Multi-object spectroscopy

e Single-slit spectroscopy does
not make full use of the
imaging capability of a
telescope: several objects are
imaged but only one is used

e Multi-slit and Fibre-fed
spectrographs solve this
problem.

e In the latter case, a set of
optical fibers are positioned in
the focal plane of the
telescope so that each is
illuminated by a target object.
The fibers are then connected
to a series of position in the
spectrograph
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Multi-object spectra

2dF 400 fibres 27/9/1997
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Massive redshift surveys

= Multifibre technology, digitalization \’Zp
and multiobject spectrographs now
allow us to measure redshift of

millions of galaxies on a time scale

of a few years.

180°

= Recently completed or ongoing
surveys: (local) 2dF, SDSS, 6dF

(high-z) VVDS, DEEP2, zZCOSMOS

OOﬁe
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The Sloan Digital Sky Survey

Over eight years of operation (SDSS I, 2000-2005; SDSS 11,
2005-2008; SDSS III, 2008-2014)

It used a dedicated 2.5m telescope at Apache Point
Observatory (New Mexico) equipped with 2 special purpose
instruments: a 120 Mpixel camera imaging 1.5 sq. deg. of the
sky at a time (8 times the area of the full moon); a pair of
spectrographs fed by optical fibers (640 objects per pointing)

It obtained deep multi-color images (u,g,r,i,z) covering more
than a quarter of the sky (8,400 square degrees)

Created 3D maps containing more than 930,000 galaxies and
more than 120,000 quasars (in 5,700 square degrees)
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The SDSS telescope and
instruments
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Groundbreaking technology

*hoto: U. Montan *hot Photo

Charles Kuen Kao Willard S. Boyle George E. Smith

The Nobel Prize in Physics 2009 was divided, one half awarded to Charles Kuen
Kao "for groundbreaking achievements concerning the transmission of light in
fibers for optical communication” the other half jointly to Willard S. Boyle and
George E. Smith "for the invention of an imaging semiconductor circuit - the CCD
sensor”.

C. Porciani Observational Cosmology I11-27



SDSS filter transmission curves
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The Sloan Digital Sky Survey
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Photometric redshifts
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Galaxy spectra
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Galaxies show a
variety of optical
spectra which can be
classified based on:

e strength of blue
continuum

e composite stellar
absorption features

e strength of nebular
emission lines

Templates of the
different classes can
be easily built

I11-33
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Photometric redshifts
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Cheap estimate (in terms of
observational time) of galaxy
redshifts using multi-color, broad-
band photometry instead of
spectroscopy

It simply chooses the best-fitting
redshifted spectrum out of a
library of templates (either
observationally or theoretically
motivated)

Rather than observing narrow
spectral features of galaxy
spectra (such as emission lines)
this technique concentrate on
broad features (such as spectral
breaks) and the overall shape of a
spectrum
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Photometric redshifts

Reading catalog, filters,
templates

Calibrating photometry I ~ Feldmann, CP, et al. 2006

Novel Automatic 1 28 ’ \ﬁ’f ,-'. -
template correction 26 . A
: . 2%
= E | O
Correcting for - 05 . .S’,' o
intergalactic absorption ¢ i' t‘. .

¥ -

Building interpolated templates

phot, B
e
.
"~
!
.
® s
.

Computing spectral flux
densities

2D-Bayesian estimate

0
‘ Prior and posterior I <0.08
0
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Characteristics of a galaxy survey

e Photometric (how many bands?) vs spectroscopic (What's the
redshift completeness? What’s the success rate?)

o All redshift surveys start from an parent (input) catalog. How
are targets selected? Magnitude limited (in what band?) vs
volume limited vs (pre) color selected

e How many square degrees? Down to what redshift? (wide vs
deep) What geometry? (pencil beam vs wide angle)

e Before computing any statistic compute (or download) the
selection function (density of galaxies as a function of
redshift) and the completeness map (what fraction of objects
are included in the survey as a function of position and

redshift?). Otherwise you will fail miserably!
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Science with galaxy surveys

C. Porciani Observational Cosmology III-37



What can you measure?

e Luminosity function and number densities
e Group and cluster catalogs (FoF, Voronoi, BCG)

¢ The density field
e Reconstruct the linear density field (time machine)

e Counts in cells

® Measure 2-point, 3-point correlation function

e Measure power spectrum, bispectrum

e Topological invariants: Minkowski functionals (mean
genus, void probability function)
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Correlation functions

Consider a stationary point process with mean density n and write the
probability of finding N points within N infinitesimal volume elements

dV
— dv, | X VAN
dV; ro M3 12
> | dv,
N[ gy
2 M,
dP,=ndV,
dv,

dP 4, = n? (1+E(ry,)) dV, dV,
dP o3 = N3 (1+E(ry5)+ E(ry3)+ E(ra3)*T(ryo I3 re3)) AV, dV,dV;
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Power spectra

N-spectrum defined via the expectation value of the product of N+1
Fourier transforms of the overdensity field

(5(k)8()) = @) P(k)S, (k + )
(3(K)8@)(P)) = (27)’ B(k.q.p)S, (K +G + B)

Wiener - Khintchine theorem:

E(r) = —

2r?

jkzP(k) jo(kr)dk
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Complications...

I- Galaxy biasing

(where cosmology meets astrophysics)
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Light does not trace mass

e We observe galaxies and use them to map the cosmic web
e Theory, however, predicts the mass distribution

e So far we have a limited understanding of the galaxy formation
process (a complicated (g)astrophysical problem)

e It is clear, anyway, that galaxies form in special regions of the
density field with different statistical properties
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Earth at Night Astronomy Picture of the Day
More information available at: 2002 August 11
http://antwrp.gsfc.nasa.gov/apod/ap020811.html http://antwrp.gsfc.nasa.gov/apod/astropix.html




Galaxy biasing exists

> 2=0.2 > 2=0.2

NGP V(IR o
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Galaxy biasing exists

Madgwick et al. 2003

Projected separation ¢ [h l.\lp(’l
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z=0 Dark Matter Gas

Ty

To better
understand
how to model
galaxy biasing,
we can
compare the
distribution of
different R _— — S .
tracers of the =% "0 T ialhoele s s
large-scale U S L% T RN
structure in a Sooh L T g Co CE
numerical e Bl o e Ut G
simulation ‘ SRR SRR SN
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Dark Matter : 5 Gas
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Zooming in

a galaxy
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A local biasing scheme?

Yoshikawa et al. 2001

o [ | I/’ | I I
| z=2 R,=12h~'Mpc|

Smooth the
density
distributions of
different tracers -
on the scale R,
and plot them
against the mass
density (also
smoothed) at the
same spatial
location. Apart
from some scatter
there appears to
be a deterministic
relation.

"/ Dark Halo 7
|

N W A
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A local biasing scheme

e Therefore, we can write that

7 Scatter, noise

0,(x) = f[0, (x)]+ &(x)

And, for a large smoothing scale, for which 0 <<l we can

Taylor expand the deterministic part and write (neglecting

the scatter)

0,(x) =b, +bo,, (x)+ %[(‘Sm(x)]2 + ...

® This implies that

P,(k)=b/P,(k)+ glb,.b,,P, (k)]

/

Linear biasing term:
changes the amplitude

N

Non-linear biasing term:
changes the shape
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Power spectrum and galaxy selection
2dF GRS vs SDSS

Cole et al. 2005
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Complications...

II- Redshift-space distortions

C. Porciani Observational Cosmology III-56



Redshift-space distortions

v
1 + Zobs = (1 + ‘Zcos)(1 + _7’)
C
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Redshift-space distortions

Density fluctuations generate
velocities on top of the global
cosmic expansion

The observed redshift of a galaxy

includes a radial Doppler component:

14z, = (1+z,,) (1+v./c)

Since we use the redshift to infer
the distance to a galaxy, our 3D
maps of the universe are
“distorted”.

C. Porciani

Observational Cosmology

(2. 0%)
. #- e /L, .
7' " ". _"- 4.“";

j;ﬁ; ‘n.&

e, e HL ; ?" \
P by P & R "
.é.{;.‘!-‘ l-’\.',"f. ;., -;?‘ .'." ,-‘l «# I\”
.""”-’ AL I S, 2 .«" '-"‘"vw X > gt
NG ﬂ‘"’?rl%’ R ’“"?ﬁ&?f{- e e
V¢ ""“%-' .t """’{.' Wt "'\ R A "b-". A 'U}"“d
dn R Ll T A e

ITI-58



Redshift distortions

e Fingers of God: Radial
stretching pointing tfowards
the observer. They come
about because of random
velocities in clusters of t

l H Real- space < — —»‘4—
galaxies X
v

Regime linear turnaround nonlinear

® Large overdensities lead to

. . Redshift space
a coherent infall motion:
walls appear denser and Observer @ - A
thicker, voids bigger and
emptier
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A closer look
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Consequences of RS-distortions

e Bad news: we will never be able to measure the
actual galaxy distribution

® Good news: the size of the distortions depends on
cosmology. We can use them to learn something
about the universe. Recall from cosmology class:

V-v= —% (linearized continuity equation)
4
N R ) 90.55
6, (k) =8,,(K) (1+ fu’) . p==—, p=cos(@,)
1
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The power spectrum in redshift space

Boost in the average power + anisotropic terms

S

Pk) (.2, 1 o) (4, 4 8
—(1'*'3/3"'5/5)'*'(3/3"'7/3)Lz(ﬂ)+35ﬁl’4(ﬂ)

P(k)

where L.(x) denotes the Legendre polynomial of order i

The ratio of the quadrupole to monopole amplitudes is a monotonic
function of B that rises from 0 at 5 =0 to just over unity at B =l.
Redshift distortions can then be used to measure S8 and, if one
already knows b,, provide a measure of Q_
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Anisotropic correlation function

e Redshift distortions also

[/'IG generate anisotropies in the
“n” 2-point correlation function

Haw<ins et a. (2002). astro—ph/02125/5
ZdFGRS: g = 0,47 + 009

e The finger-of-god effect
can be used to determine
the velocity dispersion (and
thus the typical mass) of
the galaxy groups

2

G

e The squashing effect on
large scales is equivalent to
the quadrupole to monopole
rato in the power spectrum
and can be used to further

Separation on the sky. ¢ (Mpc/h) constrain the cosmological
model
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Questions?
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Complications...

III- Shot noise
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Shot noise

® Galaxies are discrete objects

e For mathematical convenience, we describe their distribution
with a continuous random field that it is sampled at random
positions (note that there are 2 levels of randomness here)

¢ The effect of the sampling it is called shot noise and we need
a model for it (there are infinite ways to do it). The most
used is Poisson sampling (but never forget that it is just an
approximation):

P(N 10) = Poisson[(1+9,,)n,,V]

where P(N| &) gives the probability of finding N galaxies in a
volume V with underlying “continous” overdensity &
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Shot noise

e Shot noise also refers to the effect of self pairs
(i.e. pairs made by a single objects) in N-point
statistics
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Shot noise: an example

100 tracers
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Shot noise: an example

1000 tracers
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Shot noise: an example

10000 tracers
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Shot noise and power spectra

e Poissonian shot noise affects power spectra in two
ways

e First it adds a (white) systematic component

P, (k) = P(k) + ——

ngal
e Second, it increases statistical uncertainties

O'p(k) =(£)1/2 1+ 1
P(k) \N l, N, P (k)
N = number of modes in /

a k-bin (scales as the Sample variance Shot noise
volume of the survey) (for a Gaussian field)

C. Porciani Observational Cosmology ITII-71



Question

e What is the effect of shot noise on the 2-point
correlation function?
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Complications...

IV- Non-linear evolution

C. Porciani Observational Cosmology ITI-73



Non-linear evolution of the mass
power spectrum

Carlson et al. 2009 .
A AR ® The non-linear growth

of density
perturbations changes
the shape of their
power spectrum from
the linear one

1.4

® Current models are not
very precise in
recovering this
] behaviour for k>>0.1 h/

k (h/Mpc)
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Outstanding question

e Do uncertainties in modelling non-linearity, redshift
distortions and galaxy bias compromise constraints on
cosmological parameters coming from measurements of the
galaxy power spectrum?

e Answer: they do not as long as we just use data on very
large scales where linear models (for bias and for the
evolution of perturbations) are accurate enough.

e This, however, makes errorbars of cosmological parameters
big (with respect to the potential of the data) and a lot of
efforts are currently made to improve the modelling of the
non-linear effects
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Cosmology from galaxy clustering

C. Porciani

A*(k) = d<é6°>/d In k

Cole et al. 200
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What did we learn?

e On separations larger than a few Mpc, models show that the
ratio between the matter power spectrum and the galaxy
power spectrum is nearly constant

e This implies that we can use the shape of the galaxy power
spectrum to determine the cosmology

e Galaxy clustering gives Q_h = 0.2, which for an Hubble
constant h=0.7 gives Q_ = 0.25-0.3

e Combining this with the results of the CMB (Q;,» 1), it
suggests that 75% of the energy in the universe is in an
unknown form, the so-called dark energy
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