) and optical depth 
(- lo4 in the Hcu line). Since the lower limit on AJ, is at least 30 times larger 
than the maximum number of stars in the bloated star models, these models can 
be ruled out, unless the line width of the gas associated with an individual star 
exceeds the unrealistically large value of 100 km s-l. Simple photoionization 
arguments yield estimates for the largest possible number of individual clouds 
without adhering to a specific cloud model. Therefore, it is of great interest to try 
to constrain this model-independent estimate. In Mrk 335 the photoionization 
estimate for the upper limit of N, vary between 107-10’ with large uncertainties, 
and thus is compatible with our lower limit. A significant improvement in the 
limit on NC is needed in order to confront the photoionization estimate. 

To achieve this goal we observed NGC 4151 and analyzed its BELs. In 
Figure 1 we show the observations. For our purposes NGC 4151 has three 
advantages compared with Mrk 335: 1) Reverberation studies (Maoz et al. 1991; 
see also a more recent campaign: Kaspi et al. 1996; Crenshaw et al. 1996; 
Edelson et al. 1996) indicate a BLR size of roughly 9 light days. Substituting 
this number to our estimate of N, (Arav et al. 1997) we obtain an upper limit of 
lo7 clouds (or lo6 using the estimate found in Netzer 1990) in NGC 4151, which 
is an order of magnittide smaller than the one for Mrk 335. These estimates 
are 0: Uw4, where U is the ionization parameter, and the above upper limits 
are for the commonly used value of U = 0.1. 2) In spite of being less luminous, 
the closer distance of NGC 4151 makes it roughly two magnitudes brighter than 
Mrk 335. The resultant higher S/N increases the Monte Carlo derived lower 
limit for NC. 3) The BELs in NGC 4151 are three times wider than in Mrk 335. 
With all else equal, three times more clouds are needed to cover a three times 
wider line. Advantages 2 and 3, combined with improvements in our algorithms, 
increase the lower limit on N, to 3 x 107, an order of magnitude larger than the 
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Figure 1. Left: Observed profiles of the Ho (solid line) and HP (dotted line) 
lines in NGC 4151 (continuum subtracted), in arbitrary scaling that matches 
the peaks of the narrow line components. Some associated features are also 
labeled. 
Right: Two separate observations of the same HCY line segment, which were 
used to calculate the CC function shown in figure 2. The smooth lines that 
thread the data are the polynomial fits for these segments. 

one for Mrk 335. Since the photoionization estimate for the upper limit on N, is 
an order of magnitude lower, the combined effect is a two orders of magnitude 
improvement in the constraint on this model independent estimate. 

In figure 2 (left panel) we show the CC function for the observed HCY BEL. 
No significant CC is detected at zero velocity shift. Similar results are obtained 
by cross-correlating two different observations of the HP BEL and by cross- 
correlating the same velocity interval in Ho and HP. We  then derived lower 
limits for the number of clouds by performing Monte-Carlo simulations, following 
the same procedure that was used to extract the CC function for the real data, 
and working with signal-to-noise values taken from the data. On the right panel 
of figure 2 we show the CC function of simulated Ha profiles. Our lower limit 
on N, of 3 x lo7 is achieved by a similar simulation using identical clouds. We  
also constrained in a similar fashion models in which the BELs arise from flux 
tubes or expanding shells. Full details of this investigation can be found in Arav 
et al. (1998). 

A possible caveat comes from the fact that we used clouds with a number 
density of 1~ 10” cme2 in our upper limit estimates on NC. This nnH is assumed 
since the C III] X1909 BEL is strongly quenched at higher densities. However, 
models where a significant fraction of the Balmer lines emission comes from a 
higher density gas were proposed in the literature (Ferland & Rees 1988). The 
upper limit on N, for these models will be substantially higher. In order to test 
these models a similar experiment to the one we show here should be performed 
on the C III] X1909 BEL in NGC 4151, for which the upper limit estimates on 
NC should hold for all models. This will require high resolution spectroscopy 
with the HST. 
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Figure 2. Left: Cross correlation (CC) function of the residuals (data-fit) 
for the data segments shown in the right panel of figure 1. The CC units 
are arbitrary. No significant CC value is evident at zero velocity shift, which 
would have been the signature of emission from discrete units. The dashed 
lines are fla, cross(O) is the value of the function at zero velocity shift in 0 
units and the solid line is the function’s mean. 
Right: Top panel: CC function for simulated Ho profiles, same presentation 
as left panel. The line profile is made from a distribution of 10’ clouds where 
the number of clouds as a function of luminosity is given by d&/c& c( L-l. 
Bottom panel: the same simulation where the CC was smoothed on a scale 
corresponding to the width of the clouds. The significant CC(Av = 0) from 
this cloud distribution is evident. 

