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The Intergalactic Medium can be stud-
ied using the imprint left in the spec- 
tra of background quasars, the so-
called Lyman-a forest. The correlations 
between absorption features observed 
along the lines of sight to the quasars 
have been studied to derive information  
on the clustering properties of the IGM 
structures. Very few observations have 
been performed so far of the correlation 
of the absorption along two different 
lines of sight separated by a few arc-
minutes in the sky. The comparison of 
the correlation functions along the line 
of sight (longitudinal direction on a 
velocity scale) and in the perpendicular 
direction (on an angular scale) can be 
used to constrain the geometry of the 
Universe. We have recently completed  
a study of the transverse and longi-
tudinal flux correlation functions of the 
Lyman‑a forest in quasar absorption 
spectra at z ~ 2.1 from VLT-FORS and 
VLT-UVES observations of a total of  
32 pairs of quasars with separations in 
the range 0.6 < q < 10 arcmin and found 
a correlation signal up to 3–5 arcmin.

The numerous H i absorption lines seen in 
the spectra of distant quasars, the so-
called Lyman-a forest, contains precious 
information on the spatial distribution  
of neutral hydrogen in the Universe. Un-
ravelling this information from individ- 
ual spectra has for a long time proven dif-
ficult and ambiguous. Studies of the 
correlation of the Lyman-a forests ob- 

served in the two spectra of QSO pairs 
have been instrumental in measuring the 
spatial extent of absorbing structures. 
Significant correlation between absorp-
tion spectra of adjacent lines of sight 
toward quasars exists for separations  
of a few to ten arcmin suggesting a size  
or better a coherence length of the 
structures larger than 500 h70

–1 kpc (e.g.  
Smette et al. 1995; Crotts and Fang 1998; 
Aracil et al. 2002) and a non-spherical 
geometry of the absorbing structures 
(Rauch et al. 2005). On even larger scales, 
Williger et al. (2000) still find evidence  
for an excess of clustering on 10 Mpc 
scales.

The picture of the Lyman-a forest aris- 
ing from density fluctuations in a warm 
photoionised Intergalactic Medium dis- 
tributed as expected in a CDM model ex-
plains the statistical properties of indi- 
vidual QSO absorption spectra very well. 
Most of the baryons are located in fila-
ments and sheets which are only over-
dense by factors of a few and produce 
absorption in the column density range 
1014 < NHI < 1015 cm–2 at z ~ 2. On the 
other hand, most of the volume is occu-
pied by underdense regions that produce 
absorption with NHI < 1014 cm–2. Analyti-
cal calculations and numerical simula-
tions of the spatial distribution of neutral 
hydrogen in LCDM models are also able 
to reproduce the large observed trans-
verse correlation length of the Lyman-a 
forest in the absorption spectra of QSO 
pairs (e.g. Rollinde et al. 2003).

As pointed out by several authors a com-
parison of the transverse correlation to 
the correlation observed along the line of 
sight, can be used to carry out a variant 
of the Alcock and Paczyński (1979) test to 
put constraints on the geometry of the 
Universe (e.g. Mc Donald 2003). This pro-
vides strong motivation for an accurate 
measurement of the transverse correla-
tion function.

We have obtained spectra for a very large 
sample of QSO pairs: 26 pairs with se-
parations in the range 0.6–4 arcmin (cor-
responding to Q 0.2 to 1.4 h–1 Mpc 
proper at z = 2.1 for Ωm = 0.3, ΩL = 0.7) 
and six pairs with separations in the 
range 5–10 arcmin. The results of the sur-
vey are published in Coppolani et al. 
(2006).

Observations

The first release of the 2dF quasar survey 
has significantly enlarged the number  
of known quasar pairs with arcmin sepa-
ration (Outram, Hoyle and Shanks 2001). 
We have selected pairs with the following 
criteria: (1) the separation of the two qua-
sars should be in the range 1–4 arcmin 
where the correlation is expected to be 
strong; (2) the quasars should be brighter 
than mV = 20.30 to keep observing time 
in reasonable limits; (3) the emission red-
shifts of the two quasars should be larger 
than z ~ 2.1 to increase the wavelength 
range over which high S/N ratio can be 
obtained (FORS is not sufficiently sensi-
tive below 3 500 Å); (4) the redshift differ-
ence should be smaller than ∆ z ~ 0.5  
(for most of them 0.3) to maximise the 
wavelength range over which correlations 
can be studied.

