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obviously depends
on the wavelength,
the observed object

supernova 1994D

, , NGC 1132
...collecting and counting photons
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= astronomy is...

supernova 1994D

N(l)

obwously depends
~on theawq‘velength,
~+#the observed object,
e and oo T
’che,diét,ance{ of the object!

Visible

* HSTACS/WFC

Infrared
HST NICMOS

Infrared
SSTIRAC

Distant Galaxy in the Hubble Ultra Deep Field « HUDF-JD2
Hubble Space Telescope = ACS/ WFC

NASA, ESA, and B. Mobasher (STScl/ESA)

...collecting and counting photons

STScl-PRC05-28
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..collecting and counting photons

*redshift z only tells us how much space has expanded since photon emission
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Distant Galaxy in the Hubble Ultra Deep Field « HUDF-JD2
Hubble Space Telescope = ACS/ WFC

NASA, ESA, and B. Mobasher (STScl/ESA) STScl-PRC05-28

supernova 1994D

..collecting and counting photons

*redshift z only tells us how much space has expanded since photon emission: the redshift is not the distance per se!
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supernova 1994D

N(A)
deper.1ds on

the distance to the object

...standard “candles” and “rulers” to eliminate the dependence on the object?
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...standard “candles” and “rulers” to eliminate the dependence on the object
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standard ruler: objects might have different luminosity, but the same size
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...standard “rulers” to eliminate the dependence on the object
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...standard “rulers” to eliminate the dependence on the object
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" cosmology uses...

standard candle: objects might have different sizes, but the same luminosity
Ng,1(4) = Ngx(4)

A
No,1(A) 1= Noa(A) <V>
L v Q
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A
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...standard “candles” to eliminate the dependence on the object
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" cosmology uses...

standard candle: objects might have different sizes, but the same luminosity

No,l(/l) 1= No,z(/i)

today

NE,I(ﬂJ) = NE,z(/I)

vAg
<]p>

d 1 object #1

object #2 Ig ban

vAg PPN
<pq> =>d=f(N)

...standard “candles” to eliminate the dependence on the object
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" cosmology uses...

d=f(a)!?
d=f(N)!? <v<ﬁ>d>
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today d | object #1
d2 object #2 t;lg ban!

vAg

...standard “candles” and “rulers” to eliminate the dependence on the object
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d=f(a)!?
d=f(N)'?
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today d | object #1
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...standard “candles” and “rulers” to eliminate the dependence on the object
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" cosmology uses...

d=f(a)!? |

d =f(N ) !? connection to observables...
d =f(R) ! connection to cosmology...
today dl _ f(R(t))

vAhg

d2 = f(R(1)) object #2

vAg
< >
DA

object #1 *
Ig ban

...standard “candles” and “rulers” to eliminate the dependence on the object
and to infer the cosmological parameters!
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" cosmology uses...

d=f(a)!? |

d =f(N ) !? } connection to observables... v A d

d =f(R) ! connection to cosmology... <] Q >
L T Q

today dl = f ( (t object #1 } .'
d2 = f R(7)) fct#.? Ig ban

Friedmann equations!
(cf. FRW lecture)

...standard “candles” and “rulers” to eliminate the dependence on the object
and to infer the cosmological parameters!
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" cosmology uses...

d=f(a)!? |

d =f(N ) !? connection to observables...
d =f(R) ! connection to cosmology...
today dl _ f(R(t))

vAhg

object #1

d2 = f(R(1)) object #2

vAg

Ig ban

...but we need to have a gauge for the

relation between “photon counts” and distance:
Cosmic Distance Ladder

...standard “candles” and “rulers” to eliminate the dependence on the object
and to infer the cosmological parameters!
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= cosmic distance ladder

» cosmological distances

» cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder artist impression

" cosmological distance ladder...
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* cosmological distance ladder?

L
{

d
F= L/4nd/
P

we only ever observe
apparent magnitudes F
and never
absolute magnitudes L!

— standard candles to the rescue...
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* cosmological distance ladder?

* example:

* we have a class of stars with identical luminosities

» we determine the distance to one such star locally (e.g. via parallax)

d
F= L/4nd/
P
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* cosmological distance ladder?

* example:

* we have a class of stars with identical luminosities
» we determine the distance to one such star locally (e.g. via parallax)
* observing such star(s) in another type of distant object (globular cluster, galaxy, etc.)

we can calculate the distance to that object via d>=L/4nF

F £ apparent magnitude (photons received)

L £ absolute magnitude (photons emitted)
[ ]

d
F= L/4nd/
o,

observed

previously calculated
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* cosmological distance ladder?

* example:

* we have a class of stars with identical luminosities

» we determine the distance to one such star locally (e.g. via parallax)

* observing such star(s) in another type of distant object (globular cluster, galaxy, etc.)
we can calculate the distance to that object via d*>=L/4nF

* that object itself (if “standard” in some sense) can then be used as the next rung...

L =4nd*F

F £ apparent magnitude (photons received)

L £ absolute magnitude (photons emitted

d?=4n F/L

d
F= L/4na’/
o i

L=4nd* F
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* cosmological distance ladder?

* example:

. auge!
. . . . .. ill re uire a g
* we have a class of stars with identical luminosities we still red

- we determine the distance to one such star locally (e.g. via parallax)
* observing such star(s) in another type of distant object (globular cluster, galaxy, etc.)
we can calculate the distance to that object via d*>=L/4nF

* that object itself (if “standard” in some sense) can then be used as the next rung...

L=4nd F

F £ apparent magnitude (photons received)

L £ absolute magnitude (photons emitted

d?=4n F/L

L=4nd* F
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< [ kpc

" direct parallax:

without knowing anything about the object

one of the few possibility to

directly get the distance
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" direct parallax: distant stars

apparent position of star
on sky changes

R

e

D

sIn p =

sin p = p [radians] (for small p)

nearby star

, R 360 1

=—<X X
D 2z 3600

p |arcsec]

* parsec (definition!):

1”
D=— |[pc]

"

lpC =3 0857 1016m earth’ s motion around the sun




Cosmic Distance Ladder < | Mpc

= RR Lyrae stars: pulsating horizontal branch stars

-15
Hypergiants .

-10
Supergiants The Instablllty SI.

* similar (mean) absolute luminosity:

Main Sequence 1

E
o
“N
X

Absolute
Magnitude

Subdwarfs

+10 .
standard candle: <L> =~ CONnst. (=energy/time) White Dwars -

+15

Browii
OIBIAIFlGIKlMI
Spectral Class

* unfortunately not very bright though...
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* Cepheid stars: pulsating stars off the main sequence

-15
Hypergiants .
-10
Supergiants The Instablhty SI.
5 s

* much brighter than RR Lyrae stars

Main Sequenc.é‘: Dwarfs

* relation between pulsation period and absolute luminosity: =
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+
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< 20Mpc

* Cepheid stars: pulsating stars off the main sequence

* much brighter than RR Lyrae stars

* relation between pulsation period and absolute luminosity:

logL «<log P

» Cepheids: LMC
® Cepheids: Milky Way

Brighter

Large Magellanic Cloud

_
Q
e}
3
2
c
(=2}
@©
E
>
B
7]
[=]
£
E
3
-

Longer: Period

10
Period of Variability (days)

Calibrated Period-luminosity Relationship for Cepheids ~ Spitzer Space Telescope ¢ IRAC
NASA / JPL-Caltech / W. Freedman (Carnegie) ssc2012-13a

-15
Hypergiants .

-10
Supergiants The Instablhty Sl:l"

0
1 RR L;
o varlag:z' &
%i +5 Main Sequence”
‘N+10 Subdwarfs
White Dwarfs .
+15
Brown
“OTBTATFIGIKIMIL

Spectral Class
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< 100Mpc

= Hll regions

* large clouds of ionized hydrogen surrounding very hot stars

standard ruler: <D> =~ COnst.

NGC604

< 30 Mpc




Cosmic Distance Ladder < 100Mpc

= Hll regions

* large clouds of ionized hydrogen surrounding very hot stars < 30 Mpc

standard ruler: <D> =~ COnst.

