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ABSTRACT

We present an Atacama Large Millimeter/submillimeter Array (ALMA) survey of CO(4-3) line emitting galax-
ies in 17 quasar fields at z ~ 4 aimed to perform the first systematic search of dusty galaxies in high—z quasar
environments. Our blind search of galaxies around the quasars results in 5 CO emitters with S/N= 5.6 within
a projected radius of R < 1.5h~! cMpc and a velocity range of Av = +1000kms~! around the quasar. In
blank fields, we expect to detect only 0.28 CO emitters within the same volume, nnplymg a total overdensity
of 17. 6+ll < in our fields, and indicating that quasars trace massive structures in the early universe. We quantify
this overcfensny by measuring the small- scale clustermg of CO emitters around quasars, resulting in a cross-
correlation length of ryqg = 8.37*34% h™' cMpc, assuming a fixed slope y = 1.8. This contradicts the reported

mild overdensities (x1.4) of Lyman alpha emitters (LAESs) in the same fields at scales of R < 7 h~' cMpc which
is well described by a cross-correlation length 3 times lower than that measured for CO emitters. We discuss
some possibilities to explain this discrepancy, including low star formation efficiency, and excess of dust in
galaxies around quasars. Finally, we constrain, for the first time, the clustering of CO emitters at z ~ 4, ﬁndmg
an auto-correlation length of roco = 3.14 + 1.71 h~! cMpc (with y = 1.8). Our work together with the previous
study of LAEs around quasars traces simultaneously the clustering properties of both optical and dusty galaxy
populations in quasars fields, stressing the importance of multi-wavelength studies, and highlighting important
questions about galaxy properties in high—z dense environments.

Keywords: Quasars (1319), Quasar-galaxy pairs (1316), High-redshift galaxies (734), CO line emission (262),
Clustering (1908), Large-scale structure of the universe (902), Submillimeter astronomy (1647)
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Two-Point Correlation Functions

One of the most important statistics used to characterize the spatial distribution of galaxies is the
two-point correlation function, defined as the excess number of galaxy pairs of a given separation,

r, relative to that expected for a random distribution: e
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Here DD(r) Ar is the number of galaxy pairs with separations in the range r+Ar/2, and RR(r) Ar

is the number that would be expected if galaxies were randomly distributed in space. Galaxies
are said to be positively correlated on scale r if £(r) > 0, to be anticorrelated if &(r) < 0, and
to be uncorrelated if E(r) = 0. Since it is relatively straightforward to measure, the two-point
correlation function of galaxies has been estimated from various samples. In many cases, red-
shifts are used as distances and the corresponding correlation function is called the correlation

function in redshift space. Because of peculiar velocities, this redshift-space correlation is differ-
ent from that in real space. The latter can be estimated from the projected two-point correlation
function, in which galaxy pairs are defined by their separations projected onto the plane perpen-
dicular to the line-of-sight so that it is not affected by using redshift as distance (see Chapter 6
for details). Fig. 2.37 shows an example of the redshift-space correlation function and the corre-
sponding real-space correlation function. On scales smaller than about 10/~ Mpc the real-space
correlation function can well be described by a power law,’

&(r)=(r/ro)77, (2.45)

with ¥ ~ 1.8 and with a correlation length o ~ 5h~'Mpc. This shows that galaxies are strongly
clustered on scales < 5h~'Mpc, and the clustering strength becomes weak on scales much

larger than ~ 104~ 'Mpc. The exact values of ¥ and rg are found to depend significantly on
the properties of the galaxies. In particular the correlation length, ry, defined by & (rp) = 1, is
found to depend on both galaxy luminosity and color in the sense that brighter and redder galax-
ies are more strongly clustered than their fainter and bluer counterparts (e.g. Norberg et al., 2001,
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In theoretical studies and simulations, the most massive galaxies in the early
universe are placed in the most massive dark matter halos.

QSOs are expected to be a tracer of Search for galaxies at optical wavelengths show

most massive dark matter halos because confusing and contradictory results
they harbour supermassive black hole

~30 z>~4 quasar fields studied

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

galaxy population Some possible reasons:

Overdensities o _
48 % « Individual quasar fields, so affected by
. : " low number statistics and high cosmic
Therefore, clustering of galaxies around No overdensities VAEISHCE:
quasars should be observed. 52 %

« Incomplete galaxy population traced

Willott+05, Kim+09, Bafiados+13, Adams+05, Stiavelli+05, Zheng+06,
Husband+13, Simpson+14, Kashikawa+07, Kim+09, Utsumi+10,
Mazzucchelli+17, Kikuta+17, Capak+11, Swinbank+12, Morselli+14,

Goto+17, Ota+18. Balmaverde+17, Ota+18.



