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Cosmic history

http://www.ph.ed.ac.uk/news/astronomers-shed-new-light-cosmic-dawn-11-12-12

Accessible to observations



Cosmology “bootcamp” - Astronomy

• Observational Techniques for Cosmology

• Distance determination

• The Hubble sequence; structure and evolution of 
galaxies

• The development of modern Cosmology in the 20th 
century



1610: Galileo’s 
telescope (D~2 cm)

1780: Herschel’s 
telescope (D=126 cm)

1948: Hale telescope 
(D=500 cm)

 Telescopes: the past..

The most important property of a telescope is the size of the 
primary mirror / lens



ESO Very Large Telescope
4 x 8 m

Hubble Space Telescope 2.4 m

.. the present



.. and the future:

To be built on Cerro Armazones, Chile. Ready around 2024. Price: 1 G€

The European Extremely Large Telescope: D = 39 m



E-ELT mirror mock-up: 800 segments of 1.4 m diameter



E-ELT construction, 2014



July 2015



The Atmospheric Windows
Only a small part of the electromagnetic spectrum is observable 
from the ground - the rest is blocked by the atmosphere.



The James Webb Space Telescope (JWST)
Launch: Oct 2018
First proposal deadline: ~Nov 2017



Flux:
The energy passing through a surface of unit area per unit time interval.

1 m2

Flux F received from a celestial source of 
luminosity L at a distance D follows the 
inverse square law:

The luminosity L is distributed over a sphere with 
area 4 π D2, i.e.

F =
L

4πD2



Intensity:
The energy passing through a surface of unit area per unit time interval per 
unit solid angle.

Flux                                   :  F = L/4πD2

Power per unit surface area :  s = L/4πr2

Solid angle:                          Ω = π (r/D)2

Intensity:                              I = F / Ω = 
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L

4⇡D2

D2

⇡r2
=

L

4⇡2r2
=

s

⇡
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Under the (implicit) assumptions (- which?) in this 
calculation, intensity is independent of distance.



Instrumental vs. Physical units
• In general, measurements need to be calibrated to 

eliminate instrumental signature

• The “brightness” of a source (measured by some 
detector) may be expressed in “counts per sec”

• Conversion of “counts” to flux depends on many 
instrumental factors, e.g:

• Sensitivity, telescope size, reflectivity of mirrors, 
absorption in atmosphere, etc..

• Whenever possible, measurements are made 
relative to a standard source with known flux.



Magnitudes

• Introduced by Greek astronomers (probably first Hipparchus); 
used by Ptolemy in the Almagest around 150 A.D.

• Scale from 1 - 6, where 6 is the faintest (visible to the naked 
eye)

• Extension to fainter stars required more precise definition: 

• N. Pogson (1856, MNRAS 17, 12) proposed to use a “light 
ratio” of 2.512 between successive magnitude steps - still used 
today (5 mag = factor 100 in flux)

• Absolute magnitude (Kapteyn 1902; Publ. Gron. 11, 1):  Apparent 
magnitude a star would have for a parallax of 0.1” (D=10 pc)



Magnitudes
• The fluxes (F1 and F2) and apparent magnitudes 

(m1 and m2) of two objects are related as:

m1 − m2 = −2.5 log10

(

F1

F2

)

• If the zero-point (zp) of the scale is known, then

m = −2.5 log10 F + zp

• The star Vega is often used as a reference:  
m(Vega) ≡ 0



• Sun: V = -26.7

• Full moon: V = -12.6

• Venus: V = -4.7

• Brightest star (Sirius): V = -1.47

• Faintest stars visible to naked eye: V=6

• Faintest objects detected in Hubble Ultra 
Deep Field:  V ~ 29.5



Apparent (m) and absolute (M) magnitude:

m = −2.5 log

(

L

4πD2

)

+ const

M = −2.5 log

(

L

4π(10pc)2

)

+ const

m-M = distance modulus

m − M = −2.5

[

log

(

L

4πD2

)

− log

(

L

4π(10pc)2

)]

= −2.5 log

(

10pc

D

)2

= −5 log

(

10pc

D

)

Assuming no absorption!



Photometric Systems
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Figure 1 Schematic passbands of broad-band systems.
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• Magnitude systems: Defined 
by sets of standard stars. E.g. 
UBVRI, roughly normalised 
to Vega.