" planetary nebulae < 30 Mpc

* reprocessed light from central star

standard candle: <L> =~ Cconst.

Spirograph Nebula




Cosmic Distance Ladder < 100Mpc
= Hll regions
* large clouds of ioniZ Sl rs <30Mpc
standar S
" planetary nebulae < 30 Mpc
* reprocessed light frég
standar .
" globular clusters < 50-100 Mpc

e clusters of around 10° to 107 stars

standard candle: <L> =~ Cconst.
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> 100Mpc

My+5 log (h,,) [mag]

= elliptical galaxies — Faber-Jackson relation

* empirically determined

Lxg, witha=3-4

T T T T T T T T T T T T T T T,

ool - +* :
_ Ny d

—20 $1 —

-18 . -]
I I 1 1 l. I L * 1 I 1 1 1 | 1 1 1 I 1 1 1 I
1.8 2 2.2 2.4 2.6 2.8

log (¢/[km s~1])
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= elliptical galaxies — Faber-Jackson relation

* empirically determined

Lxg, witha=3-4

* explanation:

2
U M
X 2T+U=0 o, M , L 5 L
R — 0, % O «— —— > g «
0s R los R los L / 4]'[2
2
T'xMo,, V
virial theorem eliminate M in favour of L eliminate R in favour of =
assuming M/L = const. assuming X = L/4nR?= const.

—> o, «L
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= elliptical galaxies

* empirically determined

D xo; witha=1.2

T 1 I 1 1 I 1

Spiral and SO Galaxies in Virgo -
D, = diameter within which

the mean surface brightness exceeds some threshold

log o

e 803
- e SO -

*N44IT

l 1 1 1 1 I 1
Il 1.3 1.5 1.7

logD, (19.75)
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= elliptical galaxies — fundamental plane

* surface brightness profile

S(R) = S,¢ )

920

%Reﬁ‘

* line-of-sight velocity dispersion

—
O-los

* fundamental plane:

log R, =Alog,0, +Blog, 2, +C
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= elliptical galaxies — fundamental plane

log R,

* surface brightness profile

2.4 | {i‘\
.;g..t'.'.‘:.

2.2 T

— 2, et .
— Reﬁ‘ log oy | :o-f' :

2 .

* line-of-sight velocity dispersion ,

1.8

g O-los 9
10 |
log L, 11

* fundamental plane:

log R, =Alog,0, +Blog, 2, +C




Cosmic Distance Ladder > |00Mpc

= spiral galaxies — Tully-Fisher relation

* empirically determined

Measure rotation rate.

-t

o
n
I

SIXe [elu0ZLoY UO
8]el uolejol 10|d

Determine luminosity
from rotation rate.

—h
o
(=

Line represents observed

108 |- ! ,
Tully-Fisher relation.

luminosity (Lg,,)

106 -

1 1 | |

30 100 300 1,000
rotation rate (km/s)

Copyright © 2004 Pearson Education, publishing as Addison Weslay.
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= spiral galaxies — Tully-Fisher relation

* empirically determined

Loyv?  with =4

rot

* explanation:

— same logic as with Faber-Jackson relation...
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> 1000Mpc

" supernovae type la (SN la)

standard candle
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> 1000Mpc

" supernovae type la (SN la)

SN1994D in NGC4526

standard candle
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* supernovae type la (SN la) standard candle

* characteristic light curve

B Band

20C ‘ I ‘ =
: RN ]
C et 7
- S as measured .
-19 —
@ - .
§ -18— —
0 u ]
=2 - .
Wy — ]
| i n
n -17 — ® —
= - ® o ]
: o ]
- ‘:" % “:. ° N
16— o E
- Calan/Tololo SNe Ia .
'1 5 : 1 1 | \ | | 1 | | | 1 \ :

-20 0 20 40 60

days
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> 1000Mpc

" supernovae type la (SN la)

* characteristic light curve (corrected for redshift...)

standard candle

_20 = T T T T T T T T T T T B
- ol ]
- . light-curve timescale .
_ [ C ]
190 ; <, “stretch-factor” corrected
-/ ‘ .
z - ! 3 -
§ -18 ; ()'\ *:
1)) C *\ _
= - Q. .
[V L _|
C A [ ] ]
- o ‘* 7
E ~‘ ~ | B N o E
C o ® n
'1 6 C ]
-15F | ! ! .

-20 0 20 40 60

days
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> 1000Mpc

" supernovae type la (SN la)

* characteristic light curve

* observable out to great distances

standard candle

Qu, Q2

T - , {

i 3 3t
24 P 3
gt
§e
Supernova
22 $ Cosmology
Project

& I s
o T
2 /2
g pd
= =
o »

18-

- # Calan/Tololo
{ &CfA
16/
|
14 4 L | ; \ \ \
0.0 0.2 0.4 0.6 0.8

redshift Z

0.25,0.75
10.25,0
I, 0
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> 1000Mpc

" baryonic acoustic oscillations

6000

standard ruler

30 500 1000 1500 2000 2500

Multipole moment ¢
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" baryonic acoustic oscillations standard ruler

* regular, periodic fluctuations in baryonic matter
* originating from acoustic oscillations in pre-recombination plasma

* only to be seen in very large surveys:

RO P e Tl T B SRR A :
P T e ST YL P
= 4 Y . " - LB 2w T
WS e d \} f‘-_}. “’\_ % J"'g' AL
e R R T,
” 2-,:..‘,1-_; " - - L- ':‘l"’-,:;i‘
, -4 S F ey o Wty B S g, S R
- i : '._'\. l-_’. -‘A* § “ ’ .Q'“’:\ _‘k‘
. . . Al ..;L‘. e "L'..;.a."-:k . -‘.:_\ "
- : T I= r: AN . " Ta .-.4‘.‘ e
- L& : L AT _":'»" .
. . ~N, 1 IR & 2 L
- . ")&vﬁ':*- -~z "l*'
D T g e g T
AR e e S B AO scale!
MoV v _.-"‘gt_ S
T "c -
A
: vl 1_‘. -.. :.
ﬂ.l. -—'.'

SDSS CfA2 BOSS

(Baryon Oscillations Spectroscopic Survey)




summary

Cosmic Distance Ladder

= the distance ladder
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" cosmic distance ladder
= cosmological distances
» cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder itinerary

" cosmic distance ladder

= cosmological distances:

* proper/comoving distance

* luminosity distance

angular diameter distance

travel-time distance

* summary

» cosmological horizons & volumes

" supernova cosmology
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distances

" cosmological distances:

we are after a relation d =f(R) = f (2)




Cosmic Distance Ladder

distances

" cosmological distances:

Xg is the comoving coordinate, it is not per se the distance to the object!




Cosmic Distance Ladder distances

" cosmological distances: Xg: comoving coordinate




Cosmic Distance Ladder distances

" cosmological distances: Xg: comoving coordinate




Cosmic Distance Ladder distances

" cosmological distances: Xg: comoving coordinate

proper distance!




Cosmic Distance Ladder

distances

" proper distance:

* FRW metric:

ds® = (cdt)’ - RX(t)

1-kx

2

2

-

ty

+x2 (dﬂ2 +sin?(9)dg> )]




Cosmic Distance Ladder

distances

" proper distance:

dx*
1-kx

* FRW metric: ds® = (cdt)* - R*(t) -+ x7(d9° +5in’ (9)de’ )

proper distance separates two events
happening at constant cosmic time.

(impossible to measure as it is defined only at one particular moment in time)




Cosmic Distance Ladder

distances

" proper distance:

dx*
1-kx

« FRW metric (dt = 0): ds® = R*(¢) X (dﬁ2 + sinz(ﬁ*)dgvz)

proper distance separates two events
happening at constant cosmic time.

(impossible to measure as it is defined only at one particular moment in time)




Cosmic Distance Ladder

distances

" proper distance:

0 XE
t() integrate dd, = ds along the photon flight path... > t()
2 2 dx’ 2 2, 2 2
« FRW metric (dt = 0): ds® = R*(¢) T (dﬂ +sin? () de )

proper distance separates two events
happening at constant cosmic time.