1) Expand the quasars sample
i1) multi-wavelength observe to find different galaxy population

111) Using quasar-galaxy cross-correlation function, which not only quantifies the over/under
density of galaxies but also their distribution about the QSO.

X(R)

l

overdensity -1

R — Distance from the central quasar

Expectation: Galaxies should be
accumulated around quasar implying a large
quasar-galaxy cross-correlation function.
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Garcia 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.
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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 Av = 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)

Optical properties of the targeted quasars.

Target ID RA Dec Redshift i mag
(SDSS) (J2000) (J2000)

J0040+1706  00:40:17.426 +17:06:19.78 3.873 + 0.008 18.91
J0042-1020  00:42:19.748  -10:20:09.53  3.865 + 0.012 18.57
J0047+0423  00:47:30.356  +04:23:04.73 3.864 + 0.008 19.94
JO119-0342  01:19:59.553  -03:42:16.51 3.873 +0.013 20.49
J0149-0552  01:49:06.960 -05:52:18.85 3.866 + 0.013  19.80
J0202-0650  02:02:53.765 -06:50:44.54 3.876 + 0.008 20.64
J0240+0357  02:40:33.804 +03:57:01.59 3.872+0.012 20.03
JO850+0629 08:50:13.457 +06:29:4691 3.875+ 0.013 20.40
J1026+0329  10:26:32.976  +03:29:50.63 3.878 + 0.008 19.74
J1044+0950  10:44:27.798  +09:50:47.98 3.862 + 0.012  20.52
J1138+1303  11:38:05.242 +13:03:32.61 3.868 + 0.008 19.10
J1205+0143  12:05:39.550 +01:43:56.52 3.867 + 0.008 19.37
J1211+1224  12:11:46.935  +12:24:19.08 3.862 + 0.008 19.97
J1224+0746  12:24:20.658 +07:46:56.33 3.867 + 0.008 19.08
J1258-0130  12:58:42.118 -01:30:22.75 3.862 + 0.008 19.58
J2250-0846  22:50:52.659  -08:46:00.22 3.869 + 0.012 19.44
J2350+0025  23:50:32.306 +00:25:17.23 3.876 + 0.012  20.61
Note. — Quasar positions are determined from optical images

(SDSS/BOSS quasar catalog; Piris et al. 2014), redshifts are based on one
or more rest-frame UV emission lines and calibrated to estimate the systemic
redshift (see § 2.1), and magnitudes correspond to the i-band magnitudes

from SDSS.
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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 > 50.14” from the pointing center),
integrated over a frequency width given by 2.807ipe around the center of the line. Contours start at +20- and increase in steps of 1o~. 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 ared 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. Line maps and spectra are both extracted from the cleaned cubes, and they are not corrected
by the primary beam response.

Considering all the fields together, 9 sources
with S/N>5.6 were found.
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around the central quasar for our 17 fields combined.
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Figure 3. Velocity offset between the quasar redshifts determined from the
CO(4-3) emission lines and the rest-frame UV emission lines. We include
the secure quasar detections (black) and the low-fidelity detections (gray).
Based only on the secure detections, we find a median offset of |6v| = 738 +

651kms™!

Table 5
Quasar redshift determined from ALMA observations, and number of emission lines in each field.

Field Zopt  zaLMA  OV[kmsT']  N3goo(6co)  Niooo (5co)  OLAE

1 2 3 @ (5) (6) (©))
J0040+1706 3.873 3.910* 2266* 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
JO119-0342 3.873 3.874* 46* 2 (34.90) 0 (00.00) 341
JO149-0552 3.866 3.879 781 1 (18.61) 1 (55.87) 0.00
J0202-0650 3.876 3.864* -741* 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 3.854* -1310* 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 3.861* -37* 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 3.864* -161* 0 (00.00) 0 (00.00) 1.34
J1211+1224 3.862 3.875* 805* 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

* Indicates the cases where the CO(4-3) line is detected with low (< 0.8) fidelity.

For the secure quasar detections, we find a median velocity offset of |§v| = 738 + 651 km/s. This is

consistent with the typical reported uncertainties of the optical-based redshifts

Redshift

3.873 + 0.008

3.865 + 0.012
3.864 + 0.008
3.873 £ 0.013
3.866 + 0.013
3.876 + 0.008
3.872 + 0.012
3.875 £ 0.013
3.878 + 0.008
3.862 + 0.012
3.868 + 0.008
3.867 + 0.008
3.862 + 0.008
3.867 = 0.008
3.862 + 0.008
3.869 + 0.012
3.876 + 0.012



Table 3
Properties of the emission lines detected in all the 17 fields with fidelity >0.8 (or >0.9 if they are located at radius > 50.14” from the pointing center).

