


revious class: The two-point correlation function

The two-point correlation function £(r) is defined as a measure of the excess dP = n[l + &(r)]dV
probability dP, over a random occurrence of finding a galaxy in a volume
element dV at a separation r from another galaxy. where n is the mean number density

of the galaxy sample in question.
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2 The two-point correlation function
traces the amplitude of clustering as
a function of physical scale
clustering depends on scale!
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n a random distribution, the In a strongly clustered population,
orobability to find a galaxy in one if you find a galaxy it is highly
nlace or another, is independent. probable that you find another
Their positions are not correlated. galaxy close to it.

dP = ndV dP = n[l + &(r)]dV



Previous class: The two-point correlation function

well described by a power-law: v slope (typically 1.8) weak clustering at large scales.

-7
Observations indicate that &(r) is E(r) = ( FL ) o correlation length — Strong clustering at small scales and
0

Effect of the correlation length: Effect of the slope:
T\\\\
5(1’) 5(1”) \
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Higher clustering implies a higher (r) > To measure it we counts pairs of galaxies as a
and therefore a higher ro function of separation and divides by what is

expected for an unclustered distribution.



If you have
2D positions

l

Angular correlation
function @w(6)

(Integrated over all the redshift space)

l

Fit the measurement
to get Aand 3

l

Assumptions about
the z distribution

If you have
3D positions

l

Projected correlation
function w(R)

(Integrated over a narrow redshift space)

l

Fit the measurement to
get o, Y




2 Large surveys are required to measure the correlation function.

2 Review of current observational results and clustering
measurements (in multiwavelenght).

2 State of the art: What has been done so far?

2 The dependence of clustering on galaxy properties.



2 Although 2D positions can be used to compute clustering,
redshift information is crucial for a more precise measurement.

2 Large efforts have been done to obtain galaxy catalogs that

include redshift information.

2 Most of the work at optical wavelengths.
(Taken from the Frank van den Bosch’s lectures)

Representative Redshift Surveys

1985 CfA
1992 TRAS ~9,000

2019 SDSS (DR16) ~2,600,000

Distribution of galaxies from the CfA survey carried out in the 1980s
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Spectroscopic coverage in Equatorial coordinates (DR16)
SDSS covers ~14,500 deg?
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The two-point correlation function depends on galaxy properties.

Spoiler:

More luminous
Optically red
Early-type
Bulge-dominated
Higher stellar mass
Low sSFR

(at a fixed redshift)

...galaxies are more clustered than the...

less luminous
optically blue
late-type
disk-dominated
lower stellar mass
higher sSFR

galaxies



2 Projected correlation function for galaxies in
SDSS at different absolute magnitudes ranges.

2 The correlation function increases with
increasing galaxy luminosity.

2 The increasing is stronger for brighter samples.

2 The slope of the correlation do not change
strongly with luminosity.

This implies that more luminous galaxies
reside in more massive dark matter halos
than less luminous galaxies

(see next lecture)
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2 Spatial distribution of galaxies in SDSS, color
coded as a function of their rest-frame color.

2 Red galaxies are more preferentially located in
overdense regions (filaments) whereas blue
galaxies are more distributed over space.
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2 Projected correlation function for red and blue galaxies in SDSS of different luminosities.

2 At a given luminosity, the correlation function of red galaxies has a larger amplitude than that of blue galaxies.
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2 We can see the same result if we focus at a fixed
luminosity range and make a finer color selection.

2 The slope also variate: the correlation function
decreases faster with radius for the red galaxies.
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2 The correlation length increases with luminosity for The best fitting power-law model for the correlation

blue galaxies, but not for red galaxies. function of red and blue galaxies.
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2 The correlation length of red galaxies is higher
than that of blue galaxies.

2 The clustering increases with luminosity for both
red and blue galaxies (at least at bright
luminosities).
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2 Coil+ measured the projected correlation function
using data from the PRIMUS and DEEP2 galaxy
redshift surveys spanning 0.2 <z<1.2.

2 They use spectroscopic redshifts of over 100,000
galaxies covering an area of 7.2 deg?

2 The galaxy clustering amplitude smoothly
iIncreases with increasing stellar mass.

Assume this

is ~ro for now \
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sSFR: specific star formation rate.
This is defined as the SFR/Mstelar.

