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Mhalo > (4 - 6) x 1012 M⊙/h

Cristina García Vergara, Leiden Observatory 

24.3 ± 2.4 
Shen et al. 2007

Extremely strong quasar clustering at z > 3.5

Quasars should trace massive dark 
matter halos in the early Universe

Therefore we expect a large ovedensity of galaxies around them
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Search for galaxies at optical wavelengths show 
confusing and contradictory results

No overdensities
52 %

Overdensities
48 %

~30 z>~4 quasar fields studied so far:

Some possible reasons:

• Individual quasar fields, so affected by 
low number statistics and high cosmic 
variance.

• Incomplete galaxy population traced 
(indeed several serendipitous 
detections of dusty close companion 
around high-z quasars with ALMA has 
been reported (Decarli+2017, Trakhtenbrot+2017, 
Venemans+2020, Nguyen+2020).

Adams+05, Stiavelli+05, Zheng+06, 
Kashikawa+07, Kim+09, Utsumi+10, 
Capak+11, Swinbank+12, Morselli+14, 
Balmaverde+17, Ota+18.

Willott+05, Kim+09, Bañados+13, 
Husband+13, Simpson+14, 
Mazzucchelli+17, Kikuta+17, 
Goto+17, Ota+18.

No clear evidence of quasars tracing 
massive dark matter halos as suggested 
by the quasar clustering.
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The quasar-galaxy cross-
correlation function  

Expectation: Galaxies should be 
accumulated around quasar implying a large 
quasar-galaxy cross-correlation function.Δz

QSO

dR

A powerful technique to overcome high cosmic variance and low number statistic.

Advantages: 

i) it quantifies not only the over/under density of galaxies but also their radial distribution 
about the QSO.

ii) it can be easily related to the respective auto-correlations of the QSO and galaxy samples.
iii)  it provides an independent method to estimate QSO and galaxy host halo masses. 

R Distance from the central quasar

χ(R)

overdensity -1
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Survey of LAEs and CO emitters in the 
environments of 17 quasars at z~4

Observations of 17 QSO fields at z~4 
with VLT/FORS2 (20hrs) to search for 
Lyman alpha emitters (NB5sigma~24.5).

Quasar

Example of one quasar field imaged with 
VLT/FORS2, and 5 LAEs around it
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Observations of 17 QSO fields at z~4
VLT/FORS2 Observations
Imaging on 17 QSO fields with the g, HeI 
and R bands to search for Lyman alpha 
emitters (LAEs) at z=3.9

E!ective Survey volume: 
40,254 (cMpc/h)3 

ALMA/Band3 Observations
Observations on 17 QSO fields with band 3 to 

search for CO(4-3) emitters at z=3.9

We detected 25 LAEs with S/N>5.0 and with EWRF > 28 
Angstroms, while only 18.4 LAEs are expected in blank 
fields over the same volume (computed based on the 
luminosity function of LAEs at z~4; Ouchi+08)

We detected 6 CO lines within the primary beam, 
with S/N>5.0, and fidelity > 50%, while only 0.2 

CO emitters are expected in blank fields over the 
same volume (computed based on the luminosity 

function of CO(4-3) at z~4; Decarli+19)
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Image of one QSO field: CO(4-3) emission

QSO

CO emitter

Sky distribution of galaxies around the QSO for the 17 fields

Example of one channel (25km/s width) of a cube 
showing CO for the quasar and a companion 

Observations of 17 QSO fields at z~4 
with ALMA band 3 (20.5hrs) to search for 
CO(4-3) emitting galaxies (rms~0.25 mJy/
beam).

Tracing clustering of two populations simultaneously
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We detected a total overdensity 
of LAEs in QSO fields of 1.4

García-Vergara+19

We detected 25 LAEs with S/N>5.0 
and with EWRF > 28 Angstroms

Only 18.4 LAEs are expected in blank 
fields over the same volume  
(computed based on the luminosity 
function of LAEs at z~4; Ouchi+08). 

Mild LAE overdensity 
around quasars

however, the errors associated with the Schechter parameters of
the LAE luminosity function dominate over this relatively
small source of error in the LAE number density computation.
The mean 5σ limiting Lyα luminosity computed for our fields
is listed in Table 4; on average we obtained LLyα=4.1×
1042 erg s−1. Given that the source detection in our images is
not 100% complete up to the 5σ limiting Lyα luminosity (see
Section 2.3), we have included the completeness correction
in the computation of ( )�B Bn z L L,G Ly Ly

limit by weighting the
luminosity function by the source detection completeness
computed as explained in Section 2.3 for each field. We listed
the ( )�B Bn z L L,G Ly Ly

limit values per field in Table 4.
For the computation of the Veff value in Equation (5), we

considered the volume of the bin defined by a cylinder with
radial width ( – )R Rmax min and height Z, which is computed from
the FWHM of our NB filter (we approximate the filter curve

transmission function as a top-hat function with a width equal
to the FWHM). Specifically, for He I, the FWHM=63Å
corresponds to a redshift coverage of Δz=0.052 at z=3.88
(or equivalently 3197 km s−1) and a comoving distance of
� �Z h26.2 1 cMpc. We also considered an angular selection

function in this computation, which is estimated using the
detection masks created from our images (see Section 3.2).
These masks quantify the fraction of the bin area where the
LAEs were detectable. In Table 4 we show the effective
volume of each field Vfield (i.e., the sum of the Veff over the
radial bins). We obtained that the total volume of our survey is
40,254 h−3 cMpc3.
In Table 4 we also list the values of � §QG field and � §QR field,

which correspond to the sum of the � §QG and � §QR values,
respectively, over the bins for each individual quasar field.
This provides a measurement of the individual overdensity
E � � § � §QG QRfield field. We find that 7 out of 17 fields have

Figure 7. g, He I, and R images of the entire LAE sample, exhibited in panels of 7 5×7 5. A red circle of 2″ in diameter shows the position of the detected LAEs.
Magnitudes are indicated in each panel.
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HeI

Example of 5 LAEs in our survey 

…so on average quasars trace massive 
structures at the early universe

Cristina García Vergara, Leiden Observatory 
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However, our measurement fall short 
of the predicted overdensities by a 

factor of 2.1.

*Based on a deterministic bias model, and assuming ξ2QG = 
︎
ξQQξGG 

García-Vergara+19

We detected a positive QSO-LAEs 
cross-correlation function, 
indicative of a concentration of 
LAEs centered on QSOs. 

Quasar-LAE cross-correlation function

Distance from the central quasar

⟨QR⟩: Expected number of 
galaxies in blank fields:

⟨QG⟩: Observed number of 
galaxies in quasar fields.

8 Garćıa-Vergara, C. et al.

hQGi = nG

Z Zmax

Zmin

Z Rmax

Rmin

C(Z)[1+⇠QG(R,Z)]2⇡RdRdZ

(8)
where we do not write explicitly the nG dependency to

simplify the notation and we assumed that nG(z,< mlim)
is constant in the considered redshift range. We define
an e↵ective volume as,

Ve↵ =

Z Zmax

Zmin

Z Rmax

Rmin

C(Z)2⇡RdRdZ

=⇡(R2
max �R

2
min)

Z Zmax

Zmin

C(Z)dZ (9)

Using this notation, the equation (8) can be written as

hQGi =

nGVe↵

 
1 +

R Zmax

Zmin

R Rmax

Rmin
C(Z)⇠QG(R,Z)2⇡RdRdZ

Ve↵

!

(10)

For the Ve↵ calculation, we have truncated our com-
pleteness function at values in which the completeness is
insignificant in order to avoid and increment the noise in
our estimation. We choose zmin = 3.58 and zmax = 3.96
corresponding to a velocity range of �v ⇠ 23, 800 km s�1

and �Z ⇠ 211 cMpc. Choosing di↵erent Rmin and
Rmax values allows to compute the cross-correlation in
di↵erent radial bins, and the maximum Rmax value will
be limited by the images size.

