








In theoretical studies and simulations, the most massive galaxies in the early
universe are placed in the most massive dark matter halos.

the massive dark matter halo mass can
be directly related to the clustering of
galaxy population

QSOs are expected to be a tracer of
most massive dark matter halos because
they harbour supermassive black hole

Therefore, clustering of galaxies around
quasars should be observed.



i) Expand the quasars sample
ii) multi-wavelength observe to find different galaxy population
iii) Using quasar-galaxy cross-correlation function, which not only quantifies the over/under 

density of galaxies but also their distribution about the QSO.



García et al. (2017) observe 17 QSO fields at z~4 with 
VLT/FORS2 (20hrs) to search for Lyman alpha emitters.

They detected 25 LAEs, only 18.4 LAEs are expected in blank fields,
therefore they find total overdensity 1.4.



Quasar sample and ALMA observations

the 17 quasars were selected from the Sloan Digital Sky Survey
(SDSS) and the Baryon Oscillation Spectroscopic Survey
(BOSS) quasar catalog.

z ∼ 3.862 − 3.879 (corresponding to ∆𝑣 = 1066 km/s at z = 3.87)

CO(4–3) rest-frame frequency is 461.04 GHz, corresponding to
about 95GHz at z = 3.87.

Observations were taken in ALMA Band 3 (84-116 GHz)



Considering all the fields together, 9 sources 
with S/N>5.6 were found.

Sky distribution of the CO(4–3) line emitting galaxies
around the central quasar for our 17 fields combined.

给出R



如何给出Z？通过比较CO(4–3) line emitting galaxies与quasars的红移来得到

原则上是比较这两种星系CO(4–3)辐射的红移，但是17个quasars中只有10个探测到了高可信度(> 0.8)的CO(4–3)辐射.

对于其它的7个quasars，只能通过光学光谱来确定它们的
红移。因此需要考察光学波段和ALMA波段红移之间是
否有系统性偏移。

For the secure quasar detections, we find a median velocity offset of 𝛿𝑣 = 738 ± 651 km/s. This is 
consistent with the typical reported uncertainties of the optical-based redshifts



The authors measure the clustering using 𝑍max = −𝑍min = 8.19 ℎ!"𝑐𝑀𝑝𝑐 (corresponding to
∆v = ± 1000 km/s at z = 3.87)

This choice results in a total of five sources included in the clustering analysis

small velocity range can avoid dilution of the small-scale clustering signal



𝜉 𝑟 is the QSO–galaxy cross-correlation function

volume-averaged projected cross-correlation function

⟨𝑄𝐺(𝑅)⟩ is the number of quasar-galaxy pairs observed in our survey,
within the cylindrical shell volume.

⟨𝑄𝑅(𝑅)⟩ is the number of quasar-galaxy pairs that is expected in random.

𝑑𝑃 = 𝑛# 1 + 𝜉 𝑟 𝑑𝑉

𝑟$ = 𝑅$ + 𝑍$ 𝑉%&& is a cylindrical shell centered on quasar

𝑛'( 𝐿) ≥ 𝐿*+,) is derived from the CO(4–3) luminosity function at z = 3.8 
measured by Decarli et al. (2019)



use a Poisson maximum likelihood estimator to
determine the real-space cross-correlation parameter
𝑟-,/# = 8.37!$.-12$.1$ ℎ!"𝑀𝑝𝑐 (𝛾 = 1.8)

In total, 5 CO(4–3) lines are detected in quasar fields,
only 0.28 CO(4–3) lines are expected in blank fields,
resulting in a total CO(4–3) line overdensity of
𝟏𝟕. 𝟔!𝟕.𝟔%𝟏𝟏.𝟗 in quasar fields.



𝑟-,/!*3# = 9.78!".452".54 ℎ!"𝑀𝑝𝑐 (García et al. 2017)

𝑟-,/!*67 = 2.78!".-82"."5 ℎ!"𝑀𝑝𝑐 (García et al. 2019)

𝑟-,/!'( = 8.37!$.-12$.1$ ℎ!"𝑀𝑝𝑐 (𝛾 = 1.8)

LBG and LAE clustering studies extend up to larger scales 
(𝑅 ≤ 9 ℎ!"𝑀𝑝𝑐) than CO study (𝑅 ≤ 1.5 ℎ!"𝑀𝑝𝑐)

The authors assume the small-scale quasar-CO crosscorrelation function can be 
extrapolated towards larger scales following a single power-law shape.

𝑟-,/!'( is slightly lower than 𝑟-,/!*3# , but is 3 times higher than 𝑟-,/!*67



QSO-galaxy cross-correlation function can be written as 𝜉/# = 𝜉//𝜉##

assume that they al have the same slope γ = 1.8 𝑟-,/# = 𝑟-,//𝑟-,##

𝑟-,// = 22.3 ± 2.5 ℎ!"𝑀𝑝𝑐 (Shen et al. 2007) 𝑟-,## = 3.14 ± 1.71 ℎ!"𝑀𝑝𝑐

𝑟-,*3# = 4.1!-.$2-.$ ℎ!"𝑀𝑝𝑐 (Ouchi et al. 2004)

𝑟-,*67 = 2.74!-.9$2-.84 ℎ!"𝑀𝑝𝑐 (Ouchi et al. 2010)

CO emitters would inhabit dark matter halos with similar masses as these hosting LBGs and LAEs

Auto-correlation of CO emitters at z ∼ 4

The discrepancy may related to physical processes affecting the
visibility of the LAEs around quasars.

i) Galaxies around quasars could be more dusty, affecting the
visibility of the Lyα line.

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



Summary 

• The first quasar sample targeted for clustering studies of both optical and dusty 
galaxies.
• Strong clustering of CO emitters around quasar is detected (overdensity of 17.6RS.TUVV.W).
• previous studies also find clustering of LBG and LAE around quasar, indicates

quasars trace massive structures in the early universe. 
• The first constraints on the clustering of auto-correlation of CO emitters at z ∼ 4.
• The clustering of CO emitters is comparable with the clustering of LBG, but is 

significantly higher than the LAE clustering around quasars.
• Low SF efficiency in these galaxies or possibly an excess of dust in galaxies around 

quasars.