2 At a given stellar mass, galaxies
with higher sSFR are less
clustered than galaxies with lower
sSFR
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More luminous

Optically red
Early-type
Bulge-dominated
Higher stellar mass
Low sSFR

...galaxies are more clustered than the...

less luminous
optically blue
late-type
disk-dominated
lower stellar mass
higher sSFR

galaxies



2 Since structures grow over time due to gravitational instability, we expect the
clustering of galaxies also evolve over time. Intuitively, we could expect that
clustering increase with time, but that is not actually what is observed).

2 Exploring how clustering evolve with redshift is complicated, because we are
not observing the same object at different times. We can, however, in some
cases to observe the same type of objects at different times.

2 At higher redshifts we can trace other populations, such as, Lyman-break
galaxies, Lyman alpha emitters, quasars, etc.



Clustering of Lyman break galaxies

> Lyman break galaxies are star-forming galaxies

detected at high-redshift (z~3-5), with strong UV
LBG spectra

emission. T
—~ 1.0 E_ Ly alpha z=3.78 _E
2 They are detected through the Lyman alpha g 08 -
break detection. This is a break in the spectra > L B -
due to the absorption of neutral hydrogen in the § 0'6;_ E
intergalactic medium (detectable only from £ 040 ‘ -
Z~3'4). :& 0.2 j Iry limit
00L__ "V, . I I N
4000 5000 / 6000 7000 3000 9000
2> To detect them we need deep observations on MA)
optical bands, then large samples of LBGs is Break due to the absorption pdf neutral hydrogen in the intergalactic
challenge to obtain (not possible with SDSS for medium (detectable only from z~3-4)

example).

2> Most of the samples only with 2D positions, and
a inaccurate knowledge of their z (Delta z ~1)



2 Angular correlation function for LBGs at z~4 and z~5
measured from the Subaru deep survey (~1200 arcminZ2)

2 Clustering is affected by larger uncertainties (number of

LBGs ~2000, 300 and 100 for Bri, Viz and Riz respectively.

2 Brighter LBGs are more strongly clustered than fainter
LBGs (e.g. Malkan et al. 2017).
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Clustering of Lyman break galaxies

Local galaxies (for comparison)
‘||||‘|||'|‘||||

- LS L

3

> LBGs at different redshifts between
3 and 5, with similar luminosities.

o

> The correlation length of LBGs is
roughly constant between redshift 3
and 5.

2 The correlation length is also not so
different that the correlation length of
local galaxies (although they may be
different types of objects)

r, Mpc/h,,
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_ Tveell Z_“-Dark Matter
oo b b b b T
O 2 4 ®

(Ouchi et al. 2004)



2 Quasars are extremely luminous active galactic nucleus
(AGNSs) in which a supermassive black hole is accreting
material. Because of their extreme luminosities, they
are detected up to very high redshifts, and redshift
measurements are possible. Their redshift distribution is

observed to peak at z~2.5.

2 They can be detected at almost all the wavelengths of
the electromagnetic spectrum.




Clustering of Quasars

2 Projected correlation function of
quasars at z >2.9 and z>3.4 reveal
extremely strong clustering.

2 Clustering of quasars has been
measured at different redshifts. The
highest redshift for which this has
been measured is z~4 (Shen et al.
2007) using SDSS quasars.

2 No significant evidence of dependency
on luminosity (also the physics
process of quasars are very different
than the case of galaxies).

~4,400 High-z Quasars in SDSS (over ~4000 deg?)
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2 The correlation length is relatively
constant up to z~2, and it strongly
increase from z~2 up to z~ 4.
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2 Quasars at z~4 are the most _
clustered population in the universe,

.
and then they are expected to trace ~—

the more massive overdensities In O

the early universe.
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2 Clustering of other populations observed at different wavelengths is
still poorly constrained because of the lack of large and deep
surveys.

2 But, great improvement in the last years with the arrival of new

instruments.
bDn‘ferlent E{)ﬁpulatlons are observed at other Ultra luminous
wavelengins: IR galaxies Submillimeter
(ULIRGS) galaxies AGN - SFGs
gamma ray ultraviolet

X-ray visible




2 Large surveys ongoing which will allow
precise clustering measurements.

2 Still lack of precise redshifts.

2 At radio wavelengths, we can mostly
detect two different populations: AGNs
and Star-forming galaxies.

Sensitivity (mJy/beam)
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FIRST Survey Northern Sky Coverage, 2014 December 17
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Surveys at radio wavelengths

> Constraints of the angular correlation function for
sources detected at radio wavelengths from NVSS
and FIRST.