(impossible to measure as it is defined only at one particular moment in time)




Cosmic Distance Ladder

distances

" proper distance:

-
S
|

dx*
1-kx

« FRW metric (dt = 0): ds® = R*(¢) X (dﬁ2 + sinz(ﬁ*)dgvz)

proper distance separates two events
happening at constant cosmic time.

(impossible to measure as it is defined only at one particular moment in time)




Cosmic Distance Ladder

distances

" proper distance:

-
S
|

eddpe
tO tO
. 2 2 dx’ 2 2 .2 2
« FRW metric (dt = 0): ds® = R*(¢) T (dﬂ +sin? () de )
d9 =0;dg =0 4
=>  dd =ds=R(t)———
1 - kx?

proper distance separates two events
happening at constant cosmic time.

(impossible to measure as it is defined only at one particular moment in time)




Cosmic Distance Ladder

distances

" proper distance:

tO tO
. 2 2 dx’ 2 2 .2 2
« FRW metric (dt = 0): ds® = R*(¢) T (dﬂ +sin? () de )
d9 =0;dg =0 4
=>  dd =ds=R(t)———
1 - kx?

= d =R [ TSR0

proper distance separates two events
happening at constant cosmic time.

(impossible to measure as it is defined only at one particular moment in time)




Cosmic Distance Ladder distances

" proper distance:

: d, = R() f(x,) g

Xy k=0
with f(x,) =+ ﬁarcsin(\/m Xg) =1

1

\/m arcsinh(\/m x.) k=-1

proper distance separates two events
happening at constant cosmic time.

(impossible to measure as it is defined only at one particular moment in time)




Cosmic Distance Ladder distances

what is the distance between two galaxies at x;?

* proper distance (transverse):

§




Cosmic Distance Ladder distances
* proper distance (transverse):
e\
dt?
19, p
» 0 xE%
tO tO
. 2 2 dx* 2 2 .2 2
« FRW metric (dt = 0): ds® = R*(¢) T (dﬂ +sin? () de )
dx =0;dp=0
=>  dd, = R(t)x,d9
d,/R k=0
s {
—~ |g” = R(t)fodﬁ with* x, =1 ——sin ( K] dp/R) =1
’ JK
0
1
—__sinh ( k| d /R) k=1
\/W ‘ ‘ p
*simple inversion of f{xz) from previous slide... L




Cosmic Distance Ladder distances

" comoving distance:

proper distance at some pre-defined reference time

(common practice is to use today’s time as reference)




Cosmic Distance Ladder distances

" comoving distance:

ldc = R(ty) f(x,)]

proper distance at some pre-defined reference time

(common practice is to use today’s time as reference)




Cosmic Distance Ladder

distances

" comoving distance:

ldc = R(ty) f(x,)]

if setting R(#,)=1, then f(xj) is in fact the comoving distance...

proper distance at some pre-defined reference time

(common practice is to use today’s time as reference)




Cosmic Distance Ladder distances

" comoving/proper distance:

ld. = R(t,) f(x,)] %
0 Xg

d, = R(1) f(x)]

d, =R(t)f(x;) foye o _d |, LRO),

= = ) .
d =R, f(x,) R() R, R,

proper distance at some pre-defined reference time

(common practice is to use today’s time as reference)




Cosmic Distance Ladder

distances

" comoving/proper distance:

f(xE)=<

dc = ROf(xE)
d =X
p RO

X E:%oving coordinate




Cosmic Distance Ladder distances
" comoving/proper distance:
dc = ROf(xE)
0 R X ,.: comoving coordinate
g =20, g
RO
X k=0

f(xE)=<

1

E
\/W arcsin(\/w x.) k=1

ﬁarcsinh(\/w x,) k=1

[...but how to calculate f{xj) for object at given redshift ZE?]




Cosmic Distance Ladder

distances

" comoving/proper distance:

f(XE)=<

RC

dc = ROf(xE)
d =X
p RO

X

1 arcsinh(,/|k

E
ﬁarcsin( ‘k‘@

Xg

k=1

k=-1

yA

Xpico oving coordinate

[...but how to calculate f{xj) for object at given redshif




Cosmic Distance Ladder

distances

" comoving/proper distance:

dc = Rof(xE)
0
0
. ) s s dx’
* null geodesic for photons*  ds” =0=(cdt)" - R (t)[l kx2]

*remember: we are counting photons...




Cosmic Distance Ladder

distances

" comoving/proper distance:

dc = Rof(xE)
0
0
. ) s s dx’
* null geodesic for photons:  ds” =0=(cdt)" - R (t)[l kle
N dx
f(xE) =
{ 1-kx’




Cosmic Distance Ladder

distances

" comoving/proper distance:

dc = Rof(xE)
0
0
. ) s s dx’
* null geodesic for photons:  ds” =0=(cdt)" - R (t)[l kle

dx " cdt

-k % R()

f(xE)=xf




Cosmic Distance Ladder distances

" comoving/proper distance:

dc = ROf(xE)
0 X
d =X ’
RO

2
* null geodesic for photons:  ds* =0 = (cdt)” _Rz(t)[l d);xz]

side note for later...

dx "““ cdt _df(xy)  cdt

= =const. = 0

-k % R() dt, R@)

! _cdty cth\
g RO R(tE)

o= [

| d, _ i,

R R
" o Rt Y

time intervals are changed in proportion to the expansion

(this agrees with an energy change, to be used below...)




Cosmic Distance Ladder

distances

" comoving/proper distance:

dc = ROf(xE)
0 R(t
g =20,
RO
. 2 2 2 dx’
* null geodesic for photons:  ds” =0=(cdt)”" - R (¢) P
N dx " cdt
f(XE) - ‘{ - kx2 B { R(t) replace with Friedmann equation...




Cosmic Distance Ladder distances

" comoving/proper distance:

2
* null geodesic for photons:  ds* =0 =(cdt)’ - R’ (t)[l d);xz]

o cdt

Jx) = f «/ R(t) H? = HZE?(2)

3(1+w;)

<E

f(1+z)( )dz=CZfE R, dez= ¢ f s
RE()\ (1+2) H,* R°E(z) R; H,R,* E(z)

00




Cosmic Distance Ladder

distances

" comoving/proper distance:

d.=R,f(xg)
0 R(t
. RO,
R,
2
* null geodesic for photons:  ds> =0=(cdt)’-R (t)[ kx2]
N dx " cdt
f_{m_%% H? = H2E%(2)
RO RO
_cf9R _ f dR JER(2)= 3 Q1
R_I » RR 3 R’H,E(z) :
R, 1+z
(1+2)° R,

R2

c %
f ( (1+2) )d“Ho{

[ we eventually replaced x; with z; ]

R,E(2)

Z =
R’E(z) R}

3(1+w;)

e )i

H,

dz
Ry E(2)




Cosmic Distance Ladder

distances

" comoving/proper distance:

dc = ROf(xE) %
0 X
d, = R, 3
R,
* null geodesic for photons:
<E
C 1
fop)=—— [ ——dz
H\R,*, E(2)
0 dust
. +w; 1/3 diati
i E')= 30, (10| 1

| -1

A




Cosmic Distance Ladder distances

= comoving/proper distance: we were dfter the relation d = f (z) ...and found it

dc =R0f(xE) %
0 a X0, e

p RO C
* null geodesic for photons:
<E
C 1
fop)=—— [ ——dz
H\R,*, E(2)
[ 0 dust
. 2 3(1+w;) 1/3  radiation
with £7(z) = Egi’0(1+ Z) M) -1/3  curvature
l 1A




Cosmic Distance Ladder distances

= comoving/proper distance: we were dfter the relation d = f (z) ...and found it

dc =R0f(xE) %
0 a X0, e

p RO C
* null geodesic for photons:
<E
C 1
fop)=—— [ ——dz
H,R,* E(z)

[ 0 dust

with [Ez(z) = 2910<1 + Z>3(1+Wi) } W= 1/3 radiation

—1/3  curvature
-1 A

...and it sensitively depends on the cosmological parameters...