2. Discussion 

Our observational result appears to be in conflict with the simple BEL cloud 
model, and with models based on flux tubes and expanding shells (Arav et al. 
1998). One possible explanation for the lack of persistent microstructure in the 
line profiles is that this structure exist but changes on timescales comparable 
with or shorter than the time it took to acquire the observations. This possibility 
is unlikely, since in that amount of time the velocity change for the clouds is too 
small. The acceleration of the clouds in NGC 4151 can be estimated as follows: 
From reverberation mapping, Maoz et al. (1991) estimated the size of the BLR 
to be nine light days or R - 2 x 1016 cm. The velocity of the clouds is given 
by the width of the BELs (- 5 x lo8 cm s-l. Thus, a - v2/R 21 10 cm s-‘. 
In the few hours it took to obtain the observations the clouds should therefore 
accelerate by roughly 1 km s -‘. Since the CC analysis should be able to detect 
structure on a scale of - 50 km s-‘(see Fig. 2) the change in velocity of the 
clouds due to acceleration should be negligible. 

In addition we note that our underlying assumption in the simulations is 
that the clouds’ velocity distribution is Poissonian. It is reasonable to expect 
that if the clouds’ motion is highly ordered on small velocity scale, the resulting 
CC signature will be easier to detect. It is difficult to imagine a noncontrived 
way in which an ordered flow gives a smaller CC signature than the Poisson 
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Figure 3. A qualitative comparison between the observed Ho line (top curve) 
and simulated ones (bottom three curves) shows how difficult it is to create 
a smooth enough profile from 3 x lo5 clouds even for very broad individual 
cloud emission. All the curves are shown on the same scale which is five times 
magnified in the y axis and 1.42 in the x direction with respect to the Ho 
segment shown in figure 2. A linear function was subtracted from the profiles 
in order to obtain a flat presentation. The second curve shows the polynomial 
fit for the data that was used in creating the simulated profiles. 

distribution we use. However, if such an ordered distribution exists the limits 
set by this analysis would be weakened accordingly. 

We already showed that the current bloated star models are ruled out by 
our lower limit on IV, in Mrk 335 (Arav et al. 1997). The NGC 4151 results 
strengthen this argument considerably since our lower limit for NC has risen by 
an order of magnitude and since the expected number of bloated stars is smaller 
in thii less luminous object. Unless the emission width from an individual star is 
significantly larger than 100 km s-l, the lack of stable micro structure in the line 
profiles strongly rules out all bloated star models. Even without resorting to the 
CC analysis it is easy to demonstrate that for reasonable cloud’s emission width, 
the BELs in NGC 4151 cannot be made from lo4 - lo5 individual emitters, which 
is the maximum allowed number of bloated stars. Figure 3 shows part of the HCY 
data from the combined exposures, and three simulations of the same segment. 
We have used the same noise but different cloud distributions in each simulation. 
The amount of structure in the simulations, as contrasted with the smoothness 
of the data, shows that either the observed Her profile is made from many more 
than 3 x lo5 clouds, or that the emission width of an individual cloud is much 
larger than b = 80 km s- ‘- The structure that is seen in the data is on scales of 
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500 - 1000 km s-l and is difficult to associate with individual units of sonically 
connected material, but can be associated with a smooth flow or disk models. 
To the eye it also seems that the data has structure on scales of - 50 km s-l but 
the CC analysis have shown that this structure does not repeat in two different 
observations. 

As noted in 5 1, photoionization arguments give the highest model-independent 
(i.e., irrespective of the clouds’ microphysics) estimate for N,. in NGC 4151 these 
arguments lead to an upper limit estimate of 10’ - lo7 clouds (extrapolated from 
Arav et al 1997; but see caveats therein and in 5 1). This upper limit is smaller 
by about an order of magnitude from the one in Mrk 335 due to the lower lu- 
minosity of NGC 4151, or more precisely, due its smaller BLR size. In contrast, 
our lower limit for N, in this object has increased by an order of magnitude to 
3 x lo7 - 108. While the Mrk 335 result does not put a strong constraint on the 
generic clouds picture, our current one does. The photoionization estimates can 
be pushed up, but for the price of becoming more contrived. The constraint our 
results put on any clouds’ picture is strong enough to suggest that the BELs 
do not originate from discrete quasi-static structures, and thus strengthen the 
case for emission models that create the BELs from a continuous flow or in the 
accretion disk. 
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