The computation of the expected number of LBG
in QSO environments, hQGi, require the knowledge
of the mean number density of LBGs nG(z,< mlim)
which can be calculated from the luminosity function.
We use the Schechter parameters from ? who studied
the photometric properties based on a large sample
of ⇠ 2200 LBGs at z ⇠ 4. The values used are
�
⇤ = 2.8 ⇥ 10�3 h370 Mpc�3, M⇤

1700 = �20.6 mag and
↵ = �1.6. We integrate the luminosity function in the
limits given by our LBG selection, corresponding to an
apparent magnitude range of 23.82 < mrGUNN < 25.70
and we obtain nG = 2.73⇥ 10�3 h3 cMpc�3.

Finally, we assume that the LBG-QSO cross-
correlation function obeys a power law form,

⇠QG(R,Z) =

 p
R2 + Z2

r
QG
0

!��

(11)

The cross-correlation length r
QG
0 can be estimated

using the individual auto-correlation lengths of both
QSO and LBGs (e.g. ?). If we assume that both
LBGs and QSOs trace the same underlying dark
matter, and a linear bias such that �G = bG�DM and
�Q = bQ�DM we can write the cross-correlation function

as ⇠QG(r) =
p

⇠G(r)⇠Q(r) and therefore r
QG
0 =

q
r
G
0 r

Q
0 .

This supposition breaks down at large scales, but works

properly at the scales involved in this study. We use
the auto-correlation lengths values r

G
0 = 4.1 h�1 cMpc

for LBGs at z ⇠ 4 (?) and r
Q
0 = 22.3 h�1 cMpc for

QSOs at z ⇠ 4. This last value was calculated using
the correlation measurements from (?) for QSO in the
redshift range z > 3.5 with a fix � = 1.8. The resulting
expected r

QG
0 value is then r

QG
0 = 9.6 h�1 cMpc for a

fixed � = 1.8 value.

In the particular case in which LBG are randomly dis-
tributed around QSOs, ⇠QG(r) = 0, and the QSO-LBG
number pairs at R distance from a QSO, in a volume Ve↵
is given by,

hQRi = nGVe↵ (12)

We calculate the expected number of LBGs randomly
distributed on a field of v 60 ⇥ 60 (the approximated size
of our reduced images) to have a first order of magnitude
for our cross-correlation measurement, and we obtain
hQRi = 15.6 which is much lower than the number of
LBGs per field showed in figure 3.

In order to estimate the theoretical expectation of the
QSO-LBG angular cross-correlation function we com-
pute hQGi and hQRi in logarithmic spaced radial bins
and we use the estimator:

�i =
hQGii
hQRii

� 1 (13)

� =
hQGi
hQRi � 1 (14)

where hQGii and hQRii are the number of QSO-LBG
and QSO-random pairs in the ith radial bin, given by
equations (10) and (13) respectively. Note that if we
replace equation (10) and (13) in (14), we can write � as

� =

R Zmax

Zmin

R Rmax

Rmin
C(Z)⇠QG(R,Z)2⇡RdRdZ

Ve↵
(15)

Thereby here we are computing a dimensionless esti-
mator � which correspond to a volume averaged correla-
tion function, integrated in both redshift and radial bin
space. The integral over the radial bin is suitable since
the cross-correlation value may variate over the bin size.
The theoretical expectation of � for our six stacked fields
is shown as a dashed line in Fig. 9 together with the ob-
servational results, as is explained in the next section.

4.2. QSO-LBG Angular Cross-Correlation Function at

z ⇠ 4

We calculate the observational � value using equation
14, where hQGii is the QSO-LBG pairs in the ith radial
bin which is directly measured on our images. The esti-
mation of hQRi require the creation of a catalog with ran-
domly distributed LBGs with the same numerical den-
sity of sources for each field, and using exactly the same
geometry and selection function of our images. To deter-
mine how many random sources we should create, we cal-
culate the number of LBG expected over our image area
using equation (13). We choose an arbitrary re-scaling

Volume averaged cross-correlation 
function:

Total overdensity 1.4

Cristina García Vergara, Leiden Observatory 



We detected 5 CO emitters with S/N>5.6 
(Fidelity>80%).

Only 0.28 COs are expected in blank fields 
over the same volume  (computed based 
on the luminosity function of CO(4–3) at 
z~4; Decarli+19). 

Large CO overdensity 
around quasars

ALMA reveals large overdensity and strong clustering of galaxies in quasar environments at z ⇠ 4 7
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Figure 2. Left: Line maps for all the sources detected in our survey with fidelity �0.8 (or �0.9 if they are located at radius > 50.1400from the pointing center),
integrated over a frequency width given by 2.8�line around the center of the line. The primary beam correction is not applied. Contours start at ±2� and increase
in steps of 1�. The white ellipse in the lower-left corner shows the FWHM beam size. Right: 1D extracted spectra on the brightest pixel of each source. We
show the Gaussian plus flat continuum fit as a red curve. The shaded gray area shows the line width as detected by the line search algorithm. In each panel, we
report the best-fitted FWHM value, the S/N of the line determined by the line search algorithm, and the fidelity.

source, since we would need an additional observation on the
UV-continuum at longer wavelengths to exclude possible in-
terlopers, but the absence of the break can be used to confirm
that the source is located at lower redshift.

For all the detected lines we search for a � 3� detection
in the R and g images within 200. If a source is found in ei-
ther of these bands, we perform a 200 aperture photometry in
that position in the two bands following the same criteria as
Garcı́a-Vergara et al. (2019). If no source is found we per-
form the aperture photometry in the position of the detected
line and compute 3� upper limits for the fluxes in g and R. In
all the cases, we compute the color magnitude g�R and report
these values in Table 3. As in Garcı́a-Vergara et al. (2019), the
Ly↵ break is defined by the color criteria g � R � 0.7.

Additionally to the LAE mentioned above (J1211+1224.1),
we find that one other CO emitting galaxy (J0202-0650.1) ex-
hibits the Ly↵ break, suggesting that it is possibly an LBG
at z ⇠ 4. All the other galaxies are not detected in either g

and R bands, so we do not have information to trace the Ly↵
break, and also we can not confirm that any of these are low-z
interlopers. However, the lack of an optical counterpart at the
relatively deep VLT survey (with limiting magnitude 25.14
and 25.81 for the R and g images respectively) makes these
objects unlikely to be lower�z (z  2.7) galaxies.

Finally, we check the possibility to include additional low
fidelity line emission sources at the position of the other
S/N > 5 LAE that was located within the ALMA Field-of-
view. However, even by relaxing the fidelity criteria down

ALMA reveals large overdensity and strong clustering of galaxies in quasar environments at z ⇠ 4 7
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Figure 2. Left: Line maps for all the sources detected in our survey with fidelity �0.8 (or �0.9 if they are located at radius > 50.1400from the pointing center),
integrated over a frequency width given by 2.8�line around the center of the line. The primary beam correction is not applied. Contours start at ±2� and increase
in steps of 1�. The white ellipse in the lower-left corner shows the FWHM beam size. Right: 1D extracted spectra on the brightest pixel of each source. We
show the Gaussian plus flat continuum fit as a red curve. The shaded gray area shows the line width as detected by the line search algorithm. In each panel, we
report the best-fitted FWHM value, the S/N of the line determined by the line search algorithm, and the fidelity.

source, since we would need an additional observation on the
UV-continuum at longer wavelengths to exclude possible in-
terlopers, but the absence of the break can be used to confirm
that the source is located at lower redshift.

For all the detected lines we search for a � 3� detection
in the R and g images within 200. If a source is found in ei-
ther of these bands, we perform a 200 aperture photometry in
that position in the two bands following the same criteria as
Garcı́a-Vergara et al. (2019). If no source is found we per-
form the aperture photometry in the position of the detected
line and compute 3� upper limits for the fluxes in g and R. In
all the cases, we compute the color magnitude g�R and report
these values in Table 3. As in Garcı́a-Vergara et al. (2019), the
Ly↵ break is defined by the color criteria g � R � 0.7.

Additionally to the LAE mentioned above (J1211+1224.1),
we find that one other CO emitting galaxy (J0202-0650.1) ex-
hibits the Ly↵ break, suggesting that it is possibly an LBG
at z ⇠ 4. All the other galaxies are not detected in either g

and R bands, so we do not have information to trace the Ly↵
break, and also we can not confirm that any of these are low-z
interlopers. However, the lack of an optical counterpart at the
relatively deep VLT survey (with limiting magnitude 25.14
and 25.81 for the R and g images respectively) makes these
objects unlikely to be lower�z (z  2.7) galaxies.