There are 22 quasar pairs in the 2dF sur-
vey which meet our criteria of which  
we observed 20. Twelve previously known 
pairs have been added to this sample. 
The spectra of the quasars were obtained 
with FORS1 and 2 mounted on VLT UT2 
and UT3 using grism GR630B and a  
0.7 arcsec slit. The final spectral resolu-
tion was R = 1400 or FWHM = 220 km s–1 
at 3 800 Å. The exposure times have 
been adjusted in order to obtain a typical 
signal-to-noise ratio of ~ 10 at 3 500 Å.  
At l ~ 4 500 Å the S/N ratio is usually 
larger than 70. Typical observed spectra 
of QSO pairs are shown in Figure 1.

To calculate the longitudinal correlation 
function we also used the data from  
the Large Programme “The Cosmic Evo-
lution of the IGM” which has produced  
a sample of absorption spectra of homo-
geneous quality suitable for studying  
the Lyman-a forest in the redshift range 
1.7–4.5. The spectra of the LP were taken 
with VLT-UVES and have high resolu- 
tion (R ~ 45 000) and high signal-to-noise 
ratio. (30 and 60 per pixel at respectively 
3 500 and 6 000 Å.)

Numerical simulations

We used two numerical simulations to es-
timate the errors and the effect of red-
shift distortion and of the thermal state of 
the gas on the correlation functions: a 
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large-size dark-matter only simulation and 
a smaller-size full hydrodynamical simula-
tion. For both simulations we assume pa-
rameters consistent with the fiducial con-
cordance cosmological model ΩL = 0.7, 
Ωm = 0.3. The hydrodynamical simulation 
of 40 Mpc box-size and dark-matter only 
simulation of 100 h–1 Mpc box-size are 
used to catch both the statistical aspects 
and the effect of gas physics. The large 
box-size of the dark-matter only simula-
tion ensures a sufficient statistical sam-
pling on large scales where thermal effects 
and pressure effects, which are mod-
elled approximately in this simulation, are 
less important. The hydrodynamical simu-
lation is better suited for investigating the 
effects of thermal broadening and red-
shift distortions which are more relevant 
on small scales. The 40 Mpc box-size  
of the hydrodynamical simulation offers 
the best compromise between box-size 
and resolution.

The observed correlation functions

We define the flux correlation function, 
x f (q,∆v), as in Rollinde et al. (2003). In the 
following we will use H0 = 70 km/s/Mpc, 
Ωm = 0.3, ΩL = 0.7 to relate scales in 
redshift space with angular scales. With 
these parameters ∆v = 100 km s–1 cor-
responds to ~ 1 arcmin at z = 2. The ob-
served correlation functions depend 
strongly on the spectral resolution of the 
absorption spectra unless the width of all 
spectral features is fully resolved.

In Figure 2 we show the observed trans-
verse correlation function derived us- 
ing the 32 pairs of our sample. Each point 
on this figure corresponds to one pair. 
The measurement for each quasar pair, 
x(qi) ≡ x f (qi; ∆v = 0), is shown as a small 
solid triangle at the angular separation of 
the pair, qi. The transverse correlation is 
clearly detected on scales < 4 arcmin.  
If we merge the two bins between 3 and  
4 arcmin, the correlation is detected at 
about the 3s level.

We have calculated the longitudinal cor-
relation function (the correlation meas-
ured along the line of sight to the quasar) 
from the 58 FORS spectra in the sam- 
ple at a mean redshift z ~ 2.1. We also 
have estimated the longitudinal correla-
tion function measured from the high-

resolution spectra obtained in the course 
of the UVES-VLT Large Programme. The 
two correlation functions agree very well 
after the high-resolution VLT-UVES spec-
tra is convolved with a Gaussian filter of 
FWHM = 220 km s–1 to take into account 
the difference in resolution between the 
UVES and FORS spectra.

Comparison of observed and simulated 
correlation functions

The ability of LCDM models to reproduce 
the longitudinal correlation function of  
the Lyman-a forest has been demon-
strated by many authors (e.g. Rollinde et 
al. 2003) and the same is true for our 
simulations. The curves from the hydro-
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Figure 2 (Left): The observed trans-
verse correlation coefficient for indi-
vidual pairs (black triangles, dashed 
error bars) and a binned estimate  
of the transverse correlation function 
(solid error bars). Note that the first  
bin at the smallest separation contains 
only one measurement.