• Observations must be 
transformed from the 
instrumental system of the 
observer to the standard 
system.



Colours

• Colours defined analogously to magnitudes, 
e.g.

B � V = �2.5 log10

✓
FB

FV

◆
+ zpB�V

U �B = �2.5 log10

✓
FU

FB

◆
+ zpU�B



Atmospheric extinction
Extinction is 
wavelength-dependent.

Typical values:
kU = 0.4 mag airmass-1

kB = 0.2 mag airmass-1

kV = 0.1 mag airmass-1

kλ increases strongly 
below ~3400 Å 
(atmospheric cut-off)

Mean extinction for Roque de Los 
Muchachos Observatory, La Palma





Charge Coupled Devices (CCDs)

• Developed in 1969 at AT&T Bell Labs, 
originally as computer memory

• First used in astronomy around 1975.  
The first devices were small, ~100×100 pixels

• Typical sizes are now 20482 or 2048×4096 
pixels



Schematic illustration of a CCD pixel

CCD Primer, Eastman Kodak (2001)

Electron-hole pairs are 
generated by incoming photons 
(photo-electric effect).

The electrons are kept in place 
by positive and negative 
electric voltages (electrodes  
“A” and “B”)

A BB

The CCD detector



Eastman Kodak Company - Image Sensor Solutions - Rochester, NY 14650-2010

Phone (716) 722-4385           Fax (716) 477-4947

Web: www.kodak.com/go/ccd           E-mail: ccd@kodak.com

7 Revision No. 1

MTD/PS-0218CCD Primer

Figure 9 – Four-Phase CCD Figure 10 – Three-Phase CCD

4.3.3 Pseudo Two-Phase (P2φφφφ) CCD

P2φ CCD's mimic a 4φ operation except that now only two phase clocks are required to implement the transfer procedure.

As shown in Figure 11, each phase is tied to two gates instead of one. To assure that pixels are not mixed during the transfer

operation, alternate gates are processed such that the electrostatic potentials occur at different levels for a given gate bias.

Once this is achieved, proper transfer can occur using only two phases thus reducing the complexity required for driving the

CCD. This advantage is obtained at the cost of additional processing.

Φ1 Φ2 Φ3 Φ1 Φ2 Φ3 Φ1 Φ2 Φ3 Φ1

Q1 Q2 Q4

PIXEL Pn PIXEL Pn+1 PIXEL Pn+2

Q5

Q1 Q2 Q4

Q1 Q2 Q4

Q1 Q2 Q4

Q1 Q2 Q4 Q5

Q1 Q2 Q4

Q1 Q2 Q4

Q0

Q0

Q0

Q0

t1

t2

t3

t4

t5

t6

t7

Φ1

Φ2

Φ3

t1 t2 t3 t4 t5 t6 t7=t1

DIRECTION OF TRANSFER

t1

t2

t3

t4

t5

Φ1 Φ2 Φ3 Φ4 Φ1 Φ2 Φ3 Φ4 Φ1 Φ2

Q1 Q2 Q3

Q2 Q3Q1

Q2Q1

Q2Q1

Q1 Q2Q0

Q0

PIXEL Pn PIXEL Pn+1

Φ1

Φ2

Φ3

Φ4

t1 t2 t3 t4 t5=t1

DIRECTION OF TRANSFER

At the end of the exposure, the 
electric charges are shifted 
across the CCD by cycling the 
voltages on the electrodes.



Each column is read separately, pixel by pixel.  The charges are 
converted to an electric current, and then converted to a digital 
number via an A/D converter.



CCD properties

• High quantum efficiency: >90% of the photons create 
electron-hole pairs.

• Large dynamic range - “full well capacity” typically 
~105 electrons

• Linear response - simple conversion between 
“counts” and flux/intensity

• Sensitive to wavelengths from ~300 nm to ~1 μm



http://star-www.rl.ac.uk/docs/sc5.htx/node7.html

CCDs

http://star-www.rl.ac.uk/docs/sc5.htx/node7.html


OmegaCam on the ESO 2.6 m VST (“VLT survey 
telescope”):
Mosaic of 32 CCDs of 2048x4096 pixels, total 
16k x16 k (=256 Megapixels).
Field of view = 1x1 degree2.