Finally, we check the possibility to include additional low
fidelity line emission sources at the position of the other
S/N > 5 LAE that was located within the ALMA Field-of-
view. However, even by relaxing the fidelity criteria down
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Figure 2. Left: Line maps for all the sources detected in our survey with fidelity �0.8 (or �0.9 if they are located at radius > 50.1400from the pointing center),
integrated over a frequency width given by 2.8�line around the center of the line. The primary beam correction is not applied. Contours start at ±2� and increase
in steps of 1�. The white ellipse in the lower-left corner shows the FWHM beam size. Right: 1D extracted spectra on the brightest pixel of each source. We
show the Gaussian plus flat continuum fit as a red curve. The shaded gray area shows the line width as detected by the line search algorithm. In each panel, we
report the best-fitted FWHM value, the S/N of the line determined by the line search algorithm, and the fidelity.

source, since we would need an additional observation on the
UV-continuum at longer wavelengths to exclude possible in-
terlopers, but the absence of the break can be used to confirm
that the source is located at lower redshift.

For all the detected lines we search for a � 3� detection
in the R and g images within 200. If a source is found in ei-
ther of these bands, we perform a 200 aperture photometry in
that position in the two bands following the same criteria as
Garcı́a-Vergara et al. (2019). If no source is found we per-
form the aperture photometry in the position of the detected
line and compute 3� upper limits for the fluxes in g and R. In
all the cases, we compute the color magnitude g�R and report
these values in Table 3. As in Garcı́a-Vergara et al. (2019), the
Ly↵ break is defined by the color criteria g � R � 0.7.

Additionally to the LAE mentioned above (J1211+1224.1),
we find that one other CO emitting galaxy (J0202-0650.1) ex-
hibits the Ly↵ break, suggesting that it is possibly an LBG
at z ⇠ 4. All the other galaxies are not detected in either g

and R bands, so we do not have information to trace the Ly↵
break, and also we can not confirm that any of these are low-z
interlopers. However, the lack of an optical counterpart at the
relatively deep VLT survey (with limiting magnitude 25.14
and 25.81 for the R and g images respectively) makes these
objects unlikely to be lower�z (z  2.7) galaxies.

Finally, we check the possibility to include additional low
fidelity line emission sources at the position of the other
S/N > 5 LAE that was located within the ALMA Field-of-
view. However, even by relaxing the fidelity criteria down
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Figure 2. Left: Line maps for all the sources detected in our survey with fidelity �0.8 (or �0.9 if they are located at radius > 50.1400from the pointing center),
integrated over a frequency width given by 2.8�line around the center of the line. The primary beam correction is not applied. Contours start at ±2� and increase
in steps of 1�. The white ellipse in the lower-left corner shows the FWHM beam size. Right: 1D extracted spectra on the brightest pixel of each source. We
show the Gaussian plus flat continuum fit as a red curve. The shaded gray area shows the line width as detected by the line search algorithm. In each panel, we
report the best-fitted FWHM value, the S/N of the line determined by the line search algorithm, and the fidelity.

source, since we would need an additional observation on the
UV-continuum at longer wavelengths to exclude possible in-
terlopers, but the absence of the break can be used to confirm
that the source is located at lower redshift.

For all the detected lines we search for a � 3� detection
in the R and g images within 200. If a source is found in ei-
ther of these bands, we perform a 200 aperture photometry in
that position in the two bands following the same criteria as
Garcı́a-Vergara et al. (2019). If no source is found we per-
form the aperture photometry in the position of the detected
line and compute 3� upper limits for the fluxes in g and R. In
all the cases, we compute the color magnitude g�R and report
these values in Table 3. As in Garcı́a-Vergara et al. (2019), the
Ly↵ break is defined by the color criteria g � R � 0.7.

Additionally to the LAE mentioned above (J1211+1224.1),
we find that one other CO emitting galaxy (J0202-0650.1) ex-
hibits the Ly↵ break, suggesting that it is possibly an LBG
at z ⇠ 4. All the other galaxies are not detected in either g

and R bands, so we do not have information to trace the Ly↵
break, and also we can not confirm that any of these are low-z
interlopers. However, the lack of an optical counterpart at the
relatively deep VLT survey (with limiting magnitude 25.14
and 25.81 for the R and g images respectively) makes these
objects unlikely to be lower�z (z  2.7) galaxies.

Finally, we check the possibility to include additional low
fidelity line emission sources at the position of the other
S/N > 5 LAE that was located within the ALMA Field-of-
view. However, even by relaxing the fidelity criteria down
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Figure 2. Left: Line maps for all the sources detected in our survey with fidelity �0.8 (or �0.9 if they are located at radius > 50.1400from the pointing center),
integrated over a frequency width given by 2.8�line around the center of the line. The primary beam correction is not applied. Contours start at ±2� and increase
in steps of 1�. The white ellipse in the lower-left corner shows the FWHM beam size. Right: 1D extracted spectra on the brightest pixel of each source. We
show the Gaussian plus flat continuum fit as a red curve. The shaded gray area shows the line width as detected by the line search algorithm. In each panel, we
report the best-fitted FWHM value, the S/N of the line determined by the line search algorithm, and the fidelity.

source, since we would need an additional observation on the
UV-continuum at longer wavelengths to exclude possible in-
terlopers, but the absence of the break can be used to confirm
that the source is located at lower redshift.

For all the detected lines we search for a � 3� detection
in the R and g images within 200. If a source is found in ei-
ther of these bands, we perform a 200 aperture photometry in
that position in the two bands following the same criteria as
Garcı́a-Vergara et al. (2019). If no source is found we per-
form the aperture photometry in the position of the detected
line and compute 3� upper limits for the fluxes in g and R. In
all the cases, we compute the color magnitude g�R and report
these values in Table 3. As in Garcı́a-Vergara et al. (2019), the
Ly↵ break is defined by the color criteria g � R � 0.7.

Additionally to the LAE mentioned above (J1211+1224.1),
we find that one other CO emitting galaxy (J0202-0650.1) ex-
hibits the Ly↵ break, suggesting that it is possibly an LBG
at z ⇠ 4. All the other galaxies are not detected in either g

and R bands, so we do not have information to trace the Ly↵
break, and also we can not confirm that any of these are low-z
interlopers. However, the lack of an optical counterpart at the
relatively deep VLT survey (with limiting magnitude 25.14
and 25.81 for the R and g images respectively) makes these
objects unlikely to be lower�z (z  2.7) galaxies.

Finally, we check the possibility to include additional low
fidelity line emission sources at the position of the other
S/N > 5 LAE that was located within the ALMA Field-of-
view. However, even by relaxing the fidelity criteria down

CO(4-3) maps

Δz

QSO

R

R ~ 60” 
dv= ±1,000 km/s

We detected a total overdensity of 
CO lines in QSO fields of 17+11.9-7.6

García-Vergara+in prep.

Volume explored:



We detected a strong QSO-CO 
cross-correlation function. 

Quasar-CO cross-correlation function

Clustering of CO(4-3) lines 
around quasars is comparable 
with that measured for LBGs, and 
significantly higher than the one 
measured for LAEs. 

García-Vergara+in prep.
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Figure 6. Top: The cumulative number counts of CO(4–3) lines observed in
our 17 quasar fields (hQG( R)i) within �v = 1000 km s�1 from the central
quasar (red points) with Poisson error bars, compared to the expectation for
CO(4–3) lines in blank fields in our 17 quasar fields (hQR( R)i) computed
using the eqn. (4) (black line). The gray area show the uncertainty in this
expectation. Our observations yield 5 CO(4–3) lines from the ensemble of
the 17 fields, while we expect only 0.28 CO(4–3) lines from the background
alone, resulting in a total overdensity of 17.6+11.9

�7.6 . Bottom: Quasar-CO cross-
correlation function �(R) with 1� Poisson error bars for the 17 fields (black
data points) computed using the eqn. (3), and the best maximum likelihood
estimator for both r0,QG, assuming a fixed � = 1.8 (black line). For com-
parison we show the quasar-LBG and quasar-LAE cross-correlation function
(blue dashed lines) observed at z ⇠ 4 (Garcı́a-Vergara et al. 2017, 2019).

ing the statistic, but the clustering signal would be diluted be-
cause we are integrating the signal in a larger volume and up
to large distances from the quasar, where the background is
close to being reached. We also note that keeping the volume
small also decreases the probability of having a contaminant
in the sample (see § 4). We explore the e↵ect of the chosen
�v in the Appendix § A.