Figure 1 (Above): Typical observed 
spectra of QSO pairs in order of in-
creasing right ascension. QSO names, 
emission redshifts and angular sepa-
rations are given in the top-left corner 
of each sub-panel.
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this redshift, this corresponds to a sep-
aration of about 2 arcmin, smaller than 
the median separation in our sample.

However, there is a possible small excess 
of clustering of C iv systems on scales 
smaller than 5 000 km s–1. This scale is 
larger than the typical correlation length, 
of about 1000 km s–1, seen in the longi-
tudinal correlation function of C iv systems 
(e.g. Scannapieco et al. 2006). This is due 
to an excess of associations in the ve-
locity bin ∆v ~ 4 000 km s–1. However, the 
corresponding C iv associations are lo-
cated in the peculiar field containing the 

dynamical simulation in Figure 3 for z = 2 
and z = 3 nicely bracket the observed 
correlation function obtained from the 
high-resolution data with a median red-
shift of z = 2.39.

The transverse correlation contains pre-
cious direct information on the physi- 
cal size/coherence-length of the absorb-
ing structures as it is less affected by 
redshift space distortions than the longi-
tudinal correlation function. Furthermore, 
a comparison of the longitudinal and 
transverse correlation functions can – at 
least in principle – strongly constrain cos-
mological parameters in particular ΩL.

The thick solid curve in Figure 4 shows 
our estimate of the transverse correlation 
function from the full hydrodynamical 
simulation at z = 2. It agrees well with our 
measurement of the observed transverse 
correlation function (mean redshift ~ 2.1).

Despite the larger sample (about three 
times more pairs at q < 3 arcmin than  
in Rollinde et al. 2003) and the corre-
spondingly smaller errors, we cannot yet 
distinguish between different values of 
Ωm. However, the result shown here is 
very encouraging as it shows that cluster-
ing signal is present up to about 4 arc-
min, consistent with the predictions of 
LCDM models.

Metal absorption systems

Our sample of quasar pairs is also well 
suited to study the spatial distribution  
of the gas responsible for the associated 
metal absorption in QSO spectra. We 
have selected after identification a sam-
ple of 139 C iv systems distributed over  
a redshift path dz = 38, corresponding to 
a density of 3.7 systems per unit redshift. 
We apply the Nearest-Neighbour meth- 
od, as described in Aracil et al. (2002) to 
the corresponding list of C iv systems.

We do not find any statistically significant 
signal of correlation in the transverse di-
rection. This is consistent with the models 
by Scannapieco et al. (2006) who have 
shown that, at z ~ 3, the longitudinal C iv 
correlation function is consistent with a 
model where C iv is confined within bub-
bles of typical radius ~ 2 Mpc comoving 
surrounding halos of mass ~ 1012 MA. At 

quartet Q 0103-294A&B, Q 0102-2931 
and Q 0102-293 (all four quasars are sep-
arated by less than 10 arcmin). Along 
these lines of sight the density of C iv sys-
tems is 6.4 per unit redshift and the num-
ber of coincidences within 4 000 km s–1  
is about twice larger than the mean den-
sity of coincidences in the overall sam-
ple. In addition, there is no C iv system 
between z = 1.955 and 2.051, a redshift 
range over which the H i absorption  
in front of the quartet is much reduced 
(Rollinde et al. 2003). Note also that the 
correlation between the Lyman-a for- 
ests of Q 0102-2931 and Q 0103-294B, 
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Figure 3: The observed longitudinal 
correlation function from the high-
resolution UVES spectra (thick solid 
curve) compared to the longitudinal 
correlation function as measured  
in the full hydrodynamical simulation  
at z = 2 (lower thin curve) and z = 3 
(upper thin curve), respectively.
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Figure 4: The binned estimate of the 
observed transverse correlation func-
tion (solid error bars) is shown to-
gether with the estimate of the trans-
verse correlation function from the  
full hydro-simulation (thick solid curve) 
and linear predictions for Wm = 0.1, 0.3 
and 1 (thin solid, dashed and dot- 
ted lines respectively, assuming a flat 
Universe: WL + Wm = 1). The linear 
theory predictions are normalised to 
reproduce the longitudinal correlation 
function at large scales.



27The Messenger 125 – September 2006

two quasars of the group with ~ 6 arc-
min separation, is measured to be quite 
high (x = 0.011).