Cosmic Distance Ladder distances

= comoving/proper distance: we were dfter the relation d = f (z) ...and found it!

dc=R0f(xE) %
0 d =@d e

[ 0 dust

with [Ez(z) = 2910<1 + Z>3(1+Wi) } W= 1/3 radiation

—1/3  curvature
-1 A

...and it sensitively depends on the cosmological parameters.




Cosmic Distance Ladder itinerary

" cosmic distance ladder

= cosmological distances:

* proper/comoving distance

luminosity distance

angular diameter distance

travel-time distance

* summary

» cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder

distances

" luminosity distance:

[}

“Photon Ra‘in”

© Roger . Clark

www.clarkvision.com

=energy/time)




Cosmic Distance Ladder

distances

" luminosity distance:

A

=energy/time)




Cosmic Distance Ladder

distances

" luminosity distance:

A

=energy/time)




Cosmic Distance Ladder

distances

" luminosity distance:

A

47TFObS

—_ dL —_ h(xE)?

*we are not using f(xz) here as it might be confused with the comoving distance...

=energy/time)




Cosmic Distance Ladder distances

" luminosity distance:

O
— =

=& L .. (Fenergy/time)
(1+2)° :

|. photons: Lo




Cosmic Distance Ladder distances

" luminosity distance:

O
— =

|. photons: L. = L... (Fenergy/time)
0 2 E
(1+2)

|. change of wavelength )\.0 )\’E
-1 0 E

< . e >

(1+2) /\/\/\A] WW
2. change of distance between photons dfo dl‘E

[ A VAVAVAVERRA VAVAVAY




Cosmic Distance Ladder distances

4

" luminosity distance:

=energy/time)

|. photons: Lo

2

JTE . .
2. geometry: L, =L,x f with f = 4_ (ratio of solid angles)
JU




Cosmic Distance Ladder distances

" luminosity distance:

N

|. photons: LO LE (=energy/time)

e’
2. geometry: Lobs = LO X f with f i

]

b=R(ty)x [[d9=R(t,)x,¢
0

(R(y) because of “telescope size today”,
cf.“proper transverse distance” in formula for b)




Cosmic Distance Ladder distances

" luminosity distance:

N

|. photons: LO LE (=energy/time)

2 2

TTE b

2. geometry: Ly =Lox f v J = 47 /= 4R (t,)x;
0 E

b=R(ty)x [[d9=R(t,)x,¢
0

(R(y) because of “telescope size today”,
cf.“proper transverse distance” in formula for b)




Cosmic Distance Ladder

distances

" luminosity distance:

N

=

/

Lobs /
L, .
|. photons: LO = > LE (=energy/time)
(1+2)
2 2
JTE b
2. geometry: Lobs = LO X f with f = = > >
Ax 4aR(t))x
L
3. measurement: Fobs = _obs
(energy/time/area) j'[bz




Cosmic Distance Ladder

distances

" luminosity distance:

N

|. photons:

2. geometry:

3. measurement:
(energy/time/area)

="

. /

L. = L .. (Fenergy/time)
0 (1+Z)2 E 8y
2 2
JTE b
L =L X with = =
o =hox ] ! 4w AmR*(t)x:
L, 1 L, nb® R(ty) L,

F, = _
" gb® ab* (1+2)° 4nR*(t,)x:  RY(1)x% 4w




Cosmic Distance Ladder

distances

" luminosity distance:

N

=

/

Lobs /
LE .
|. photons: LO = > LE (=energy/time)
(I+2)
2 2
JTE b
2. geometry: Lobs = LO X f with f = = > >
4w AmR(1,)x2
L 1 L b’ R°(t,) L
3. measurement; E)bs = Ob; = > E > . > =— (E)2 E
(enrgylcimearca) wb®  7b? (1+2)° 4R (t,)x>  R*(1,)x> 4x
AmF,,, !
obs _ dL s

Lg




Cosmic Distance Ladder

distances

" luminosity distance:

N

——

Lobs /
L, |
| photons: LO = 5 LE (=energy/time)
(1+2)
2 2
JTE b
2. geometry: LO = L, x f with f = =
S 4 4mR(1,))x}
L, 1 L, nb® R(ty) L,

3. measurement: [

(energy/time/area)

ArF,,. !
0bs=dL s
/ Lg

P b ab® (+2)° 4xRA(t)x:  RY(t)x> Ax

2
d = /LE/4Jr _R (tO)xE
Fobs R(tE)




Cosmic Distance Ladder

distances

" luminosity distance:

N

——

Lobs /
L, |
| photons: LO = 5 LE (=energy/time)
(1+2)
2 2
JTE b
2. geometry: LO = L, x f with f = =
S 4 4mR(1,))x}
L, 1 L, nb® R(ty) L,

3. measurement: [

(energy/time/area)

ArF,,. !
0bs=dL s
/ Lg

P b ab® (+2)° 4xRA(t)x:  RY(t)x> Ax

2
d, = /LE/4” KRG b 2 he
Fobs R(tE)




Cosmic Distance Ladder

distances

" luminosity distance:

N

|. photons:

2. geometry:

3. measurement:
(energy/time/area)

="

. /

L L... (Fenergy/time)
" U+2) £ ¥
2 2
b
L =L X with =
o =Lox ] U 4r AR’ (t,)x>
F, - L, 1 L nb® R(ty) L,

ab®  ab® (1+z)° 4R (1)x> R'(t,)x> 4n
we require standard candles!
T R (7, )

d, = R4 X dj, = h(xg)!

obs




Cosmic Distance Ladder itinerary

" cosmic distance ladder

= cosmological distances:

* proper/comoving distance

* luminosity distance

angular diameter distance

travel-time distance

* summary

» cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder distances

" angular diameter distance:

obs




Cosmic Distance Ladder distances

" angular diameter distance:

obs

dy = h(xg)!?




Cosmic Distance Ladder distances

" angular diameter distance:

190173 D %

O
D= R(tE)fodﬁ = R(t;)x; 0,
0

(R(¢;) because of “galaxy size at time of emission”)

0, =0,

obs

obs

|
9 -2 => d,
dA

D
——=R(t,)x
ﬁobs P




Cosmic Distance Ladder distances

" angular diameter distance:

190173 D %

O
D= R(tE)fodﬁ = R(t;)x; 0,
0

(R(¢;) because of “galaxy size at time of emission”)

)

Uy

obs

obs

|
9 -2 => d,
dA

D
ﬁobs




Cosmic Distance Ladder

distances

" angular diameter distance:

)

O
D= R(tE)fodﬁ = R(t;)x 0,
0

Uy

obs

we require standard rulers!

-m= R(1;)x,

V)

obs

1S

dg = h(xg)!




Cosmic Distance Ladder itinerary

" cosmic distance ladder

= cosmological distances:

* proper/comoving distance

* luminosity distance

angular diameter distance

travel-time distance

* summary

» cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder distances

= travel-time distance:

lo C ZE 1

dT=fcdt=...=Hof(1+Z)E(Z)dz

0




Cosmic Distance Ladder itinerary

" cosmic distance ladder

= cosmological distances:

* proper/comoving distance

* luminosity distance

angular diameter distance

travel-time distance

summary

» cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder

distances

= inter-relation:

* comoving distance:

* proper distance:

* luminosity distance:

D
* angular diameter distance: dA = 19‘— =——R,x,
obs

3(1+w;)

EZ(Z) — EQi,O (1+Z)




Cosmic Distance Ladder

distances

= inter-relation:

* comoving distance:
* proper distance:

* luminosity distance:

@)201

d —
A R,

* angular diameter distance:

d. = Cf : dz
H,* E(2)
R(t)
@ "R,
0
d Ly _ 5% X
“ \4nF, R(t) ”F
D R(?)
d,=— =—R,x,
ﬁobs RO

3(1+w;)

EZ(Z) — EQi,O (1+Z)




Cosmic Distance Ladder

distances

= inter-relation:

* comoving distance:

* proper distance:

* luminosity distance:

* angular diameter distance:

dc
dp
d, = |
4nF
4D
ﬁobs

3(1+w;)

EZ(Z) — EQi,O (1+Z)