For the seven quasars not (securely) detected in our obser-
vations, we use the optical-based redshifts, which could have
an o↵set from the ALMA-based redshift of ⇠ 700�800 kms�1

(see Fig. 3). This would mean that for these quasars we may
have including or excluding companions at larger and shorter
redshift distances respectively. The confirmation of the pre-
cise redshift for these quasars is the only way to correct for
these uncertainties in our clustering measurement, but we ex-
plore how much the clustering change if we use ALMA-based
redshift for all the quasars, even if they are detected at low fi-
delity. We find that the same five CO emitters are kept in this
case, and then the correlation function does not change.

To determine the real-space cross-correlation parameter
r0,QG that best fit our data, we use a Poisson maximum likeli-
hood estimator and fit our data assuming a fixed slope � = 1.8.
We find that the maximum likelihood and 1� confidence in-
terval for the correlation length is r0,QG = 8.37+2.42

�2.04 h
�1cMpc.

We use the best fitted parameter in eqn. (2) to compute the
corresponding �(R) value, which is shown as a black line in

Fig. 6.
Finally, we use our hQG(R)i and hQR(R)i binned values,

to compute the observed and expected cumulative number
counts of CO(4–3) lines in our 17 quasar fields (hQG(
R)i), and show this in Fig. 6. In the whole volume survey
(1751.7 h

�3cMpc3 for the 17 fields over �v = 1000 km s�1),
we find a total of 5 CO(4–3) lines while we expect only 0.28
CO(4–3) lines from the background alone, resulting in a total
CO(4–3) lines overdensity of 17.6+11.9

�7.6 in quasar fields. We
also compute the total overdensity per field as the ratio of the
hQG(R)i per field over the hQR(R)i integrated over the radial
bins and provide these values in Table 5. Although the indi-
vidual overdensity is dominated by low number statistics and
a↵ected by cosmic variance, we include this to study possible
correlations between the overdensities and the quasar proper-
ties (Garca-Vergara et al. in preparation).

4.2. Comparison with the Clustering of Other Populations

Around Quasars

We compare our results with the clustering of other galaxy
populations around z ⇠ 4 quasars. We find that the QSO-CO
cross-correlation length is slightly lower, but consistent within
error bars with the QSO-LBG cross-correlation length which
is given by r0,Q�LBG = 9.78+1.68

�1.86 h
�1cMpc for a fixed � = 1.84

(Garcı́a-Vergara et al. 2017). This suggest that CO emitters
and LBGs would inhabit dark matter halos of similar masses
at z ⇠ 4 (we further discuss this point in § 4.3).

We also can compare our measurements with the clustering
of LAEs around this same quasar sample, then providing a di-
rect comparison of optical and dusty galaxy populations. We
find that the cross-correlation length for CO emitting galaxies
is 3 times higher than the cross-correlation length for LAEs
(r0,Q�LAE = 2.78+1.16

�1.05 h
�1cMpc with � = 1.8) around quasars.

We note that the redshift window traced by both studies is
similar (�v = ±1000 for CO emitters, and �v = ±1600 for
LAEs) and thus we do not expect that this discrepancy is the
result of a dilution in the signal due to di↵erences in the traced
volume. This di↵erence is also unlikely to be caused by dif-
ferences in the halo mass hosting both populations, thus we
suggest that this discrepancy is related to physical processes
a↵ecting the visibility of the LAEs around quasars. We fur-
ther discuss this interpretation in section § 5.

4.3. Auto-correlation of CO emitters at z ⇠ 4
The auto-correlation of CO emitting galaxies at z ⇠ 4 has

never been measured before, mainly because of the lack of
large and deep surveys of these galaxies at high�z. The
largest samples of CO emitters at z ⇠ 4 currently available
are composed of only a few tens of sources (e.g. Decarli
et al. 2016, 2019), which do not provide enough statistics for
an auto-correlation measurement. However, using the cross-
correlation between CO emitters and quasars, and under cer-
tain assumptions, we can infer the clustering of CO emitting
galaxies in blank fields, providing the first approach to the
clustering of this population at z ⇠ 4.

First, we assume that our small-scale cross-correlation can
be extrapolated towards larger scales following a power-law
shape given by ⇠(r) = (r/r0,QG)��. Although the auto-
correlation function of quasars and galaxies has been found

4 (Garcı́a-Vergara et al. 2017) fitted the quasar-LBG cross-correlation
function using a fixed � = 2.0, thus we re-fitted their measurements using
a fixed � = 1.8, which results in r0,Q�LBG = 9.78+1.68

�1.86 h
�1cMpc.

Number density of CO(4-3) expected in blank fields

Cristina García Vergara, Leiden Observatory 



The CO emitting galaxies around quasar 
seem to be invisible at optical wavelengths.

Optical counterparts of the 
CO(4-3) emitting galaxies
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Table 5
Quasar redshift determined from ALMA observations, and number of emission lines in each field.

Field zopt zALMA �v [km s�1] N3000 (�CO) N1000 (�CO) �LAE
J0040+1706 3.873 0 (00.00) 0 (00.00) 2.66
J0042-1020 3.865 3.878 805 1 (17.77) 0 (00.00) 0.00
J0047+0423 3.864 3.877 780 0 (00.00) 0 (00.00) 0.00
J0119-0342 3.873 2 (34.90) 0 (00.00) 3.41
J0149-0552 3.866 3.879 781 1 (18.61) 1 (55.87) 0.00
J0202-0650 3.876 1 (17.63) 1 (52.91) 0.00
J0240+0357 3.872 3.883 661 0 (00.00) 0 (00.00) 0.92
J0850+0629 3.875 1 (19.40) 1 (58.22) 2.41
J1026+0329 3.878 3.884 380 0 (00.00) 0 (00.00) 2.16
J1044+0950 3.862 0 (00.00) 0 (00.00) 0.78
J1138+1303 3.868 3.867 -62 0 (00.00) 0 (00.00) 0.00
J1205+0143 3.867 0 (00.00) 0 (00.00) 1.34
J1211+1224 3.862 1 (25.97) 1 (77.95) 3.75
J1224+0746 3.867 3.905 2355 0 (00.00) 0 (00.00) 0.00
J1258-0130 3.862 3.882 1203 1 (27.34) 0 (00.00) 1.08
J2250-0846 3.869 3.876 433 1 (19.61) 1 (58.86) 0.77
J2350+0025 3.876 3.891 920 0 (00.00) 0 (00.00) 0.59
ALL 9 (10.56) 5 (17.60) 1.36

Note. — For each field, column (2) shows the quasar redshift determined from UV rest-frame emission lines, column (3) show the redshift determined from
the CO(4–3) emission line when available, column (4) shows the velocity o↵set between these, column (5) and (6) show the number of CO emitters and the
corresponding overdensity within ±3000km s�1 and ±1000km s�1 from the redshift quasar respectively (using the redshift determined from the CO(4–3) line if
available and the UV rest-frame emission lines otherwise). The overdensity is computed as the number of detected galaxies over the number of expected galaxies
in blank fields over the same volume (see § 4.1). Column (7) show the overdensity of LAEs at R . 7 h

�1cMpc within ±1600km s�1 in each field (Garcı́a-Vergara
et al. 2019).
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Figure 4. Sky distribution of the emission lines around the central quasar
for our 17 fields together. The central black diamond indicates the quasar
position, the lines are indicated as filled circles with di↵erent colors indi-
cating di↵erent fields in which they were detected. We include the posi-
tion of the LAEs detected with S/N � 5 in the field as open squares. The
biggest dashed line circle shows the region where we search for line candi-
dates, which corresponds to the whole ALMA pointing. The smaller dashed
line circle shows the radius at which the telescope sensitivity is � 20% of the
maximum. Sources located outside of this limit radius were included in our
catalog only if they have a fidelity�0.9.

trum (reported in Table 1).