CCDs of Gaia satellite: 
106 CCDs of 4500x1966 pixels.   Total: 938 Megapixels



Amplitude of electric field vector at pupil

E(t) = E0e
i2πνt

Figure 7.3: Geometry for diffraction by the telescope pupil in the Fraunhofer limit.

analytically expressed (see Chapter 3) as:

Ẽ(t) = Ẽ0(t) · ei2πν̄t with the amplitude ”phasor” Ẽ0(t) =|Ẽ0(t) | · eiφ(t) (7.1)

According to Huygens-Fresnel, the resulting field Ẽ(Ω⃗, t) in a direction Ω⃗ on a distant image
sphere with radius R is the superposition of the contributions from all positions within the
pupil, each contribution with its own specific phase delay due to the difference in path length:

Ẽ(Ω⃗, t) =
C

R

∫ ∫

pupil

Ẽ0

(

t − R′(Ω⃗, r⃗)
c

)

e
i2πν̄

(
t−R′(Ω⃗,r⃗)

c

)

dr⃗ (7.2)

with R′(Ω⃗, r⃗) the distance between the pupil position r⃗ and the image position in the direction
Ω⃗ (see figure 7.3), dr⃗ = dydz, 1/R the amplitude damping factor due to the spherical expan-
sion of the wavefield and C a proportionality constant. To evaluate the integral in equation
( 7.2) in the Fraunhofer limit, we make two important assumptions:

104

R R
′

r

Ω · r

unit vector Ω

Intensity: I = hEE?i
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Amplitude diffraction pattern:

a(Ω) =
λ

R
F{P (r/λ)}

Intensity diffraction pattern:

I(Ω) =
∣

∣a(Ω)
∣

∣

2

= a(Ω)a⋆(Ω)

Image formation in telescope

Esum =

∫ ∫

pupil

C

R′
E0e

i2πν

(

t−
R+Ω·r

c

)

dr

Integral over pupil, at focal plane:



Diffraction patterns of different apertures

Circular 
aperture

Pupil

Hole in the 
middle

Secondary 
mirror support

I

Hexagonal 
mirror



Diffraction pattern for circular 
aperture.

Minima at

θ = 1.22
λ

d
, 2.33

λ

d
, 3.24

λ

d
, · · ·

Rayleigh criterium for resolving 
power of a telescope with 
diameter d:

θR = 1.22
λ

d

The Rayleigh criterion



Rayleigh criterion: examples

• Human eye: d~6 mm, λ~500 nm ➝ θR = 17 arc seconds  
(in practice: 1-2 arc minutes)

• 20 cm telescope, visible light: θR = 0.5 arc seconds 

• In practice: resolution limited to ~1 arc second because of 
atmospheric turbulence.

• Hubble Space Telescope, UV (d=240 cm, λ~200 nm) ➝  
θR = 0.02 arc seconds

• 100 m radio telescope, λ=21 cm ➝ θR = 7 arc minutes



Seeing

• Turbulence in the atmosphere degrades the image 
quality - best achievable resolution is typically 0.5” - 
1.0”

• It can be (partially) corrected with Adaptive Optics

• The best “seeing” conditions are found where 
atmospheric turbulence is minimal. For example on 
mountain peaks near the ocean (Chile, California, 
Hawaii, Canary Islands).



Simulated 1000 s  V-filter exposures with an 8 m telescope

Seeing = 0.5”

Seeing = 1.0”

Seeing = 2.0”

V=23 V=24 V=25 V=26



Seeing and exposure time

If noise dominated by sky (almost always true for faint sources):

S/N =
Nstar

√

Nstar + Nsky + σ2
instr

S / N
star

/ t
exp

F
star

S/N / t
exp

F
starq

t
exp

I
sky

FWHM2

/
 

F
starp
I
sky

!✓ p
t
exp

FWHM

◆

For a given source, sky background, and S/N, 

t
exp

/ FWHM2

This is why it is worthwhile to select locations carefully!

N /
p

N
sky

/
q

t
exp

I
sky

FWHM2

Signal:

Noise:

Poisson statistics!
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Turbulence changes rapidly with timeTurbulence changes rapidly with time

“Speckle images”: sequence of short snapshots of a star, taken
at Lick Observatory using the IRCAL infra-red camera

Centroid jumps
around

(image motion)

Image is
spread out

into speckles

Credit: Claire E. Max, UCSC
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How does adaptive optics help?How does adaptive optics help?
(cartoon approximation)(cartoon approximation)

Measure details of
blurring from
“guide star” near
the object you
want to observe

Calculate (on a
computer) the
shape to apply to
deformable mirror
to correct blurring

Light from both guide
star and astronomical
object is reflected from
deformable mirror;
distortions are removed

Credit: Claire E. Max, UCSC
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Schematic of adaptive optics systemSchematic of adaptive optics system

Feedback loop:

next cycle

corrects the

(small) errors of

the last cycle

Credit: Claire E. Max, UCSC
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Infra-red images of a star, from LickInfra-red images of a star, from Lick

Observatory adaptive optics systemObservatory adaptive optics system

With adaptive opticsNo adaptive optics

Note: “colors” (blue, red, yellow, white) indicate increasing intensity

Credit: Claire E. Max, UCSC
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Neptune in infra-red light (1.65 microns)Neptune in infra-red light (1.65 microns)

Without adaptive optics
With Keck

adaptive optics

June 27, 1999

2
.3

 a
rc

 s
e

c

May 24, 1999

Credit: Claire E. Max, UCSC



VLT, Paranal, Chile

William Herschel Telescope, 
La Palma



Spectrographs
In most spectrographs:
- Light is collected and focussed by a telescope.
- The light from the target of interest is isolated by a slit
- The converging light beam from the telescope is made parallel again by a 
  collimator.
- The parallel beam is dispersed (grating/prism/grism)
- Finally the spectrum is imaged onto a detector by a camera.

Note: The slit mainly serves to isolate light from the target and is sometimes
omitted. 



Objective Prisms
Mounted directly in front of telescope objective. Allows 

simultaneous recording of large number of spectra.



Objective prism image of Hyades



Grating dispersion

For camera of focal length f, grating groove separation d, fringe order m:

f

Δx∆θ

Unlike prisms, gratings provide nearly linear dispersion relations

d⇥

dx
=

d cos �

fm
� const
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TABLE 1

SUMMARY OF ERROR CONTRIBUTIONS TO HIGH SUPERNOVA DISTANCES

Systematic Uncertainties (1 p) Magnitude Statistical Uncertainties (1 p) Magnitude

Photometric system zero pointa . . . . . . 0.05 Individual zero points . . . . . . . 0.02
Selection e†ects . . . . . . . . . . . . . . . . . . . . . . . . 0.02 Shot noise . . . . . . . . . . . . . . . . . . . . . 0.15
Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . \0.17 K-corrections . . . . . . . . . . . . . . . . . 0.03
Evolution of extinction law . . . . . . . . . . 0.02 Extinction . . . . . . . . . . . . . . . . . . . . . 0.10
Gravitational lensing . . . . . . . . . . . . . . . . . . 0.02 p of SN Ia . . . . . . . . . . . . . . . . . . . . . 0.15

a Includes propagated e†ect on extinction, 3.1 p E(B[V ).

scenario for the e†ect of gravitational lensing, a case in
which the universeÏs mass is made up of randomly distrib-
uted objects with mass greater than 0.01 At z\ 0.5 forM

_
.

an average standard candle is made 0.15 mag)
M

\ 1,
fainter by the lensing. The e†ect is more pronounced at
zB 1 and is diminished as approaches 0, as suggested)

Mby the SN observations presented here, by et al.Garnavich
and by et al. Given the size of(1998), Perlmutter (1998).

other systematic errors, uncertainties due to gravitational
lensing are not likely to be of major concern up to zB 1. It
is unlikely that we might Ðnd an event that has undergone
signiÐcant lensing so that it can be readily separated from
the intrinsic dispersion of SN Ia brightnesses, although

& Bartelmann suggest how to maximize theseKolatt (1998)

events by searching through galaxy clusters.

5.6. Summary of Uncertainties
The data presented by et al. andGarnavich (1998) Riess

et al. indicate that we can measure the distances to(1998)
high-z supernovae with a statistical uncertainty of p \ 0.2
mag (10%) per object. With only 10 objects, a comparison
of zB 0 and zB 0.5 can be made to a precision of better
than 5%Èleaving systematic uncertainties as a major con-
tributor to the total error budget. A summary of the contri-
butions to high-redshift supernova distance uncertainties is
given in This table shows that our program toTable 1.
measure cosmology will most likely be limited by the possi-
bility of the evolution of SN Ia explosions with look-back

FIG. 5.ÈTemplate image of SN 1995K taken 1995 March 7, the discovery image of SN 1995K taken 1995 March 30, and the resulting subtracted image
obtained as described in ° 4.2.

Redshifted to z=0.479
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FIG. 4.ÈMLCS SNe Ia Hubble diagram. The upper panel shows the
Hubble diagram for the low-redshift and high-redshift SNe Ia samples with
distances measured from the MLCS method (Riess et al. 1995, 1996a ;
Appendix of this paper). Overplotted are three cosmologies : ““ low ÏÏ and
““ high ÏÏ with and the best Ðt for a Ñat cosmology,)

M
)" \ 0 )

M
\ 0.24,

The bottom panel shows the di†erence between data and)" \ 0.76.
models with The open symbol is SN 1997ck (z\ 0.97),)

M
\ 0.20, )" \ 0.

which lacks spectroscopic classiÐcation and a color measurement. The
average di†erence between the data and the prediction)

M
\ 0.20, )" \ 0

is 0.25 mag.

The present data set has only a modest range of redshifts, so
we can only constrain speciÐc cosmological models or
regions of parameter space to useful precision.()

M
, )")

The s2 statistic of is well suited for determin-equation (4)
ing the most likely values for the cosmological parameters

and as well as the conÐdence intervals sur-H
0
, )

M
, )"rounding them. For constraining regions of parameter

space not bounded by contours of uniform conÐdence (i.e.,
constant s2), we need to deÐne the probability density func-
tion (PDF) for the cosmological parameters. The PDF (p) of
these parameters given our distance moduli is derived from
the PDF of the distance moduli given our data from BayesÏs
theorem,
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where is our set of distance moduli Sincel
0

(Lupton 1993).
we have no prior constraints on the cosmological param-
eters (besides the excluded regions) or on the data, we take

and to be constants. Thus, we have forp(H
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SN Ia Hubble diagram. The upper panel shows theFIG. 5.È*m
15

(B)
Hubble diagram for the low-redshift and high-redshift SNe Ia samples with
distances measured from the template-Ðtting method parameterized by

(Hamuy et al. Overplotted are three cosmologies :*m
15

(B) 1995, 1996d).
““ low ÏÏ and ““ high ÏÏ with and the best Ðt for a Ñat cosmology,)

M
)" \ 0

The bottom panel shows the di†erence between)
M

\ 0.20, )" \ 0.80.
data and models from the prediction. The open symbol)

M
\ 0.20, )" \ 0

is SN 1997ck (z\ 0.97), which lacks spectroscopic classiÐcation and a
color measurement. The average di†erence between the data and the

prediction is 0.28 mag.)
M

\ 0.20, )" \ 0

We assume each distance modulus is independent (aside
from systematic errors discussed in and normally dis-° 5)
tributed, so the PDF for the set of distance moduli given the
parameters is a product of Gaussians :
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Rewriting the product as a summation of the exponents and
combining with we haveequation (4),
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The product in front is a constant, so combining with
the PDF for the cosmological parametersequation (6)

yields the standard expression (Lupton 1993)
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Riess et al. (1998)

The distant SNe appear fainter 
than they would in a Universe 
with ΩΛ=0.

(In fact, fainter even than for an 
empty Universe)

Data can be fit by model in which 
Universe is flat with Ω0~0.2 and 
ΩΛ~0.8



Long-slit spectrum:

Multi-object spectroscopy (MOS)



Milling of slitmask for Keck/DEIMOS



Fibre-fed spectrographs
Instead of slits, a spectrograph can also be 
fed via optical fibres.
These are then bundled and fed into 
entrance slit of spectrograph

Shown here: 2dF (two-degree field) 
spectrograph on the Anglo-Australian 
Telescope (400 fibres)



Anglo-Australian Telescope
Built in 1974 at Siding Spring Observatory
4 m main mirror





Colless et al. (2001)

Distribution of galaxies in 2dF survey

Large voids with sizes up to Δz ~ 0.01-0.02
Physical scales Δr =Δcz/H0 ~ 40-80 Mpc