Cosmic Distance Ladder distances

= inter-relation:

c 1
 comoving distance: d. = f dz
H,* E(2)
R(¢
* proper distance: dp = ﬁdc
R,
R
e luminosity distance: d, = =——R,x,
R(?)
D R(?)
* angular diameter distance: dA = — =——R,x,
ﬁobs RO
X k=0
Xg via inversion of f(x,)= c 1 dz = Larcsin(\/me) k=1

H(R, 0% - \/m

ﬁarcsinh(\/m x;) k=-1

3(1+w;)

EZ(Z) — EQi,O (1+Z)




Cosmic Distance Ladder

distances

= inter-relation:

* comoving distance:

* proper distance:

* luminosity distance:

i d k=0
R,
xo=d L ¢ gin ol d k=1
RO Ho |Qk0| ¢
1 c . |QkO|HO
— sinh - d, k=-1
RO HO\I|QI<,0| ¢

d,

dp

d, =
-

k

2

C

( [ R
0

2
0

, cf. FRW lecture)

EZ(Z) — EQi,O (1+Z)

3(1+w;)




Cosmic Distance Ladder distances

= inter-relation:

c 1
 comoving distance: d. = f dz
H,* E(2)
R(1
* proper distance: dp = ﬁdc
R,
T R,
e luminosity distance: d, = = o X
R(?)
| | D R(1)
* angular diameter/ distance: dA = — = R R x
| ﬁobs 0
— d k=0
RO
P B 20l d | k=1
RO Ho |Qk,0| ¢
) 2 _ 3(1+w;)
1 c . |Qk,O|HO ) (Q,,=- 'k , cf. FRW lecture) E (Z)_Egi’O (1+Z)
— sinh d, sk=-1 ko p2py2 i
RO HO\I|QI<,0| ¢ oo




Cosmic Distance Ladder

distances

= examples for x:

ck=0,Q,<<Q, Q,=1-Q, (ACDM model)

c = dz
x =
*  H,R, f [Q, ,(1+2)° +Q,,1"

0

c0,=0,Q.=0,Q,=2q,

_ Zgqy *+ (g, —D(=1+ ’\/Z%ZE +1)

- H,Ryq;(1+2,)

L] QAZI, Qm: O’k:O




Cosmic Distance Ladder

distances

= examples for x:

ck=0,Q,<<Q, Q,=1-Q, (ACDM model)

2E

C dz
x =
*  H,R, f [Q, ,(1+2)° +Q,,1"

0

Z

_c dz'
d,(z)= i f )

d,(z)=d.(1+2)

dA (Z) =

(1+2)

dc simple relation of d; and d, to d.




Cosmic Distance Ladder

distances

= inter-relation:

* comoving distance:

* proper distance:

* luminosity distance:

* angular diameter distance:

€ d, k=0
R,
Xy =1 1 ¢ sin |Qk’0|HO d k=1
RO Ho |Qk0| ¢
1 c . |Qk0|H0
— sinh - d, k=-1
RO HO\I|QI<,0| ¢

c &~ 1

) H,* E(z)

dz

g n be measured R(f)d
P observationally! C

(for standard ruler/candle) 0
R
=— 0V E
R(1)
R(t
_ ()ROXE
RO

k E2(2)=Egi,0(1+z)

, cf. FRW lecture)

( - _L
“TTRE;

3(1+w;)




Cosmic Distance Ladder

distances

= inter-relation:

* comoving distance:

* proper distance:

* luminosity distance:

i d k=0
RO
Xy =1 1 ¢ sin |Qk’0|H0d k=1
RO Ho |Qk0| ¢

d, k=-1

d. = : dz
H,* E(2)
R(?)
dp = —dC . .
Ro provides the link to
“quantify cosmology”!
d, =
D
d, =—
ﬁobs

3(1+w;)

ck

, cf. FRW lecture)

E2(Z) — EQi,O (1+Z)

2
( [ XV B p——;
RyH,




Cosmic Distance Ladder distances

= inter-relation:

c 1
 comoving distance: d. = dz
H,* E(2)
R(1
« proper distance: d = ﬁdc
g R
0
imate
L .| we ﬁncl d Slmplel pP
* luminosity dis can - ? \x
Y tance!
dshift z and dis ‘' E
relgtion between € > <7
D R(1)
* angular diameter distance: dA = — = R—ROXE
| ﬁobs 0
R_o d k=0
P B 20l d | k=1
RO Ho |Qk,0| ¢
2 2 _ 3(1+w;)
L ¢ sinh |Qk~0|H0d k=-—1 (Qk,o =_RC2—[{([2’ cf. FRW Iecture) E (Z)_ Egi,O (1+Z)
Ry H, |2, c ‘ ’ 0™%o ’




Cosmic Distance Ladder

distances

= distance and redshift: Hubble’s Law - revisited

_RGy
Z =
R(1,)




Cosmic Distance Ladder

distances

= distance and redshift;

* Taylor expanding z:

Hubble’s Law - revisited

R(,)
R(t,)

-1

Z=R<to>_1=(R<ro>_1) .4 [R@)
R(t,) R(t,) ), dt,\R(@,)

(R(t)
R*(1)

—1)O(tE—to)+...

CRUD oy
0( 0)_R(t0)(t° ty)=H,(t,~1;)

==

R(t )




Cosmic Distance Ladder

distances

= distance and redshift;

* Taylor expanding z:

Hubble’s Law - revisited

R(,)
R(t,)

-1

R()

KRG __[RG) 4}, 4
o Atz \R(t;)

R(1;)

(R(t)
R*(1)

R(1;)

==

R(t )

(1 =10)

0

R(t,)
R(1,)

—1)O(tE—to)+...

(ty—t)=H|(1,-1,)]?




Cosmic Distance Ladder

distances

= distance and redshift;

* Taylor expanding z:

* Taylor expanding d.:

Hubble’s Law - revisited

_R(y
R(t,)

z=R(t°)—1=(R(t0)—1) + 2 R(to)—l) (1 —1,)+...

R(t,) Rt,) ) di,\RG,) ),
R(1,) R(ty)

= R(t g ly) = ty—tg)=H(t)— 1
(R(E) 00 (1)~ e, 1,) < i 1,1,
tf ) R(r)




Cosmic Distance Ladder

distances

= distance and redshift;

* Taylor expanding z:

* Taylor expanding d.:

* proper distance:

Hubble’s Law - revisited

_R(y
R(t,)

z=R(t°)—1=(R(t0)—1) + 2 R(to)—l) (1 —1,)+...

R(t,) Rt,) ) di,\RG,) ),
R(1,) R(ty)

= R(t g ly) = ty—tg)=H(t)— 1
(R(E) 00 (1)~ e, 1,) < i 1,1,
tf ) R(r)

d, = R(t,)f(x;) = R(t,)c tR(‘ d:

0

=c(t,—1;)




Cosmic Distance Ladder

distances

= distance and redshift;

* Taylor expanding z:

* Taylor expanding d.:

* proper distance:

Hubble’s Law - revisited

_RGy
R(t,)
z=R(t°)—1=(R(t0)—1) + 2 R(to)—l) (1 —1,)+...
R(t,) Rt,) ) di,\RG,) ),
R(1,) R(ty)
= R(t g ly) = ty—tg)=H(t)— 1
(R(E) 00 (1)~ e, 1,) = i 1)

f ~R(r) W

d, = R(t,)f(x,) = R(t, )c t;e (‘ ' _ (1, -1,)

0




Cosmic Distance Ladder

distances

= distance and redshift;

Hubble’s Law - revisited

R(t;)
* Taylor expanding z: Z= j:go; 1= (gg‘); - 1) + dcj II:E;O; —1) (tE - to)+
R(t,) i?(t )
~— R(t,) ty)=—"=(t,—t,)=H,(t, -1,
)| (110 0 -1)= o -1
* Taylor expanding d.:  f(x,) = f;f;) tR(—t t)E
* proper distance: dp =~ ;.I—ZO (“Hubble-law distance™)

=> “CZ =~ H()dp“

(only valid for nearby sources)




Cosmic Distance Ladder itinerary

" cosmic distance ladder
» cosmological distances
= cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder itinerary

" cosmic distance ladder

» cosmological distances

= cosmological horizons & volumes

 horizons

* volumes

" supernova cosmology




Cosmic Distance Ladder horizons

= horizons (see FRWV lecture)

particle horizon: max. distance particle can have travelled since decoupling

¢ cdt’
dec R(t')

R (1)=R()

“particle horizon”: max. distance photon can have travelled since big bang (there are events we have not yet seen...)