ID RA (J2000) Dec (J2000) Vine @~ FWHMj,e S/N  Fidelity 66 ov Optical counterpart
[deg] [deg] [GHz]  [kms™'] ["]  [kms™']

M () 3) 4) 5) (6) (7 ®) ®) 10)
J0042-1020.2  00:42:18.48 -10:20:36.48 95.06 129 6.01 0.90 33.0 -1767.19 R > 25.6,g>26.3
JO119-0342.1  01:20:00.37 -03:42:59.90 95.33 58 5.76 0.85 45.1 -2266.36 R>25.7,¢>264
JO119-0342.3  01:20:02.15 -03:42:16.96  93.90 128 5.71 0.85 39.0 2270.94 R>25.7,g>264
J0149-0552.2*  01:49:08.41 -05:52:41.34 94.79 47 5.91 0.80 313  -851.97 R>25.7,g>265
J0202-0650.1*  02:02:54.72 -06:50:51.88  94.82 173 13.11 1.00 16.1  -829.85 R=244,¢=25"17

Lyman break detection
with g — R = 1.3 located at 1.2"”
J0850+0629.1*  08:50:14.22  06:29:49.93  94.80 428 17.60 1.00 119 -710.84 R>257,g>263
J1211+1224.1*  12:11:45.06  12:25:06.25  94.65 75 6.26 0.93 549  559.31 R>25.3,g>263
LAE located at 1.6”
J1258-0130.1  12:58:43.81 -01:31:09.35 94.85 299 5.97 0.91 53.1 -1220.26 R>25.7,¢>264
J2250-0846.2*  22:50:50.92 -08:45:40.39 94.43 728 8.50 1.00 327  398.63 R > 25.6,g > 264
* included for the clustering measurement.
The authors measure the clustering using Zmax = —Zmin = 8.19 h™1cMpc (corresponding to

Av = + 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



dP = ng[1+ &(r)]dV
E(r) = (r/rogc)™

Jy. R, Z)av

XR) = Vo
r? = R? + Z*
(QG(R))

R) = \TD
XR) = OR®)

(OR(R)) =

Zmin

Neo(L' = L};,,) is derived from the CO(4-3) luminosity function at z = 3.8

measured by Decarli et al. (2019)

f nco(L’ > Liim)ZHRdeZ
Rmi

¢ (r) is the QSO—galaxy cross-correlation function

volume-averaged projected cross-correlation function
N

> . | Vg is a cylindrical shell centered on quasar

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

(QR(R)) 1s the number of quasar-galaxy pairs that is expected in random.

N ¢ = slope
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Table 6 R [cMpc/h]
Quasar-CO cross correlation function. 0.24
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To,0-co = 8371553 h™"Mpc (y = 1.8) D 102 [ 486y __
5 E Coy TS
To,0-18c = 9.78X18¢ h™*Mpc  (Garcia et al. 2017) %, ;
&g 10 LA <~ <
T0,0—LAE = 2-783:62 h_lMpc (Garcia et al. 2019) =X ;
|

‘ Observed QSO-CO cross—correlation function r= 837{233 cMpc/h @ =

J

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.

To,0—co 18 slightly lower than 1 5_; ¢, but is 3 times higher than 1 14
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Auto-correlation of CO emitters at z ~ 4

QSO-galaxy cross-correlation function can be written as $o6 = +/$00¢66

assume that they al have the same slope y = 1.8 10,06 = \/ T0,0070,6G

Tooo = 223+ 2.5 h™ Mpc (Shenetal. 2007) == Toge = 3.14+ 1.71 h™*Mpc

rorse = 41595 h™'Mpc  (Ouchi et al. 2004)
ToLag = 2.74%335 h™IMpc (Ouchi et al. 2010)

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

[ T0,0-co = 8.3712%2 h=1Mpc ] The discrepancy may related to physical processes affecting the

~2.04
visibility of the LAEs around quasars.
— +1.68 p—1
To,0-LBG = 9-781g¢ h™"Mpc 1) Galaxies around quasars could be more dusty, affecting the
visibility of the Lya line.
[ 70,0-LAE = 2.78* 158 h™IMpc ] 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 17.611L%).

* 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 emutters at z ~ 4.

* The clustering of CO emitters 1s comparable with the clustering of LBG, but 1s
significantly higher than the LAE clustering around quasars.

* Low SF efficiency in these galaxies or possibly an excess of dust in galaxies around
quasars.