4. CLUSTERING ANALYSIS

In this section we measure the clustering properties of the
CO(4–3) emitters around quasars, following an analogous
procedure as the one in our previous studies about the cluster-
ing of LAE and LBG around z ⇠ 4 quasars (Garcı́a-Vergara
et al. 2017, 2019). We refer the reader to these works for de-
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Figure 5. Velocity o↵set distribution of the CO(4–3) lines around the cen-
tral quasar for our 17 fields together. The vertical dashed lines indicate the
velocity window that was chosen to measure the clustering of sources around
quasars (see § 4.1).

tailed description, but in § 4.1 we provide a brief overview.
We also use the measured cross-correlation function to infer
the clustering of CO emitters in blank fields in § 4.3. We recall
that in this study we do not analyze the clustering of contin-
uum sources, since the clustering signal would be strongly di-
luted when projected over the large radial comoving distance
traced by the almost flat selection function of these sources
over the redshift range 1 . z . 7.

4.1. Quasar-CO cross-correlation function

We measure a volume-averaged projected cross-correlation
function between quasars and CO(4–3) emitters defined by

�(R) =

R
Ve↵
⇠(R,Z)dV

Ve↵
(2)

LAE1

LAE2

LAE3

Expanding the search of CO lines 
up to 3000 km/s from the 
quasar, we detect 9 galaxies in 
total.

Only 1/9 CO lines match with the 
position of a LAE. The others do 
not show Lyalpha emission, even 
when relaxing the S/N of the 
LAEs down to S/N=3.

One additional source shows the 
Lyalpha break, so it could be an 
LBG.

All the others are not detected in 
either UV continuum and Lyalpha 
emission. 

Cristina García Vergara, Leiden Observatory 



Possible explanations for the lack of LAEs 
and the large CO overdensity

Cristina García Vergara, Leiden Observatory 

CO(4-3)                traces the molecular gas in a galaxy.

Ly alpha                traces instantaneous star formation (but also 
depend on CGM and IGM properties). 

i) A relatively small star formation efficiency in galaxies around 
quasars could explain the lack of LAEs in these fields.

What is needed: JWST observations could provide information for a 
more accurate estimation of SFR. This is also possible to compute 
from CII observations.

ii) Galaxies around quasars could be more dusty, suppressing or 
attenuating the Lyα emission line. 
What is needed: Deeper optical observations, and additional ALMA 
continuum observations to constrain the amount of gas.  

Characterization of the properties of galaxies in dense 
environments, and specifically in quasar environments is 
crucial to understand the lack of LAEs around quasars.
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Figure 6. Top: The cumulative number counts of CO(4–3) lines observed in
our 17 quasar fields (hQG( R)i) within �v = 1000 km s�1 from the central
quasar (red points) with Poisson error bars, compared to the expectation for
CO(4–3) lines in blank fields in our 17 quasar fields (hQR( R)i) computed
using the eqn. (4) (black line). The gray area show the uncertainty in this
expectation. Our observations yield 5 CO(4–3) lines from the ensemble of
the 17 fields, while we expect only 0.28 CO(4–3) lines from the background
alone, resulting in a total overdensity of 17.6+11.9

�7.6 . Bottom: Quasar-CO cross-
correlation function �(R) with 1� Poisson error bars for the 17 fields (black
data points) computed using the eqn. (3), and the best maximum likelihood
estimator for both r0,QG, assuming a fixed � = 1.8 (black line). For com-
parison we show the quasar-LBG and quasar-LAE cross-correlation function
(blue dashed lines) observed at z ⇠ 4 (Garcı́a-Vergara et al. 2017, 2019).

ing the statistic, but the clustering signal would be diluted be-
cause we are integrating the signal in a larger volume and up
to large distances from the quasar, where the background is
close to being reached. We also note that keeping the volume
small also decreases the probability of having a contaminant
in the sample (see § 4). We explore the e↵ect of the chosen
�v in the Appendix § A.

For the seven quasars not (securely) detected in our obser-
vations, we use the optical-based redshifts, which could have
an o↵set from the ALMA-based redshift of ⇠ 700�800 kms�1

(see Fig. 3). This would mean that for these quasars we may
have including or excluding companions at larger and shorter
redshift distances respectively. The confirmation of the pre-
cise redshift for these quasars is the only way to correct for
these uncertainties in our clustering measurement, but we ex-
plore how much the clustering change if we use ALMA-based
redshift for all the quasars, even if they are detected at low fi-
delity. We find that the same five CO emitters are kept in this
case, and then the correlation function does not change.

To determine the real-space cross-correlation parameter
r0,QG that best fit our data, we use a Poisson maximum likeli-
hood estimator and fit our data assuming a fixed slope � = 1.8.
We find that the maximum likelihood and 1� confidence in-
terval for the correlation length is r0,QG = 8.37+2.42

�2.04 h
�1cMpc.

We use the best fitted parameter in eqn. (2) to compute the
corresponding �(R) value, which is shown as a black line in

Fig. 6.
Finally, we use our hQG(R)i and hQR(R)i binned values,

to compute the observed and expected cumulative number
counts of CO(4–3) lines in our 17 quasar fields (hQG(
R)i), and show this in Fig. 6. In the whole volume survey
(1751.7 h

�3cMpc3 for the 17 fields over �v = 1000 km s�1),
we find a total of 5 CO(4–3) lines while we expect only 0.28
CO(4–3) lines from the background alone, resulting in a total
CO(4–3) lines overdensity of 17.6+11.9

�7.6 in quasar fields. We
also compute the total overdensity per field as the ratio of the
hQG(R)i per field over the hQR(R)i integrated over the radial
bins and provide these values in Table 5. Although the indi-
vidual overdensity is dominated by low number statistics and
a↵ected by cosmic variance, we include this to study possible
correlations between the overdensities and the quasar proper-
ties (Garca-Vergara et al. in preparation).

4.2. Comparison with the Clustering of Other Populations

Around Quasars

We compare our results with the clustering of other galaxy
populations around z ⇠ 4 quasars. We find that the QSO-CO
cross-correlation length is slightly lower, but consistent within
error bars with the QSO-LBG cross-correlation length which
is given by r0,Q�LBG = 9.78+1.68

�1.86 h
�1cMpc for a fixed � = 1.84

(Garcı́a-Vergara et al. 2017). This suggest that CO emitters
and LBGs would inhabit dark matter halos of similar masses
at z ⇠ 4 (we further discuss this point in § 4.3).

We also can compare our measurements with the clustering
of LAEs around this same quasar sample, then providing a di-
rect comparison of optical and dusty galaxy populations. We
find that the cross-correlation length for CO emitting galaxies
is 3 times higher than the cross-correlation length for LAEs
(r0,Q�LAE = 2.78+1.16

�1.05 h
�1cMpc with � = 1.8) around quasars.

We note that the redshift window traced by both studies is
similar (�v = ±1000 for CO emitters, and �v = ±1600 for
LAEs) and thus we do not expect that this discrepancy is the
result of a dilution in the signal due to di↵erences in the traced
volume. This di↵erence is also unlikely to be caused by dif-
ferences in the halo mass hosting both populations, thus we
suggest that this discrepancy is related to physical processes
a↵ecting the visibility of the LAEs around quasars. We fur-
ther discuss this interpretation in section § 5.

4.3. Auto-correlation of CO emitters at z ⇠ 4
The auto-correlation of CO emitting galaxies at z ⇠ 4 has

never been measured before, mainly because of the lack of
large and deep surveys of these galaxies at high�z. The
largest samples of CO emitters at z ⇠ 4 currently available
are composed of only a few tens of sources (e.g. Decarli
et al. 2016, 2019), which do not provide enough statistics for
an auto-correlation measurement. However, using the cross-
correlation between CO emitters and quasars, and under cer-
tain assumptions, we can infer the clustering of CO emitting
galaxies in blank fields, providing the first approach to the
clustering of this population at z ⇠ 4.

First, we assume that our small-scale cross-correlation can
be extrapolated towards larger scales following a power-law
shape given by ⇠(r) = (r/r0,QG)��. Although the auto-
correlation function of quasars and galaxies has been found

4 (Garcı́a-Vergara et al. 2017) fitted the quasar-LBG cross-correlation
function using a fixed � = 2.0, thus we re-fitted their measurements using
a fixed � = 1.8, which results in r0,Q�LBG = 9.78+1.68

�1.86 h
�1cMpc.

Number density of CO(4-3) expected in blank fieldsBonus science: First estimation of the 
clustering of CO emitters at z~4

Cristina García Vergara, Leiden Observatory 

12 Garcı́a-Vergara et al.

to slightly deviate from a power-law towards smaller (.
0.2 h

�1cMpc) scales (e.g. Hennawi et al. 2006; Ouchi et al.
2005, but see also Shen et al. 2010), likely due to the transition
between the one-halo to two-halo terms, the auto-correlation
is typically reasonable well approximated as a power-law, and
thus we assume that the one-halo term does not strongly boost
the signal in our measurement.

Second, we assume a deterministic bias model, in which
the QSO-galaxy cross-correlation function can be written as
⇠QG =

p
⇠QQ⇠GG, where ⇠QQ and ⇠GG are the auto-correlation

of quasar and galaxies respectively. We also assume that ⇠QQ
and ⇠GG have a power-law shape with the same slope � =
1.8. Under these assumptions, the correlation lengths can be
related by

r0,QG =
p

r0,QQr0,GG (6)

Using the quasar auto-correlation length previously re-
ported at z ⇠ 4 which are given by r0,QQ = 22.3±2.5 h

�1cMpc
(re-computed from Shen et al. 2007 with a fixed � = 1.8), and
our measured QSO-galaxy cross-correlation length, we ob-
tain that the auto-correlation length of CO emitters at z ⇠ 4 is
given by r0,GG = 3.14 ± 1.71 h

�1cMpc.
This measurement, is slightly lower than the LBG auto-

correlation length (r0,LBG = 4.1+0.2
�0.2 h

�1cMpc) at z ⇠ 4 which
are found to inhabit dark matter halos with mass Mhalo ⇠
1 ⇥ 1012

M� (Ouchi et al. 2004), and is slightly higher than
the LAE auto-correlation length (r0,LAE = 2.74+0.58

�0.72 h
�1cMpc)

at z ⇠ 4 which are found to inhabit dark matter halos with
mass Mhalo ⇠ 3 ⇥ 1011

M� (Ouchi et al. 2010). This suggest
that CO emitters would inhabit dark matter halos with masses
in the range 3 ⇥ 1011

M� . Mhalo . 1 ⇥ 1012
M�, although we

caution that the uncertainties of our estimation are still large,
which makes the CO auto-correlation length consistent within
uncertainties with the auto-correlation length of both LAE and
LBG.

Interestingly, the reported halo masses for CO emitters, are
similar to the dark matter halos hosting S 870 & 1.2�3.0 SMGs
at 1 < z < 3 hosted by Mhalo ⇠ 3.2 � 14 ⇥ 1011

M�, but it is
lower than the median halo mass hosting the brightest S 870 &
4.0 SMGs 1 < z < 3, hosted by Mhalo > 2.4⇥1012

M� (Garcı́a-
Vergara et al. 2020). If the SMG clustering do not strongly
evolve from with redshift as suggested by Stach et al. 2021
(but see Wilkinson et al. 2017), then this would mean that CO
emitters are lower mass galaxies compared to the population
of S 870 & 4.0 SMGs typically detected in continuum surveys.

We caution that our measurements are still noisy, but they
provide a first rough constrain of the clustering of CO emitting
galaxies, allowing us for the first time to locate them within
the context of evolutionary galaxy models. Larger and deeper
surveys of emitting lines around quasars are still needed to
constraint the clustering of CO emitters with lower uncertain-
ties. Alternatively, large and deep surveys of CO emitting
galaxies in blank fields would o↵er an independent and more
direct constraint of the CO clustering at these redshifts, how-
ever, such large surveys would be expensive, and considering
the low number density of CO emitters in blank fields, this
possibility become extremely challenging.

5. DISCUSSION

Our study reveals a large overdensity of CO emitting galax-
ies (17.6+11.9

�7.6 ) and a strong clustering of them around quasars
(r0,QG = 8.37+2.42

�2.04 h�1cMpc) at scales R . 1.5 h
�1cMpc. This

result clarifies the current confused picture of quasar envi-
ronments at high�z and provides strong observational evi-

dence of z ⇠ 4 quasar tracing massive structures. By com-
paring with the previous measurement of clustering of LAEs
around the same quasar sample at scales R . 7 h

�1cMpc, we
find that CO emitting galaxies are significantly more clustered
than LAEs around quasars (with a cross-correlation length 3
times higher), resulting in large overdensities of these galax-
ies, whereas only mild overdensity of LAEs (1.4+0.4

�0.4) were
found in these fields (Garcı́a-Vergara et al. 2019). In the fol-
lowing, we discuss the possible reasons that could explain this
discrepancy.

First, we explore the possibility that CO emitting galaxies
inhabit more massive dark matter halos compared to LAEs,
which would result in a significant di↵erence in the quasar-
galaxy cross-correlation for both populations. Although the
dark matter halos for CO emitters at z ⇠ 4 have not been con-
strained yet, the LAE auto-correlation length at z ⇠ 4 is well
constrained and is found to be r0,LAE = 2.74+0.58

�0.72 h
�1cMpc,

(Ouchi et al. 2010). If we focus on clustering hierarchy ar-
guments only and assume a deterministic bias model, the
di↵erence of a factor of 3 in the measured quasar-CO and
quasar-LAE cross-correlation length, implies that the auto-
correlation length of CO emitters would be 9 times larger than
the auto-correlation length of the LAEs (see eqn. 6), resulting
in r0,CO ⇠ 25 h

�1cMpc.
This is even higher than the quasar auto-correlation length

at z ⇠ 4 (r0,QQ = 22.3 ± 2.5 h�1cMpc, Shen et al. 2007,
which implies halo masses of Mhalo > 6 ⇥ 1012

M� h
�1), and

it would imply that CO emitters inhabit halos more massive
than quasars. This seems to be an unlikely scenario and incon-
sistent with i) the current measurements of SMG dark matter
halos mass at z ⇠ 1 � 3 (e.g Hickox et al. 2012; Wilkinson
et al. 2017; Garcı́a-Vergara et al. 2019; Stach et al. 2021), ii)
the SMG dark matter halos mass predicted from simulations
(e.g. Cowley et al. 2016; Lagos et al. 2020), and iii) the CO
dark matter halo mass inferred from our results, assuming a
deterministic bias model (see § 4.3).

Another possibility to explain the discrepancy in the over-
density of CO emitters and LAEs around quasars is related
to the uncertainties on the rest-frame UV quasar redshift of
our targets. If these quasar redshifts were associated with
large uncertainties, the LAE search would have been o↵-
set from the real quasar position, which would result in a
lower number density of detected galaxies, and then a lower
quasar-LAE cross-correlation. However, with our ALMA
observations, we could confirm the redshift of 10 quasars,
and for them we find relatively low redshift o↵set compared
with the ones determined from rest-frame UV emission lines
(|�v| = 738 km s�1, see § 3.3), implying that the LAE search
was performed at the correct redshift.

If we assume that the remaining seven quasars have similar
redshift uncertainties, then this is not a convincing explana-
tion for the observed discrepancy. Additionally, we note that
five out these seven quasars exhibit an overdensity of LAEs
(see Table 5) which is an indication that the LAE search was
performed at the correct redshift in these cases. We note that
one of the quasar exhibit a larger o↵set (|�v| = 2386 km s�1 for
J1224+0746), in which case the LAEs search was performed
at larger distances from the quasar, where the background
number density would be expected. However, if we exclude
that field in the LAE study, we checked that the total overden-
sity increase from 1.36 to 1.43 and the auto-correlation length
increase by a factor of 1.09, which would not change our main
conclusions.

ii) Assuming a deterministic bias model

i) Assuming that the small-scale 
correlation function is extrapolated to 
larger scales following a power-law shape
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to slightly deviate from a power-law towards smaller (.
0.2 h

�1cMpc) scales (e.g. Hennawi et al. 2006; Ouchi et al.
2005, but see also Shen et al. 2010), likely due to the transition
between the one-halo to two-halo terms, the auto-correlation
is typically reasonable well approximated as a power-law, and
thus we assume that the one-halo term does not strongly boost
the signal in our measurement.

Second, we assume a deterministic bias model, in which
the QSO-galaxy cross-correlation function can be written as
⇠QG =

p
⇠QQ⇠GG, where ⇠QQ and ⇠GG are the auto-correlation

of quasar and galaxies respectively. We also assume that ⇠QQ
and ⇠GG have a power-law shape with the same slope � =
1.8. Under these assumptions, the correlation lengths can be
related by

r0,QG =
p

r0,QQr0,GG (6)

Using the quasar auto-correlation length previously re-
ported at z ⇠ 4 which are given by r0,QQ = 22.3±2.5 h

�1cMpc
(re-computed from Shen et al. 2007 with a fixed � = 1.8), and
our measured QSO-galaxy cross-correlation length, we ob-
tain that the auto-correlation length of CO emitters at z ⇠ 4 is
given by r0,GG = 3.14 ± 1.71 h

�1cMpc.
This measurement, is slightly lower than the LBG auto-

correlation length (r0,LBG = 4.1+0.2
�0.2 h

�1cMpc) at z ⇠ 4 which
are found to inhabit dark matter halos with mass Mhalo ⇠
1 ⇥ 1012

M� (Ouchi et al. 2004), and is slightly higher than
the LAE auto-correlation length (r0,LAE = 2.74+0.58

�0.72 h
�1cMpc)

at z ⇠ 4 which are found to inhabit dark matter halos with
mass Mhalo ⇠ 3 ⇥ 1011

M� (Ouchi et al. 2010). This suggest
that CO emitters would inhabit dark matter halos with masses
in the range 3 ⇥ 1011

M� . Mhalo . 1 ⇥ 1012
M�, although we

caution that the uncertainties of our estimation are still large,
which makes the CO auto-correlation length consistent within
uncertainties with the auto-correlation length of both LAE and
LBG.

Interestingly, the reported halo masses for CO emitters, are
similar to the dark matter halos hosting S 870 & 1.2�3.0 SMGs
at 1 < z < 3 hosted by Mhalo ⇠ 3.2 � 14 ⇥ 1011

M�, but it is
lower than the median halo mass hosting the brightest S 870 &
4.0 SMGs 1 < z < 3, hosted by Mhalo > 2.4⇥1012

M� (Garcı́a-
Vergara et al. 2020). If the SMG clustering do not strongly
evolve from with redshift as suggested by Stach et al. 2021
(but see Wilkinson et al. 2017), then this would mean that CO
emitters are lower mass galaxies compared to the population
of S 870 & 4.0 SMGs typically detected in continuum surveys.

We caution that our measurements are still noisy, but they
provide a first rough constrain of the clustering of CO emitting
galaxies, allowing us for the first time to locate them within
the context of evolutionary galaxy models. Larger and deeper
surveys of emitting lines around quasars are still needed to
constraint the clustering of CO emitters with lower uncertain-
ties. Alternatively, large and deep surveys of CO emitting
galaxies in blank fields would o↵er an independent and more
direct constraint of the CO clustering at these redshifts, how-
ever, such large surveys would be expensive, and considering
the low number density of CO emitters in blank fields, this
possibility become extremely challenging.

5. DISCUSSION

Our study reveals a large overdensity of CO emitting galax-
ies (17.6+11.9

�7.6 ) and a strong clustering of them around quasars
(r0,QG = 8.37+2.42

�2.04 h�1cMpc) at scales R . 1.5 h
�1cMpc. This

result clarifies the current confused picture of quasar envi-
ronments at high�z and provides strong observational evi-

dence of z ⇠ 4 quasar tracing massive structures. By com-
paring with the previous measurement of clustering of LAEs
around the same quasar sample at scales R . 7 h

�1cMpc, we
find that CO emitting galaxies are significantly more clustered
than LAEs around quasars (with a cross-correlation length 3
times higher), resulting in large overdensities of these galax-
ies, whereas only mild overdensity of LAEs (1.4+0.4

�0.4) were
found in these fields (Garcı́a-Vergara et al. 2019). In the fol-
lowing, we discuss the possible reasons that could explain this
discrepancy.

First, we explore the possibility that CO emitting galaxies
inhabit more massive dark matter halos compared to LAEs,
which would result in a significant di↵erence in the quasar-
galaxy cross-correlation for both populations. Although the
dark matter halos for CO emitters at z ⇠ 4 have not been con-
strained yet, the LAE auto-correlation length at z ⇠ 4 is well
constrained and is found to be r0,LAE = 2.74+0.58

�0.72 h
�1cMpc,

(Ouchi et al. 2010). If we focus on clustering hierarchy ar-
guments only and assume a deterministic bias model, the
di↵erence of a factor of 3 in the measured quasar-CO and
quasar-LAE cross-correlation length, implies that the auto-
correlation length of CO emitters would be 9 times larger than
the auto-correlation length of the LAEs (see eqn. 6), resulting
in r0,CO ⇠ 25 h

�1cMpc.
This is even higher than the quasar auto-correlation length

at z ⇠ 4 (r0,QQ = 22.3 ± 2.5 h�1cMpc, Shen et al. 2007,
which implies halo masses of Mhalo > 6 ⇥ 1012

M� h
�1), and

it would imply that CO emitters inhabit halos more massive
than quasars. This seems to be an unlikely scenario and incon-
sistent with i) the current measurements of SMG dark matter
halos mass at z ⇠ 1 � 3 (e.g Hickox et al. 2012; Wilkinson
et al. 2017; Garcı́a-Vergara et al. 2019; Stach et al. 2021), ii)
the SMG dark matter halos mass predicted from simulations
(e.g. Cowley et al. 2016; Lagos et al. 2020), and iii) the CO
dark matter halo mass inferred from our results, assuming a
deterministic bias model (see § 4.3).

Another possibility to explain the discrepancy in the over-
density of CO emitters and LAEs around quasars is related
to the uncertainties on the rest-frame UV quasar redshift of
our targets. If these quasar redshifts were associated with
large uncertainties, the LAE search would have been o↵-
set from the real quasar position, which would result in a
lower number density of detected galaxies, and then a lower
quasar-LAE cross-correlation. However, with our ALMA
observations, we could confirm the redshift of 10 quasars,
and for them we find relatively low redshift o↵set compared
with the ones determined from rest-frame UV emission lines
(|�v| = 738 km s�1, see § 3.3), implying that the LAE search
was performed at the correct redshift.

If we assume that the remaining seven quasars have similar
redshift uncertainties, then this is not a convincing explana-
tion for the observed discrepancy. Additionally, we note that
five out these seven quasars exhibit an overdensity of LAEs
(see Table 5) which is an indication that the LAE search was
performed at the correct redshift in these cases. We note that
one of the quasar exhibit a larger o↵set (|�v| = 2386 km s�1 for
J1224+0746), in which case the LAEs search was performed
at larger distances from the quasar, where the background
number density would be expected. However, if we exclude
that field in the LAE study, we checked that the total overden-
sity increase from 1.36 to 1.43 and the auto-correlation length
increase by a factor of 1.09, which would not change our main
conclusions.

correlation length CO emitters at z~4

r0,QQ well constrained in the literature

CO emitting galaxies would inhabit dark 
matter halos of 
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to slightly deviate from a power-law towards smaller (.
0.2 h

�1cMpc) scales (e.g. Hennawi et al. 2006; Ouchi et al.
2005, but see also Shen et al. 2010), likely due to the transition
between the one-halo to two-halo terms, the auto-correlation
is typically reasonable well approximated as a power-law, and
thus we assume that the one-halo term does not strongly boost
the signal in our measurement.