R,()=R0)[’ ;f;)

* event horizon: max. distance particle can travel from now onwards (there may be events we will never see...)

R=RO [ ;f;)

(comoving) Hubble radius: distance at which recessional velocity equals speed of light

Rin=l- R (n=0C
y (1) rE ()




Cosmic Distance Ladder horizons

 different bounds define different horizons

= horizons (see FRWV lecture)
- all based upon proper distance

particle horizon: max. distance particle can have travelled since decoupling

) cdr
R (t)=R(t) B
RN TG

“particle horizon”: max. distance photon can have travelled since big bang (there are events we have not yet seen...)




Cosmic Distance Ladder itinerary

" cosmic distance ladder

» cosmological distances

= cosmological horizons & volumes

* horizons

* volumes

" supernova cosmology




Cosmic Distance Ladder

volumes

" proper volume at ¢

dv,(1,) = \/det(g; )drd¥dy




Cosmic Distance Ladder volumes

" proper volume at ¢
dv,(1,) = \/det(g; )drd¥dy
t=ty > _ p3,2 dx dO

0
dQ =dB* +sin” Od¢’ 1= kx?




Cosmic Distance Ladder volumes

" proper volume at ¢
dv,(1,) = \/det(g; )drd¥dy

- dx
'Th T S Rix ——dQ
dQ =dB* +sin” Od¢’ 1= kx?

how to relate to one of our distances?




Cosmic Distance Ladder

volumes

" proper volume at ¢
dv,(1,) = \[det(g, )drdOdg

= R’x* dQ
1 - kx?
dx _cdt=£cdz ~\ _
Ji-k? R0 &R0 =Rox’ _ g
dat R? HOROE(Z)
dz~ RoR
_ R 40
""" H,E(2)

_ R2x2 R(?Ré —CdZ
*" R’R: H,E(2)
4 2 2

=R€ Rg-f&:dg
R: R? H,E(7)

dQ

dQ = dO’ +sin” 0d¢’




Cosmic Distance Ladder volumes

" proper volume at ¢
dv,(1,) = \[det(g, )drdOdg

dx N cdt _ﬂ cdz —\
Ji—-ke>  R(t)  dz R()
dt  R?

dz R,R

dQ = dO’ +sin” 0d¢’




Cosmic Distance Ladder

volumes

" proper volume at ¢
dv,(1,) = \[det(g, )drdOdg

= R’x* dQ
1 - kx?
dx _cdt=£cdz ~\ _
Ji-k? R0 &R0 =Rox’ _ g
dat R? HOROE(Z)
dz~ RoR
_ R 40
""" H,E(2)

_ R2x2 R(?Ré —CdZ
*" R’R: H,E(2)
4 2 2

=R€ Rg-f&:dg
R: R? H,E(7)

dy =R_Ex _ d2 1 —CdZ dO

Tt (142 H)E(z)

dQ

dQ = dO’ +sin” 0d¢’




Cosmic Distance Ladder

volumes

" proper volume at ¢
dv,(1,) = \[det(g, )drdOdg

dx

R &40
1-kx’
dx  cdt dt cdz _
Ji-k? R0 &R0 =Rox’ o
H,R,E(z)
_ R 40
H,E(2)

_ R2 2 R(?Ré —CdZ

X dQ2
*" R’R: H,E(2)

4 _ 72 2
=R€ Rg Cdz:dQ
R2 R’ H,E(2)
Ry ™
=_x 2 —CdZ

dQ2

( <1+z> H,E(2)
integration integration

nr di(2) f X
> | f<1+z> w4

dQ = dO’ +sin” 0d¢’




Cosmic Distance Ladder volumes

" proper volume at ¢

4.7_[ <E dZ(Z) XE x2
V (t,) = L dz = 47nR’ dx
{1o) H, {(l+z)2E(z) 0{\/1—kx2

4—”( 9, )3 k=0

3 \1+z2 _

= V, (%) =1 ?n H, 4 \/1 [Hd} ! arcsm(Hd ‘Qko‘) k=1
HyQ,,| "1+z 1+z 2, |

3.71 H, i \/1+[HOdL} Q- 1 arcsmh(Hd ‘Qko‘ k=-1
HyQ, l+z l+z Q,, ’

* V, (%) is a function of H,, Q,,, Q5,and z

Q

* V,(ty) gets corrected by the solid angle € at z via V = V E




Cosmic Distance Ladder

volumes

= proper volume at ¢ |= ¢

AV, (1) =+|det(g, )drdddg

R (1)} dx
difference to previous calculation. .. 1= kx 2

=(1+2)°dV (1)

dQ2




Cosmic Distance Ladder

volumes

" comoving volume

T R((2)

d
v, = R (H)x> ———
1 — kx?
dV, = x’ ax
1 — kx?
V (z
V(2 (2)

dQ

dQ




Cosmic Distance Ladder itinerary

" cosmic distance ladder

= cosmological distances

= cosmological horizons & volumes

" supernova cosmology

http://cosmocalc.icrar.orqg/



http://cosmocalc.icrar.org/

Cosmic Distance Ladder itinerary

" cosmic distance ladder
» cosmological distances
» cosmological horizons & volumes

" supernova cosmology




Cosmic Distance Ladder

supernova cosmology

" cosmological parameters




Cosmic Distance Ladder

supernova cosmology

" cosmological parameters

(Q,,=0)

HO’ Q Qk,O’ QA,O

m,0?

1= Qm,o + Qk,o + QA’O




Cosmic Distance Ladder

supernova cosmology

" cosmological parameters

(Q,,=0)

H, Q

m,0?

Qk,O ’ QA 0

b

1= Qm,o + Qk,o + QA’O

only three parameters remain...




Cosmic Distance Ladder supernova cosmology

" cosmological parameters

ain...

H,, Qm,o ) QA,O”

how to use supernovae la to obtain these parameters!?

(Q,,=0)




Cosmic Distance Ladder supernova cosmology

" m(z)-relation for Union 2.1 SN-Ia data set

m-M =25-5log(H,)+5log(D(2.2,.2,,))

46 T T T T T l} T
44} ’ | } ' -
F , l +|“+
42f it .' #
=) et Cluster Search (SCP)
S ) nanullah et al. (2010
B 40
= Miknaitis et al. (2007)
8 Astier et al. (2006)
C 38} Knop et al. (2003) (SCP)
19 Amanullah et al. (2008) (SCP)
w Barris et al. (2004)
(@) Perlmutter et al. (1999) (SCP)
361 o
Contreras et al. (2010 Holtzman et al. (2009)
Hicken et al. (2009)
Kowalski et al. (2008) (SCP)
3aH :
f Riess et al. (1999)
Hamuy et al. (1996)
350 0.2 0.4 0.6 1.0 1.2 1.4

0.8
Redshift

*http://supernova.lbl.gov/union




Cosmic Distance Ladder

supernova cosmology

" m(z)-relation for Union 2.1 SN-Ia data set
where does this equation come from?

m-M =25-5log(H )+51og(0(z,£2mo,9m))

46 T T T
aal “/)/H/‘"/,/
’ l +“ |+ f*
42} # .
wn
=) Cluster Search (SCP)
S Amanullah et al. (2010) (SCP)
©
o 401 .
= Miknaitis et al. (2007)
8 Astier et al. (2006)
C 38l Knop et al. (2003) (SCP) 4
IE Amanullah et al. (2008) (SCP)
) Barris et al. (2004)
(@) Perlmutter et al. (1999) (SCP)
36} Riess et al. (1998) + HZT i
Contreras et al. (2010) Holtzman et al. (2009)
Hicken et al. (2009)
Kowalski et al. (2008) (SCP)
34 .
’ Riess et al. (1999)
Hamuy et al. (1996)
350 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Redshift

*http://supernova.lbl.gov/union




Cosmic Distance Ladder supernova cosmology

" m(z)-relation for Union 2.1 SN-Ia data set
where does this equation come from?