A similar overdensity of C iv systems has 
been observed in the field of Tol 1037–
2704 (e.g. Jakobsen et al. 1986) and has 
been interpreted as being due to the 
presence of a supercluster. The dimen-
sions of this supercluster would be at 
least 80 and 30 h –1 Mpc along and per-
pendicular to the line of sight, respec-
tively. To our knowledge no deep imaging 
of these fields exist and it would be very 
interesting to search for possible concen-
trations of galaxies.

Future prospects

We have detected the transverse corre-
lation of the intergalactic medium at the 
3s level up to separations of about  
3–5 arcmin. The shape and correlation 
length of the transverse correlation func-
tion of the absorbing gas is in good 
agreement with expectations for absorp-
tion by density fluctuations in the warm 

photoionised Intergalactic Medium as 
described in CDM-like structure forma-
tion models. Our measurement is thus an 
important further independent confir-
mation that the Lyman-a forest is indeed 
caused by the filamentary and sheet-like 
structures of the cosmic web predicted 
by these models. In agreement with pre-
dictions of previous theoretical studies 
we find that our sample is still too small to 
obtain significant constraints on cosmo-
logical parameters. The improved errors 
of our larger sample compared to the 
sub-sample of Rollinde et al. (2003) sug-
gest however that meaningful constraints 
on ΩL can be obtained. For this, a larg- 
er sample and a careful analysis of the 
systematic uncertainties with a large suite 
of full hydrodynamical simulations are 
necessary. Mc Donald (2003) estimated 
that this requires a sample of 13(q/1;)2 
pairs on scales up to 10 arcmin.

In addition, our results open the prospect 
to reconstruct the 3D density field directly 
(see Pichon et al. 2001). For this a net-
work of lines of sight in the same field 
should be observed. Intermediate and/or 

low spectral resolution is sufficient but 
the distance between lines of sight is cru-
cial and should be smaller than about  
5 arcminutes.
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Extrasolar Planets and Brown Dwarfs: A Flurry of Results

Three ESO press releases on extrasolar 
planets and brown dwarfs in the last  
few months testify to the pace of activity 
in this field at the moment. They are 
summarised briefly here, and are avail-
able in complete form on the ESO web-
site (PR 19/06, 28/06, 29/06).

Planetary-Mass objects surrounded  
by discs

Two new studies show that objects only  
a few times more massive than Jupiter 
are born with discs of dust and gas, the 
raw material for planet making. This sug-
gests that miniature versions of the solar 
system may circle objects that are some 
hundred times less massive than our Sun.

For a few years it has been known that 
many young brown dwarfs, ‘failed stars’ 
that weigh less than eight per cent the 

mass of the Sun, are surrounded by a 
disc of material. This may indicate that 
these objects form the same way as did 
our Sun. The new findings confirm that 
the same appears to be true for their 
even smaller cousins, sometimes called 
planetary-mass objects or ‘planemos’. 
These objects have masses similar to 
those of extrasolar planets, but they are 
not in orbit around stars – instead, they 
float freely through space.

“Now that we know of these planetary- 
mass objects with their own little infant 
planetary systems, the definition of  
the word ‘planet’ has blurred even more”, 
adds Ray Jayawardhana (University  
of Toronto, Canada), lead author of the 
study. “In a way, the new discoveries are 
not too surprising – after all, Jupiter  
must have been born with its own disc, 
out of which its bigger moons formed.”

Unlike Jupiter, however, these planetary- 
mass objects are not circling stars. 
In their study, Jayawardhana and Ivanov 
(ESO) used the VLT and NTT to obtain 
optical spectra of six candidates identi-
fied recently by researchers at the Univer-
sity of Texas at Austin. Four of the six 
turned out to have masses between five 
to 15 times that of Jupiter. All four of 
these objects are ‘newborns’, just a few 
million years old, and are located in star-
forming regions about 450 light years 
from Earth. They show infrared emission 
from dusty discs that may evolve into 
miniature planetary systems over time.

In another study, Subhanjoy Mohanty 
(Harvard-Smithsonian Center for Astro-
physics, CfA), Ray Jayawardhana (Uni-
versity of Toronto), Nuria Huelamo (ESO) 
and Eric Mamajek (also at CfA) used the 
VLT and NACO to obtain images and 
spectra of a planetary-mass companion 