2 The correlation length increase for higher fluxes,
where the population is more dominated by powerful

FRII radio galaxies. : A ZMX
2> Powerful (FRII) radio galaxies probe significantly 5[ A A Ax A A A 45 -
more massive structures compared to radio galaxies I 5
of average power at z ~ 1. of :
| 10 100

1.4 GHz flux density limit (mJy)

(Overzier et al. 2003)



2 Angular correlation function of star forming galaxies and AGNs

Clustering of radio sources detected at radio wavelengths at z<1, from the VLA-COSMOS project
(This cover ~2 deg? and contains ~10,000 objects.

Clustering of ~1,800 Star forming galaxies at z<
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(Hale et al. 2018)
AGN are significantly more strongly clustered than SFGs implying that
AGN are hosted by more massive haloes than SFGs.



2 Evolution of the correlation length for Star forming galaxies and AGNs
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2017: SCUBA2 Cosmology Legacy Survey (S2CLS
3,000 SMGs over 5 deg? at 850 ym (Geach et al. 2017

2 Small surveys and low resolution, for example:

2009: LABOCA ECDFS Submillimetre Survey (LESS), (scusazc
126 SMGs over 0.25 deg2 (Weiss et al. 2009)
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Clustering of submillimeter galaxies

2 Submillimeter galaxies is a population of dusty
galaxies with strong emission at submillimeter
wavelengths. The strong UV radiation from stars in
these galaxies are absorbed by the dust and re-
emitted at sub-millimeter wavelengths.

2 SMGs are:
» Extremely luminous (LIR~ 1012 — 1013 Lo)
« Massive (M« ~1 -2 x 1011 Mo)

* Highly star forming (star formation rate (SFR) ~
100 — 1000 Mo yr=1)

* Peaking at redshifts z ~ 2.2-2.5

arcsecC

arcsec

(




2 Angular cross-correlation function of 365
Submillimeter galaxies from S2CLS reveal correlation
lengths of ~4.1+ 2 Mpc/h at redshift between 1 and 3.

2 Because the small data, cross-correlation techniques
are used in this case.
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(Wilkinson et al. 2017)




N gal <min <max ro

. . Sub-millimetre
2 Tentative evidence that the

correlation length strongly o0l 1.0 1.5 3.193:1%
increase at higher redshifts. 127 15 20 2-193:(3)2
172 2.0 25 7.9873%]
176 2.5 3.0 9.0813
127 3.0 3.5 14.87M25

(Wilkinson et al. 2017)
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[ T T T T [ - T T [ T T T T [ T T T T [ T T
B clusters .-~
_ (b) .

.
*
*
.
.
*

- L 10" R M ]

j— . . —

10 _~2_3 L*
- ellipticals

0.0 0.5 1.0 1.5 2.0 2.5 3.0
(Adapted from Hickox et al. 2012)



- N DL L PO L e
How can we interpret all these results? 5 _‘IclusterS )

.
*
*
. .
*

T 10" e My

2 Correlation length values for different
populations at different redshifts.

10 _~2_3 L*
- ellipticals

2 How can we interpret the evolution of rg
with redshift for the different populations?

2 Coherent evolutionary scenario?




Take home message

> Large surveys of sources are required to perform accurate measurements of clustering.

2> We have observed that in the local universe galaxies that are more luminous, early type,
bulge-dominated, optically red, higher stellar mass and lower SFRs are more clustered
than the less luminous, late type, disk-dominated, optically blue, lower stellar mass,
higher SFRs.

2 At higher redshift we can explore the clustering of other populations such as Active galactic nuclel
(AGNSs), quasars, Lyman break galaxies, submillimeter galaxies, Star forming galaxies, AGNSs, etc.

2 Against of the intuitive expectation in which the clustering of a population would increase with
time, we observe that some population are equally clustered over long times and some of them
decrease their clustering with time.

> Clustering measurements of different populations and at different wavelengths, may provide a
complete understanding of galaxy evolution.