[m M =25- 510g( )+510g(0(z, mO,QA,O))]

46

441

a2} %“g‘vw |
Cluster Search (SCP)
| should we start with?

ulus

rmula
what distance fo 7]
stler et a
U A I. (2006)
C 38} Knop et al. (2003) (SCP)
B Amanullah et al. (2008) (SCP)
0w Barris et al. (2004)
(@) Perlmutter et al. (1999) (SCP)
36
Contreras et al. (2010) Holtzman et al. (2009)
Hicken et al. (2009)
Kowalski et al. (2008) (SCP)
3aH
f Riess et al. (1999)
Hamuy et al. (1996)
35.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Redshift

*http://supernova.lbl.gov/union




Cosmic Distance Ladder

supernova cosmology

" luminosity distance

d, =

(Q,,=0)

Ly R,

AnF,  R(t,)

Ryx, =(+z,)R x,




Cosmic Distance Ladder supernova cosmology

" luminosity distance

L R
d, = E__—0 Rx, =(1+zE)R@
dnF,  R(t,)
L d, k=0
RO
c 1 H
] ' 1-Q -Q, [—%d k=1
@= RyH, \/|1_Qm,o_QA,o|Sln (\/| " A’0| c c)
c 1 H
h 1-Q Q, | —d k=-1
RiH, [1-2,,-9,, o (\/| w0~ )

Q,~0, Q=1-Q -Q,)




Cosmic Distance Ladder

supernova cosmology

" luminosity distance

d, =

@=<

*

Il
-

“0ui)

(43 4
HO

Q,~0, Q=1-Q -Q,)

0. 5a)

L R
E_ - 0 ROxE=(1+zE)R@
dnF,  R(t,)
1
RO
C 1
1 Q
R,H, \/|1_Qm’O_QA’O| ( |
¢ ! sinh ( |1 Q.0
R,H, \/|1 ~Q,, -9,
g 1
I 5%




Cosmic Distance Ladder supernova cosmology

" luminosity distance

L R
d, = E - —0 Rx,=(0+2,)R
L \4aF, R, "° (I+2)RGy)

R +

0
C 1
1 Q
@=< RH, \/|1_Qm,o—9/\,o| ( | AO|‘
c 1 .
sinh 1 Q.0
R.H, \/|1_QM,0_QA,O| ( | AO|‘
c ol
i e

\/Qm,o(l +2) +( -2, =82, )0+ 7))+ Q,

Il
-

Q,~0, Q=1-Q -Q,)




Cosmic Distance Ladder supernova cosmology

right-hand side under control,
but what about 4, itself (e.g. how do m and M enter)?

%
@=< RO;IO \/|1_Q:O_QA’O|Sin (\/|1‘Qm,o-9A,o| .k

\/Qm,o(l +2) +( -2, —QA,O)(1+z)2 +82,

" luminosity distance

0

1

Q,~0, Q=1-Q -Q,)




Cosmic Distance Ladder

supernova cosmology

» distance modulus

L

_FE _

4

obs

(1+z,)Ryx,




Cosmic Distance Ladder

supernova cosmology

» distance modulus

L
F;Obs = (1+ZE)R

1 formula to relate to cosmology




Cosmic Distance Ladder

supernova cosmology

» distance modulus

M theory of SN la

= (1+2,)R[x,)

1 formula to relate to cosmology




Cosmic Distance Ladder

supernova cosmology

» distance modulus

M theory of SN la

1 formula to relate to cosmology




Cosmic Distance Ladder

supernova cosmology

» distance modulus

L
E
d, = AnE (1+2z)Ryx,
Tt obs
| 2
* apparent magnitudes m.* m, —m, =-2.5log,,| —
2

*we require normalisation point: “Vega has apparent magnitude 0”

where F =

4 71d?




Cosmic Distance Ladder supernova cosmology

» distance modulus

L
E
d, = A A+ z,)Rx,
obs
| F, o L
* apparent magnitudes m. m, —m, =-2.5log,, —2 where F = i
2
* absolute magnitudes M: m-M=-25 loglo( L 2(475(101)@
4md L L placing light source L at |10pc

d2

2
=-2.5 loglo((lopc) ) = —SIOg(locfc)




Cosmic Distance Ladder supernova cosmology

» distance modulus

L
d, = £ —(1+z.)Rx
Yo \4aF, EOTE
* apparent magnitudes m: m,—m, = -25 10g10 ﬂ where F = L .
5 47td
2
* absolute magnitudes M: m-M =-25log,, L . 47(10pc)
4rd L
(10pc)’ (10}30)
= —25 10 = —5 10
glO( d2 g d
m-M m-M

— -5+

— d=10"° pc=10 > Mpc




Cosmic Distance Ladder supernova cosmology

» distance modulus

L
d, = £ —(1+z.)Rx
Yo \4aF, EOTE
* apparent magnitudes m. m,—m, = -25 10g10 ﬂ where F = L .
5 47td
2
* absolute magnitudes M: m-M =-25log,, L . 47(10pc)
4rd L
(10pc)’ (10}30)
= —25 10 = —5 10
glO( d2 g d
m-M m-M

—_— =5+

=> d=101+ > pc=10 > Mpc=d,




Cosmic Distance Ladder supernova cosmology

» distance modulus

L
d, = £ —(1+z.)Rx
Yo \4aF, EOTE
* apparent magnitudes m: m,—m, = -25 10g10 ﬂ where F = L .
5 47td
2
* absolute magnitudes M: m-M =-25log,, L . 47(10pc)
4rd L
(10pc)’ (10}30)
= —25 10 = —5 10
glO( d2 g d
m-M m-M

m-r 5+

— d=10" 5 pc=10 > Mpc=d,

[dL]:i/Ipc m—M = 25+510g(dL)




Cosmic Distance Ladder supernova cosmology

» distance modulus

L
d, = £ —(1+z.)Rx
Yo \4aF, EOTE
* apparent magnitudes m: m,—m, = -25 10g10 ﬂ where F = L .
5 47td
2
* absolute magnitudes M: m-M =-25log,, L . 47(10pc)
4rd L
(10pc)’ (10}30)
= —25 10 = —5 10
glO( d2 g d
m-M m-M

m-r 5+

— d=10" 5 pc=10 > Mpc=d,

[dL];fpc m—M =25+5log(d, )-5log(H,)+5log(H,)

(xg contains 1/H,)




Cosmic Distance Ladder supernova cosmology

» distance modulus

L
d, = £ —(1+z.)Rx
Yo \4aF, EOTE
* apparent magnitudes m: m,—m, = -25 10g10 ﬂ where F = L .
5 47td
2
* absolute magnitudes M: m-M =-25log,, L . 47(10pc)
4rd L
(10pc)’ (10}30)
= —25 10 = —5 10
glO( d2 g d
m-M m-M

m-r 5+

— d=10" 5 pc=10 > Mpc=d,

[d,]=Mpc
=> m-M =25-5log(H,[km/sec/Mpc])+5log(H,d, )




Cosmic Distance Ladder supernova cosmology

» distance modulus

obs

* apparent magnitudes m: m,—m, = -25 10g10 ﬂ here F = L .

