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We describe a VLT�ISAAC spectro-

scopic survey of the Hβ region for more 

than 50 quasars at redshifts between 

�}DQG����:H�XVH�WKH�ZLGWK�RI�+β as a 

virial estimator of black hole mass and 

the Eddington ratio. The minimum 

observed width of Hβ increases from 

a}���t�����NP�V�DW�ORZ�OXPLQRVLW\� 

WR�a}�����NP�V�LQ�WKH�KLJK�OXPLQRVLW\�

domain. This trend is consistent with 

the virial assumption and a broad  

line region size-luminosity relation with 

exponent α ~ 0.65. Broader lined 

sources show a second very broad and 

redshifted Hβ line component, which 

should be removed for reliable black 

hole mass estimation.

%NQSX�jUD�XD@QR�@ESDQ�SGDHQ�CHRBNUDQX�VD�
have a widely accepted idea about  
the nature of quasars, although much of 
a fundamental empirical understand- 
ing is still lacking. The standard paradigm 
sees all active galactic nuclei (AGN) as 
driven by gravitational accretion onto  
a supermassive black hole. This has led  
to the impression that all AGN are phe-
nomenologically similar � a view rein-
forced by the low signal-to-noise (S/N) of 
most published source spectra. Future 
advances in understanding quasars will 
likely come from high S/N spectroscopic 
studies of broad emission line spectra 
because such measures provide the 
most direct clues about the kinematics 
and geometry of the central broad line 

region (BLR). They offer the only way to 
fQDRNKUDt�SGD�!+1�HM�RHFMHjB@MS�MTLADQR�
of sources.

We reported in the June 2001 Messenger 
(Sulentic et al., 2001) on how spectro-
scopic observations with 1�3-metre- 
class telescopes were improving our 
understanding of quasar phenomenology 
through the development of a surro- 
gate H�R diagram (now called 4-Dimen-
sional Eigenvector 1 space: 4DE1) for 
these sources. The centrepiece of 4DE1 
involves four parameters that emphasise 
correlations and differences between  
SGD�PT@R@Q��CDjMDC�@R�RNTQBDR�RGNV� 
ing broad emission lines and optical Fe II 
emission) population (Sulentic et al., 
2000ab; 2007). 4DE1 studies reveal a 
source dichotomy that we call Population 
A�B where the two populations distin-
guish: a) sources with �narrower� broad 
lines (FWHM Hβ = 500�4000 km/s) 
including Narrow Line Seyfert 1s (NLSy1), 
called Population A; and b) sources  
VHSG�AQN@CDQ�KHMDR���p�����JL�R��HMBKTC-
ing almost all radio-loud quasars, called 
Population B. We now report on a 
 campaign of VLT�ISAAC spectroscopy 
(Sulentic et al., 2004; 2006; Marziani  
et al., 2009) for higher redshift quasars 
that enable us to extend our low-z results 
out to z ~ 2�3. Our VLT programme 
was designed to derive black hole 
masses using a single virial estimator (the 
full width at half maximum [FWHM] of the 
HβpKHMD��(S�V@R�@KRN�CDRHFMDC�SN�SDRS�
the Population A�B concept that arose 
from our 4DE1 studies at low z.

Black hole masses (MBH) and Eddington 
ratios (L/LEdd) are fundamental parame-
ters of interest to astrophysicists and 
cosmologists. The Eddington luminosity 
is that at which the gravitational force  
is balanced by radiation pressure. We 
think that MBH and the Eddington ratio are 
also the principal drivers of source occu-
pation in 4DE1 space, implying that Pop. 
A sources host the smallest MBH (highest 
L/LEdd) values and Pop. B the opposite 
(Marziani et al., 2003). But how are these 
key parameters measured � especially  
in high-z sources? The width of broad 
emission lines is considered a reliable 
indicator of velocity dispersion in the BLR 
gas surrounding the central black hole. 
FWHM Hβ is the measure of choice 
because the line is strong, relativelly sym-

metric and less uncontaminated by other 
lines. But how can we compare in- 
ferred properties of low-z quasars with 
higher redshift sources where Hβ can-
not be observed in the optical do- 
main? One solution was to use other low 
(Mg IIp����pÄ��NQ�GHFGDQ�HNMHR@SHNM�
(C IVp�����Ä��KHMD�LD@RTQDR�'NVDUDQ�HS�HR�
LNQD�CHEjBTKS�SN�DWSQ@BS�QDKH@AKD�%6',�
measures for these lines due to strong 
Fe II contamination in the former case and 
because there is reason to doubt that the 
latter line is a valid virial estimator.

A more modern solution is twofold: 1) use 
low-z samples to obtain a better under-
standing (in the 4DE1 context) of source 
phenomenology; and 2) use VLT�ISAAC 
infrared spectroscopy to measure FWHM 
Hβ in high-z sources. The former involves 
estimating the effects of source orien-
S@SHNM�NM�KHMD�OQNjKDR�@R�VDKK�@R�HRNK@SHMF� 
the virial component of Hβ. MBH deter-
minations also require an estimate for the 
radius of the BLR (rBLR) � only a small 
sample of low-z sources have reasonable 
estimates from reverberation mapping 
(Kaspi et al., 2005). We must therefore 
rely upon � and perhaps constrain � 
the correlation between rBLR and source 
luminosity (i.e. the Kaspi relation).

Infrared observing strategy

There is a long history of infrared (IR) 
quasar spectroscopy (e.g., Kühr et al., 
1984), but it has only recently become 
possible to obtain high S/N spectra of the 
Hβ�QDFHNM�ENQ�RHFMHjB@MS�MTLADQR�NE�
 high-z sources. ISAAC is the IR (1�5 µm) 
imager and spectrograph at the Nasmyth 
B focus of the VLT Unit Telescope 1 and 
high S/N spectra of z = 1�3 quasars can 
be obtained when Hβ is shifted into one 
of the IR �windows�. Each spectrum cor-
responds to a wavelength range (IR win-
dows Z, J, H, K ) that covers all or, most 
often, part of the region involving Hβ, the 
Fe II������Ä�AKDMC�@MC�NQ�SGD�%D II������Ä�
blend. Accuracy in wavelength calibra-
tion is especially important and we obtain 
root mean square (rms) residuals of less 
than 20 km/s in all windows, which is 
com parable to the accuracy achieved for 
low redshift optical spectra with resolu-
tion λ/∆λ ~ 1000.

Constraining Quasar Structural Evolution with  

VLT/ISAAC
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VLT�ISAAC spectra collected in four 
observing seasons have enabled us to 
measure emission-line parameters for 
more than 50 quasars in the range 
zp�p��l���3GD�R@LOKD�RHYD�MNV�ODQ�
mits a meaningful analysis of luminosity 
trends and source occupation in 4DE1 
space. We chose ESO�Hamburg quasars 
(Wisotzki et al., 2000) as ISAAC targets, 
VGHBG�DMRTQDC�@�VDKK�CDjMDC�BNKNTQ�
selected sample of sources brighter than 
mB = 17.5. We used two large compari -
son samples of low-z quasars: 1) our atlas 
of 215 moderate S/N spectra (Marziani  
et al., 2003); and 2) the 450+ brightest 
PT@R@QR�HM�2#22��9@LjQ�DS�@K��������
Figure 1 shows examples of both ground-
based optical and VLT�ISAAC spectra 
over the full redshift range of our study.

Do quasar spectra change with z and 
luminosity?

Our samples are ideal for comparing 
spectra over 6 dex in source luminosity. 
Figure 2 shows median composite 
 spectra for six luminosity bins (log Lbol = 
43�49, Lbol in units of ergs�1��6D�jMC�MN�
luminosity correlations in our low redshift 
samples � consistent with earlier results 
(Boroson & Green, 1992; Sulentic et al., 
2000a; 2004; 2007) that source luminos-
ity is orthogonal to Eigenvector 1 correla-
tions involving FWHM Hβ. Figure 2 shows 
Pop. A and B composite spectra sepa-
rately and in fact this 4DE1-inspired dis-
tinction is necessary in order to reveal the 
LNRS�RHFMHjB@MS�BG@MFD�HM�'β. Without 
such a distinction the only luminosity 
SQDMC�SG@S�VD�jMC�HMUNKUDR�@�RXRSDL@SHB�
weakening of narrow emission lines ([O III] 
�����������Ä��VHSG�HMBQD@RHMF�KTLHMNRHSX�
(see also Netzer et al., 2004 and Marziani 
et al., 2009, for a few striking exceptions). 
While narrow line measures are not part 
of the 4DE1 parameter set, this line de-
crease raises the question of whether we 
are seeing a luminosity or redshift (i.e. 
source evolution) trend. Previous 4DE1 
work (Sulentic et al., 2000ab) motivated 
the suggestion that Pop. A (and espe-
cially NLSy1) represent a young quasar 
population. This interpretation is favoured 
because we also observe weaker nar-  
row lines in low-z NLSy1 sources. But 
why then do we see the same diminution 
in Pop. B composites?

6D�jMC�@�K@QFD�ROQD@C�HM�%6',�'β 
measures at all redshifts with a well-
CDjMDC�KNVDQ�ANTMC@QX�SG@S�HMBQD@RDR�
from FWHM Hβ ~ 500�1000 km/s 
at Lbol = 48�49. No clear change is ob-
served in the upper FWHM boundary. 
The change in the lower boundary can be 
seen in  Figure 3 where we plot the dis-
tribution of FWHM Hβ measures against 
log Lbol. An increase in minimum FWHM 
with luminosity is expected if Hβ line 

broadening is dominated by virial motions 
and if the emissivity-weighted rBLR de-
pends on luminosity following a power-
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Figure 1. Sample VLT�
ISAAC (in black) and 
optical ground-based 
spectra of the Hβ re-
gion plotted at their red-
shifted wavelengths. 
Photometric windows 
are labelled at the top.

Figure 2. Median composite spectra binned in six 
integer luminosity intervals. The upper two and lower 
four bins show the VLT�ISAAC and optical ground-
based composites respectively. Population A and B 
composites are shown for each bin. Fe II contamina-
tion (green lines) is always stronger in the Pop. A 
spectra and a very broad Hβ component (thick red 
line) is always present in Pop. B spectra.
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law (rBLR α Lα; Kaspi et al., 2005). The 
exact value of the index is uncertain, but 
a more  pronounced trend is expected  
in Figure 3 for α�¶�����DRODBH@KKX�@S�GHFG�
luminosity (see caption to Figure 3). Irre-
spective of the correct value for α, the 
observed trend is one of the few inde-
pendent lines of evidence supporting the 
assumption that broadening of Balmer 
lines is predominantly virial.

Median spectra in Figure 2 show that 
Pop. A sources retain very similar 
(Lorentzian) Hβ�KHMD�OQNjKDR��VGHKD�SGD�
same cannot be said for Pop. B sources, 
where a red asymmetry grows with 
increasing source luminosity. There is evi-
dence (Marziani et al., 2009) that this 
asymmetry is a distinct, redshifted com-
ponent (we call it the very broad line 
region or VBLR). This extra line compo-
nent represents a challenge for both 
physical models of the BLR and for the 
use of FWHM Hβ as a virial estimator. 
Could this be the long-sought evidence 
for infall onto the central engine? What-

Figure 3. Source FWHM Hβ as a function of bolo-
metric luminosity. Grey dots and open circles show 
our two low-redshift source samples while red dots 
indicate the VLT�ISAAC sample. Blue triangles rep-
resent additional NLSy1 sources found by Zhou et al. 
(2006). Horizontal dot-dash lines indicate Pop. A�B 
and canonical NLSy1-broader source boundaries. 
!KTD�CNS�C@RG�BTQUD�RGNVR�LNCHjDC�/NO� l!�

Figure 4. MBH estimates 
derived from single-
epoch FWHM Hβ meas-
ures. Red and grey dots 
represent VLT and low-z 
SDSS sources respec-
tively. The  yellow region 
is not accessible in our 
magnitude-limited sur-
veys. The horizontal blue 
line shows the expected 
upper limit to the black 
hole mass of 5 × 109 M
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ever the origin of the VBLR component, 
our VLT spectra reinforce the evidence 
that it is real, and that the Pop. A�B 
dichotomy has a physical meaning, likely 
involving changes in the structure of the 
BLR. This dichotomy has a direct implica-
tion for the computation of black hole 
masses � FWHM Hβ is a reliable virial 
estimator only for Pop. A sources. Only 
the core (BLR) part of the line appears  
to be a reliable virial estimator in Pop. B 
sources (see also Collin et al., 2006).

Comparing black hole masses and 
Eddington ratios

Figure 4 shows the distribution of MBH as 
a function of redshift. MBH estimates 
for the low-z samples span 4 dex and the 
VLT sample does not increase that range. 
The yellow region below the curve is 
inaccessible to useful observations at this 
time. Measures of MBH > 5 × 109 M

�
 

are problematic if the MBH v. MBULGE rela-
tion is valid at high-z. MBH ~ 1010 M

�
 

would imply stellar velocity dispersions 
]p���pJL�R�@MC�QDRTKS@MS�MBULGE > 
1010 M

�
, which are not observed. Recent 

results on the fundamental plane of el- 
liptical galaxies, and on the most massive 
spheroids at z�������BNMjQL�SG@S�RSDKK@Q�
velocity dispersion measures are always 

boundary based on sources with Lorentzian and 
&@TRRH@M�OQNjKDR�QDRODBSHUDKX��,@QYH@MH�DS�@K��������
Two labelled curves show Kaspi relations with expo-
nents α = 0.52 and 0.67. The thick red line indicates 
FWHM increase with L expected for L/LEdd = 0.15 
(assuming α = 0.67). Shaded area is an apparent 
zone of avoidance for broad-line AGN.
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Figure 5. L/LEdd estimates derived from the MBH esti-
mates shown in Figure 4. Red and grey dots repre-
sent VLT�ISAAC and low-z SDSS sources respec-
tively. The yellow region is not accessible in our 
L@FMHSTCD�KHLHSDC�RTQUDXR�#NSSDC�@MC�jKKDC�BTQUDR�
represent minimum detectable values of L/LEdd��jWDC�
log MBH = 9.6) for magnitude-limited surveys to 
mBp�p����@MC�����QDRODBSHUDKX�
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< 500 km/s (Bernardi et al., 2005). Is 
there real evidence for log MBH values 
greater than about 9.7?

(E�VD�OK@BD�NTQ�BNMjCDMBD�HM�'β as the 
virial estimator, then Figure 2 points 
toward a way to reduce large MBH values. 
Our past work, now reinforced by the  
VLT sample, suggests that all, or most, of 
these values are overestimates. The 
VBLR component in Pop. B Hβ�OQNjKDR�
shows a large redshift, immediately rais-
ing doubts that it arises from a virialised 
medium. It is safer to assume that the 
 relatively unshifted BLR component is the 
virial estimator that corresponds most 
closely to the one used in Pop. A sources. 
Alternatively one can consider the width 
of the line part that is responding to 
 continuum changes, which has been 
estimated for low-z sources (see also 
Sulentic et al., 2000c). If we use either of 
these two approaches to infer MBH then 
LNRS�U@KTDR�E@KK�ADKNV�KNFpMBHp������AKTD�
dashed line indicated in Figure 4). This 
would remove any serious challenge to 
the bulge mass�BH mass relation out to 
z ~ 3.

 �jWDC�ANKNLDSQHB�BNQQDBSHNM�SN�SGD�ROD-
BHjB�KTLHMNRHSX�NE�D@BG�PT@R@Q�OQNUHCDR�
the luminosity-to-mass ratio or, equiv-
alently, L/LEdd. This approach is very 
crude, but a bolometric correction is rela-
tively stable for most sources, with the 
obvious exception of core-dominated 
radio-loud quasars. Figure 5 shows the 
distribution of derived L/LEdd estimates as 
a function of z. At z ~ 1 we start losing 
quasars with low L/LEdd that are abun-
dant at low z. The loss of sources be-
comes very serious at z > 2 where we are 
sampling only the highest L/LEdd radia-
tors, which should be equivalent to the 
low-z NLSy1 sources. Low L/LEdd sources 
should be present at high-z (numerous 
if they are young quasars) but an increas-
ing fraction are unobservable. This effect 
must be carefully considered when 
 studying L/LEdd�DUNKTSHNM�HM�@MX�kTW�KHL-
ited sample.

We note that small populations of 
Eddington or even super-Eddington radi-
ators are present in our sample. We have 
previously interpreted the low-z sources 
as oriented near face-on. If line emis- 
RHNM�@QHRDR�EQNL�@�k@SSDMDC�BKNTC�CHRSQH-
bution (or accretion disc) where rotatio-

nal motions dominate, then FWHM Hβ 
will underestimate virial motions and con-
sequently MBH in sources oriented near 
face-on. They will appear to be extreme 
L/LEdd radiators. Reasonable corrections 
for an assumed face-on orientation will 
move all of these sources safely below 
log L/LEdd ~ 1 (Sulentic et al., 2000a; 
 Marziani et al., 2003; Ryan et al., 2007). 
But what of the high-z VLT sources at or 
near log L/LEdd ~ 1 seen in Figure 5? 
The simplest interpretation places them 
as high luminosity analogues to lower-z 
NLSy1s.

A modest investment of observing time 
(equivalent to a single run of 6�7 nights) 
provided data with unprecedented S/N 
and resolution and in a redshift range 
where they were completely absent. The 
data enabled us to identify several inter-
esting luminosity trends that were not evi-
dent in large low-z samples. The ISAAC 
C@S@�QDHMENQBD�SGD�RHFMHjB@MBD�NE�SGD� 
Pop. A�B dichotomy by showing that the 
redshifted VBLR Hβ is the stronger Hβ 
component in the most luminous Pop. B 
sources. They also permited a more relia-
ble comparison of MBH and L/LEdd esti-
mates out to z ~ 3. The observation of 
large black hole masses at z ~ 3 and be-
yond (Kurk et al., 2007) suggest that ei-
ther: a) at least some supermassive black 
holes grow early in the history of the 
 Universe; or b) rotational motions no 

longer dominate the Hβ�KHMD�OQNjKD�2HMBD�
iron enrichment and black hole growth 
require predictable timescales, extension 
of observations to high-z may eventually 
provide intriguing tests of the current 
cosmological scenario. It is premature to 
say whether the lack of spectral evolution 
poses problems for the concordance 
cosmology.
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