Second, we assume a deterministic bias model, in which
the QSO-galaxy cross-correlation function can be written as
⇠QG =

p
⇠QQ⇠GG, where ⇠QQ and ⇠GG are the auto-correlation

of quasar and galaxies respectively. We also assume that ⇠QQ
and ⇠GG have a power-law shape with the same slope � =
1.8. Under these assumptions, the correlation lengths can be
related by

r0,QG =
p

r0,QQr0,GG (6)

Using the quasar auto-correlation length previously re-
ported at z ⇠ 4 which are given by r0,QQ = 22.3±2.5 h

�1cMpc
(re-computed from Shen et al. 2007 with a fixed � = 1.8), and
our measured QSO-galaxy cross-correlation length, we ob-
tain that the auto-correlation length of CO emitters at z ⇠ 4 is
given by r0,GG = 3.14 ± 1.71 h

�1cMpc.
This measurement, is slightly lower than the LBG auto-

correlation length (r0,LBG = 4.1+0.2
�0.2 h

�1cMpc) at z ⇠ 4 which
are found to inhabit dark matter halos with mass Mhalo ⇠
1 ⇥ 1012

M� (Ouchi et al. 2004), and is slightly higher than
the LAE auto-correlation length (r0,LAE = 2.74+0.58

�0.72 h
�1cMpc)

at z ⇠ 4 which are found to inhabit dark matter halos with
mass Mhalo ⇠ 3 ⇥ 1011

M� (Ouchi et al. 2010). This suggest
that CO emitters would inhabit dark matter halos with masses
in the range 3 ⇥ 1011

M� . Mhalo . 1 ⇥ 1012
M�, although we

caution that the uncertainties of our estimation are still large,
which makes the CO auto-correlation length consistent within
uncertainties with the auto-correlation length of both LAE and
LBG.

Interestingly, the reported halo masses for CO emitters, are
similar to the dark matter halos hosting S 870 & 1.2�3.0 SMGs
at 1 < z < 3 hosted by Mhalo ⇠ 3.2 � 14 ⇥ 1011

M�, but it is
lower than the median halo mass hosting the brightest S 870 &
4.0 SMGs 1 < z < 3, hosted by Mhalo > 2.4⇥1012

M� (Garcı́a-
Vergara et al. 2020). If the SMG clustering do not strongly
evolve from with redshift as suggested by Stach et al. 2021
(but see Wilkinson et al. 2017), then this would mean that CO
emitters are lower mass galaxies compared to the population
of S 870 & 4.0 SMGs typically detected in continuum surveys.

We caution that our measurements are still noisy, but they
provide a first rough constrain of the clustering of CO emitting
galaxies, allowing us for the first time to locate them within
the context of evolutionary galaxy models. Larger and deeper
surveys of emitting lines around quasars are still needed to
constraint the clustering of CO emitters with lower uncertain-
ties. Alternatively, large and deep surveys of CO emitting
galaxies in blank fields would o↵er an independent and more
direct constraint of the CO clustering at these redshifts, how-
ever, such large surveys would be expensive, and considering
the low number density of CO emitters in blank fields, this
possibility become extremely challenging.

5. DISCUSSION

Our study reveals a large overdensity of CO emitting galax-
ies (17.6+11.9

�7.6 ) and a strong clustering of them around quasars
(r0,QG = 8.37+2.42

�2.04 h�1cMpc) at scales R . 1.5 h
�1cMpc. This

result clarifies the current confused picture of quasar envi-
ronments at high�z and provides strong observational evi-

dence of z ⇠ 4 quasar tracing massive structures. By com-
paring with the previous measurement of clustering of LAEs
around the same quasar sample at scales R . 7 h

�1cMpc, we
find that CO emitting galaxies are significantly more clustered
than LAEs around quasars (with a cross-correlation length 3
times higher), resulting in large overdensities of these galax-
ies, whereas only mild overdensity of LAEs (1.4+0.4

�0.4) were
found in these fields (Garcı́a-Vergara et al. 2019). In the fol-
lowing, we discuss the possible reasons that could explain this
discrepancy.

First, we explore the possibility that CO emitting galaxies
inhabit more massive dark matter halos compared to LAEs,
which would result in a significant di↵erence in the quasar-
galaxy cross-correlation for both populations. Although the
dark matter halos for CO emitters at z ⇠ 4 have not been con-
strained yet, the LAE auto-correlation length at z ⇠ 4 is well
constrained and is found to be r0,LAE = 2.74+0.58

�0.72 h
�1cMpc,

(Ouchi et al. 2010). If we focus on clustering hierarchy ar-
guments only and assume a deterministic bias model, the
di↵erence of a factor of 3 in the measured quasar-CO and
quasar-LAE cross-correlation length, implies that the auto-
correlation length of CO emitters would be 9 times larger than
the auto-correlation length of the LAEs (see eqn. 6), resulting
in r0,CO ⇠ 25 h

�1cMpc.
This is even higher than the quasar auto-correlation length

at z ⇠ 4 (r0,QQ = 22.3 ± 2.5 h�1cMpc, Shen et al. 2007,
which implies halo masses of Mhalo > 6 ⇥ 1012

M� h
�1), and

it would imply that CO emitters inhabit halos more massive
than quasars. This seems to be an unlikely scenario and incon-
sistent with i) the current measurements of SMG dark matter
halos mass at z ⇠ 1 � 3 (e.g Hickox et al. 2012; Wilkinson
et al. 2017; Garcı́a-Vergara et al. 2019; Stach et al. 2021), ii)
the SMG dark matter halos mass predicted from simulations
(e.g. Cowley et al. 2016; Lagos et al. 2020), and iii) the CO
dark matter halo mass inferred from our results, assuming a
deterministic bias model (see § 4.3).

Another possibility to explain the discrepancy in the over-
density of CO emitters and LAEs around quasars is related
to the uncertainties on the rest-frame UV quasar redshift of
our targets. If these quasar redshifts were associated with
large uncertainties, the LAE search would have been o↵-
set from the real quasar position, which would result in a
lower number density of detected galaxies, and then a lower
quasar-LAE cross-correlation. However, with our ALMA
observations, we could confirm the redshift of 10 quasars,
and for them we find relatively low redshift o↵set compared
with the ones determined from rest-frame UV emission lines
(|�v| = 738 km s�1, see § 3.3), implying that the LAE search
was performed at the correct redshift.

If we assume that the remaining seven quasars have similar
redshift uncertainties, then this is not a convincing explana-
tion for the observed discrepancy. Additionally, we note that
five out these seven quasars exhibit an overdensity of LAEs
(see Table 5) which is an indication that the LAE search was
performed at the correct redshift in these cases. We note that
one of the quasar exhibit a larger o↵set (|�v| = 2386 km s�1 for
J1224+0746), in which case the LAEs search was performed
at larger distances from the quasar, where the background
number density would be expected. However, if we exclude
that field in the LAE study, we checked that the total overden-
sity increase from 1.36 to 1.43 and the auto-correlation length
increase by a factor of 1.09, which would not change our main
conclusions.

• with similar mass as LBG
• slightly more massive than LAEs (but consistent within error bars) 
• >2.4 times less massive than bright (S>4mJy) SMGs at 1<z<3 (even after 

correcting by blending effects, Garcia-Vergara+2020). So, CO emitters 
tracing a different population than SMGs?

CO emitters would inhabit halos:



Summarizing

• The clustering of CO emitters around quasar is strong and comparable with the 
clustering of LBG around quasars, but it is significantly higher than the LAE clustering 
around quasars. 

• LAEs seem to be missed: low SF efficiency in these galaxies or possibly an excess of 
dust in galaxies around quasars.

• Multi-wavelength observations would allow us to perform a more complete 
characterization of the properties of galaxies around quasars.

Cristina García Vergara, Leiden Observatory 

• We detect an enhancement of galaxies (LAEs and 
COs) in quasar fields, and they are clustered 
around the quasar, so quasars trace massive 
structures in the early universe. 

(high cosmic variance and incomplete sampling of galaxy populations 
may be the explanation for the contradictory results so far)