F, 4 7ed

2

* absolute magnitudes M: m-M =-25log,, L . 47(10pc)

4rd L

1 2
=-2.5 logm(( Opzc) ) = —510g( )
d
m-M m-M

m-r 5+

I+ cosmology
= d=10 > pc=10 °> Mpc=d,

[d,]=Mpc
=> m-M =25-5log(H,[km/sec/Mpc])+ 510g(H




Cosmic Distance Ladder supernova cosmology

» distance modulus

——

d, = 4= A+ z,)Rx,

F L
. t itud - —-m, =-25loe, | L where F =
apparent magnitudes m m, — m, L0 2 A’
2
» absolute magnijtudes M: m-M =-25log,, L > 4r(19pc)
4rd L
10pc)’ 1
- _25log, | L0PS) =—510g( OPC)
. d d
Obsel‘vatlon (relation between F & L and m & M?)
m-M m-M

l+——— —5+—

= d=10 > pc=10 °> Mpc=d,

[dL]=M

:>% 25-5log(H,[km/sec/Mpc])+5log(H,d, )




Cosmic Distance Ladder

supernova cosmology

» distance modulus

* observation m:

e standard candle M:

LE
. = =(1+ZE)R0xE
4JtF0bS
F, =102""°x252x107° —2&
Cm S¢EC

L, =105 302 %105 8
SCC

m—M =25-5log(H,[km/sec/Mpc])+5log(H,d, )




Cosmic Distance Ladder

supernova cosmology

» distance modulus

* observation m:

e standard candle M:

L

F, =107""%x252x107

LE
4

obs

=(1+z,)Ryx,

erg

cm’ sec

L, =105 302 %105 8

SE€C

\

S

=> invert to get m and M

m—M =25-5log(H,[km/sec/Mpc])+5log(H,d, )




Cosmic Distance Ladder

supernova cosmology

" m(z)-relation

m-M =25-5log(H,)+5log(D(2.2,.2,,))

D(Za Szm’(] ’QA’O) =

D(z.Q,,.Q,.,)=H,d, is independent of H,,

2

cd+z) sinn( |k|f[(1 + Z')z (1 + Qm,OZ’) -7(2+2)9Q,, ]—1/2 dzl)

Vi

0




Cosmic Distance Ladder supernova cosmology

" m(z)-relation

:@@ 25—510g(H0)+510g( m,O,QA,O))

D(z,2,,,9Q.,) = cd+z) sinn( |k|][(1 +2) (1+Q,,¢)-7(2+2)Q,, ]—1/2 dz')

Ji ;

*m, z: observables
e M : standard candle




Cosmic Distance Ladder supernova cosmology

" m(z)-relation

m-M =25-5log(H,)+5log(D(2.2,.2,,))

D(z,2,,,9Q.,) = cd+z) sinn( |k|_zf[(1 +2) (1+Q,,¢)-7(2+2)Q,, ]—1/2 dz')

(=]

* m, z: observables * Hy, €, 0, Qpp: cosmology
e M: standard candle




Cosmic Distance Ladder supernova cosmology

" m(z)-relation
m—M =25-5log(H,)+5log(D(z.2,,.2,,))
D(Z’Qm,O’QA,O) = M sinn( |k|][(1 + Z’)2 (1 + Qmﬁoz') - Z'(Z + Z’)Q/\,O ]-1/2 dz’)

* m, z: observables * Hy, €, 0, Qpp: cosmology
e M: standard candle

—> measuring H,

intercept = H,

NN

0.5 Z




Cosmic Distance Ladder supernova cosmology

" m(z)-relation

m-M =25-5log(H,)+5log(D(2.2,.2,,))

D(z,2,,,9Q.,) = cd+z) sinn( |k|_zf[(1 +2) (1+Q,,¢)-7(2+2)Q,, ]—1/2 dz')

Ji ;

* m, z: observables * Hy, €, 0, Qpp: cosmology
e M: standard candle

—> measuring ¢

intercept = H,,

NN

0.5 Z




Cosmic Distance Ladder supernova cosmology

" m(z)-relation

m-M =25-5log(H,)+5log(D(2.2,.2,,))

D(z,2,,,9Q.,) = cd+2) sinn( |k|j[(1 +2) (1+Q,,¢)-7(2+2)Q,, ]—1/2 dz')

0

* m, z: observables * Hy, €, 0, Qpp: cosmology
e M: standard candle

—> measuring ¢ @

+
problematic if,|for instdhce, “standard galaxies” are used!

+
intercept = H,,

SN | L

=> Yo =490~ FZ
0

0.5 <Z>




Cosmic Distance Ladder

supernova cosmology

" m(z)-relation

m-M =25-5log(H,)+5log(D(2.2,.2,,))

D(Za Qm,O ’QA’()) =

*m, z: observables
e M:

—> measuring ¢

problematic if,

intercept = H,,

G

c(1+2) sinn( |k|j[(1 + Z')2 (1 + Qm,OZ’) _ Z'(z + z')QA’O ]—l/z dZ’)

0

* Hy, €, 0, Qpp: cosmology

standard candle

qo,2

“stan alaxies” are used!

L
L

),

1
w\ :> — —
Yo r = 9o H,

05 @ 4o

~




Cosmic Distance Ladder

supernova cosmology

" m(z)-relation
* SN la are feasible standard candles:

— visible outtoz~ 1

— small dispersion of light curve maximum

— light curve independent on redshift

— Perlmutter et al. (1997,Ap), 483, 565%)

— Garnavich et al. (1997,AAS presentation™)

* based upon 7 SN
*based upon 3 SN

q4, <0 = QA,O;éO




Cosmic Distance Ladder supernova cosmology

" m(z)-relation
* SN la are feasible standard candles:

— visible outtoz~ 1

— small dispersion of light curve maximum

— light curve independent on redshift

— Perlmutter et al. (1997,Ap), 483, 565%)
— Garnavich et al. (1997,AAS presentation™) ~ ¢, <0 = Q=0

— Riess, Schmidt et al. (1998,A], 1 16, 1009*)

* based upon 7 high-z SN
“*based upon 3 high-z SN
*based upon 10 high-z SN




Cosmic Distance Ladder

supernova cosmology

" m(z)-relation for SN-la — the money plots...

z
0.02 0.05 0.1 0.2 0.5 1.0
24 [ T T T T T T 17171 T T T T T AT
[ (a) Uncorrected for Present data ]
from Table 1
220 lightcurvewidth -
o0 L _
QT )
g [ ]
18 Hamuy et al. -
~ (1995) data 22.5 ]
16} 22.0 ]
B 21.5 - . L L I :
b 502 504 506 508 510 512 5.14
14 i —t—t—+—1 — ]
[ (b) Corrected for i
22 light curve width y
H 20| .
8 [ ]
q | |
§ 18} )
i 225 ]
16 22.0 _
I 215 - . - - : 3
14~ . | . 502 504 506 508 510 512 5.14
3.5 4.0 4.5 5.0 5.5

log(cz)

Perlmutter et al. (1997, Ap), 483, 565)

m-M (mag)

A(m-M) (mag)

42

441

40
38
36

34

T

T

T

T

T

T

Am.(B)

— ©,,=0.20, ©,=0.80]
- ©,=0.20, Q,=0.007
-~ ©,=1.00, ©,=0.00]

Riess, Schmidt et al. (1998, AJ, 116, 1009)

0.01




Cosmic Distance Ladder supernova cosmology

* m(z)-relation for SN-la — Union 2* data set

46 T T T T T T 1
t
a4} . ' -
$

42} # |
wn
2 Cluster Search (SCP)
=S Amanullah et al. (2010) (SCP)
©
o 40f .
= Miknaitis et al. (2007)
8 Astier et al. (2006)
C 38} Knop et al. (2003) (SCP) ]
B Amanullah et al. (2008) (SCP)
0w Barris et al. (2004)
(@) Perimutter et al. (1999) (SCP)

Riess et al. (1998) + HZT
Contreras et al. (2010) Holtzman et al. (2009)
Hicken et al. (2009)

Kowalski et al. (2008) (SCP)

34 ]
’ Riess et al. (1999)

W
[*))]
T

Hamuy et al. (1996)

35.0 01.2 0|.4 0.6 0|.8 1.0 1.2 1.4
Redshift

*http://supernova.lbl.gov/union




Cosmic Distance Ladder

supernova cosmology

" m(z)-relation for SN-la — Union 2 data set vs. ACDM

Union2 data-set

46

44

42

= 40

38

36

34

0.2
0.1
0.0
-0.1
-0.2

W =Wempty

\H\‘\HHHH‘HH\HHIHHHH‘HHHH\‘\H\ T ‘ T ‘ T ‘ T ‘ T 1 ‘ T ‘ T ‘

Goobar (arxiv:1102.1431)

0.1
Redshift

1.0




Cosmic Distance Ladder summary

* comoving distance:

* proper distance:

* luminosity distance:




