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This lecture:
Dynamics of the Universe
and distance measurements

1. The current cosmological model: overview

2. From Einstein’s field equations to the
dynamics of the universe

. Observations of H,

. Dark matter and baryon content

3

4. The age of the Universe

9

6. Dark energy and supernovae
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Evolution of density with a

» Rearrange the Friedman equations:

3 (42 +k)/a2=8x G p(t)
(2a 3 + &2 + k) /a2 = -8 1 G p(t)

« to give (k=0) d/dt(pa3) = -p d/dt(ad)
« Ifp=wp then a’dp =-(w+1) p 3 a?da

 |f also w=constant | 0=a-3w+1) l
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 Rearrange the Friedman equations:

3 (42 +k)/a2=8x G p(t)
(2a s + &2 + k) /a2 = -8 1 G p(t)

« to give (k=0) d/dt(pad) = -p d/dt(a)
« Ifp=wp then a®dp =-(w+1) p3 a?da

 /f also w=constant | 0 =@ 3W+1) I

Pirsa: 09060072




What is w?

« Defined by the equation p = w ¢
« Often called the “equation of state”

« Special values:

—w=0 means p=0 e.g. matter
—w=1/3 e.qg. radiation
— w=-1 looks just like a cosmological constant

Pirsa: 09060072



Dark energy or cosmological constant’

T, = diag[p(t).—p(t).—p(t).—p(t)] |

« Ifw=-1i.e.p=pthenT/ =g

— Indistinguishable from a cosmological constant

« Dark energy could have any w
— Could even vary with time
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Evolution of the density

0 < g-3(w+1)

« Matter dominated (w=0): px a3

« Radiation dominated (w=1/3): px a*

« Cosmological constant (w=-1): p =constant
« Dark energy with w<-1 e.g. w=-2: pxa?

— Energy density increases as is stretched out!

— Eventually would dominate over even the
energies holding atoms together! ("Big Rip")
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What is dominant when?

Matter dominated (w=0): pxa-3
Radiation dominated (w=1/3): pxa*
Dark energy (w~-1): p ~constant

» Radiation density decreases the fastest

with time

— Must increase fastest on going back in time
— Radiation must dominate early in the Universe

» Dark energy with w~-1 dominates last

Radiation
o —>
Pirsa: 0 06007d0m I natlo n

Matter
domination
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Dark energy
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Putting it all together

* Pt = Pr ¥ Pm ¥ Poe

e P, =p,oa? since pxa* and a today is 1
— P, = radiation density today
— Q= p,o/ Peir DY definition

s 0 crit
— Usually O is dropped from €, for simplicity
« SO Pr = Perit Qr a“

— Sim Pm: Ppe

ptot = pcn't [ Qr a'Z + £2m 8*3 + QDE a-3(1+w)]
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Most important equation in this lecture

(é[a)?. =8 G p(t) /3 Friedman eqn1 for k=0

o) =p..[Q a2+ Q_ad+ Q.. a3l*w)]

. Putting these together and using H, = (a/a):

ala =H,2(Q a2+ Q_as3+Qy a3*w
( |

..... -ar if w varies with tme then Qpgp e 3 Ji'(1+w(b))dIn



Putting it all together

* Ptot = Pr ¥ Pm ¥ PoE

e P, =pP,oa? since pxa* and atoday is 1
— p,o = radiation density today
— Q= P/ P DY definition

— Usually O is dropped from Q, for simplicity
« SO p, =Pt L2 a*

—SIM P, Ppe

Prot = Perit | L @2 + Qa3 + Qp a301*"wW)]
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Most important equation in this lecture

(ala)? =8 x Gp(t) /3 Friedman eqn1 for k=0

P(t) = pere [ Qr @2 + Q @3 + Qe a3(1*W]]

. Putting these together and using H, = (a/a);:

ala =H,2(Q a2+ Q_ a3+ Q. a3l*w
( |

..... - If w varies with time then QDE e—3f1“(1+WQa?el;dlﬂ



How does scale factor relate to time~

3(&+k)/a>=8xGp(t) .
(28 a+ éZ + k) /82 = 871G p(t) Friedman egns

p x q-3(w+1) Which we just derived

* Then if k=0 (flat Universe) a3w+1)2 dg = dt

- If w>-1 and w=constant then:| ; . t2/3w+1))

e lf w=-1:| @ x ei!
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Dynamics of the Universe

q o t2/(3(w+1)) |

« Matter dominated (w=0): a =« {23
— Decelerating

« Radiation dominated (w=1/3): a = t'2
— Decelerating

 Cosmological constant (w=-1): a =« e*' (special)
— Accelerating

« Where is the transition?

— w>-1/3 decelerating
— w<-1/3 accelerating

Pirsa: 09060072



Pirsa: 09060072

Relative size of the universe

4

ExransiON OF THE UNIVERSE

Dark Matter + Dark Energy
affect the expansion of the universe
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Redshift and co-moving distance

« Definition of redshift gives 1+z = 1/a

« Co-moving distance remains fixed as Universe
expands by opposition to the physical distance

. Co—moving distance between different emitters and us

— Rearrange to get D = -[(‘51)
D — —Cf da ada
. Use (8/a)2 = H 2 (Q_ a3 + Q. a3(1*w)
c:dg
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Luminosity & angular diameter distances

» Using distances is tricky. Imagine we are looking at a QSO at z=3
(a=1/4), what is the right distance to use to relate the flux we see
and the luminosity? Or looking at an object of known size, which
distance to use?

- Luminosity distance =D,
. Definedsuchthat S=L/(4xD <

= S = bolometnic flux density

- D, =D(1+2)

« Angular diameter distance =D,

~ —
P atined <uch that 8=r
Nl el e’

|
— b’ Yo

N

— D, =D/(1+2)
. Both Da and Dy will be very important to measure e.g. but requires
e eood templates, “standard candles” (SNe) or “rulers” (BAO," €MB)
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and distance measurements

. The current cosmological model:

overview

From Einstein’s field equations to the
dynamics of the universe

Observations of H,

The age of the Universe
Dark matter and baryon content
Dark energy and supernovae



Measurements of the Hubee constam
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Methods and distance ladder

Gravitanonally Lensed Quasars wip
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Figure 3.2: The different Jistunce estimators. This seemingly simple plot shows a grand overview

rsa: 09069 ouar efforts fo measure distunces in the Universe. Adapted from [Rowan-Robmson, 1985 ] arfide 22/

[Roth and Primack, 1996].

www.astro.ala.ac.uk/ users/kenton/C185/



Hubble Space Telescope Key
Project: Hubble constant

- Comprehensive
study of 5 distance
indicators

* Freedman et al

Galaxy NGC 4839
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Method Hye Error (%) References
36 Type la supernovae 71 2, 26, Hamuy et al. (1996). Riess et al. (1998).
4000 < cz < 30.000 km /sec Jha et al. (1999). Gibson et al. (2000)
21 Tullv-Fisher dusters 71 +3, +7, Giovanelli et al. (1997). Aaronson e al_ (1982, 19
1000 < 2z < 9.000 km/sec Sakai et al. (2000)
11 FP dusters 82 +6, +9, Jorgensen e al. (1996). Kedson et al. (2000)

1.000 < cz < 11.000 km /sec

SBF for 6 clusters 0 +5, £6, Lauver et al. (1998), Ferrarese et al. ( 2000a)
3800 < z < 5800 km/sec

4 Type Il supernovae 2 %9 %7, Schmidt & al (1994)
1900 < ez < 14.200 km /sec
Combmed values of Ha:
Ho = 72 £ 2 [random] km /sec/Mpc  [Bavesian| 72 +8

Ho = 72 £ 3 [random| km /sec/Mpe  [frequentist]
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This lecture:
Global contents & dynamics of the Univers:

1. The current cosmological model:
overview

2. From Einstein’s field equations to the
dynamics of the universe

. Observations of H,

3
4. The age of the Universe

5. Dark matter and baryon content
6. Dark energy and supernovae
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Measurements of the age of

universe
» Krauss + Chaboyer
— stars age = 12.4 GQyr ' i —_—
— estimate ~2 Gyrs min [ e 1L
for formation . —_—
- t,>10.2 Gyr 95 per 3
cent 1-tailed i
- CMB + flatness —->
t,~13.4 Gyr




The age of the Universe

(4/a)2 = Hy2 (Q,, a3 + Qg a3(1*w)

_ 1 d
* Integrate to get: t= fo Hﬁ(QmG_erQ‘;/ ;a_a(l+w>)1/z

o« If Q=0 (so Q =1 given k=0 assumption)
= fl 1/2 da da ===

Hg 3Hg
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Measurements of the age of

universe
« Krauss + Chaboyer
— stars age = 12.4 Gyr ' .
— estimate ~2 Gyrs min "} o 1l
for formation . —_—
=L>10.2 v 95 per - 3
cent 1-tailed >
- CMB + flatness —>
13-4 G




This lecture:
Global contents & dynamics of the Univers:

1. The current cosmological model:
overview

2. From Einstein’s field equations to the
dynamics of the universe

. Observations of H,

=

4. The age of the Universe

5. Dark matter and baryon content
6. Dark energy and supernovae
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Dark Energy

- General properties

* Cosmological constant or
quintessence?’

- Parameterizing quintessence

— Incorporating quintessence into
predictions

— Parameterizing w(z)
« Current measurements
- PYOSPEcCts using supernovae



This lecture:
Global contents & dynamics of the Univers:

1. The current cosmological model:
overview

2. From Einstein’s field equations to the
dynamics of the universe

. Observations of H,

3

4. The age of the Universe

5. Dark matter and baryon content
6. Dark energy and supernovae

Pirsa: 09060072



Dark Energy

« General properties

« Cosmological constant or
quintessence?’

- Parameterizing quintessence

— Incorporating quintessence into
predictions

— Parameterizing w(z)
« Current measurements
- PTOSPECtS using supernovae



Dark energy:
general properties

« The dominant constituent of the
universe

» Causes accelerated expansion

« Modifies growth rate of fluctuations
(next lecture)
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Cosmological constant or Quintessence

+ Cosmological constant:

— zero-point quantum fluctuations? factor of
10110

— coincidence of Q_ ~ Q / why accelerates now

* Quintessence
— time-dependent
— spatially inhomogeneous
— e.g. scalar field rolling down a potenuai
ooz — [l€QAtive pressure — w=pressure/density



Cosmological constant or Quintessence

« Cosmological constant:

— zero-point quantum fluctuations? factor of
10110

— coincidence of Q_ ~ Q / why accelerates now

* Quintessence
— time-dependent
— spatially inhomogeneous
— e.g. scalar field rolling down a potenuai
oo — l€QAtiVe pressure — w=pressure/densityes




Supernovae la

« Supposed to be good standard candles
that we can self-calibrate

- Measure expansion rate as a function n
of z

- Systematics? e.q.
— evolution
— grey dust
» Tests e.g. z=1.7 supernova

Pirsa: 09060072
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Or assume flat universe:
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Or assume flat universe:




Future supernova data

« SNAP satellite proposed
— Would measure ~2000 SNila 0.1<z<1.7
— Funding situation currently uncertain

« SNFactory ongoing
— To measure ~300 SNla at z~0.05
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Or assume flat universe:




Future supernova data

« SNAP satellite proposed
— Would measure ~2000 SNla 0.1<z<1.7
— Funding situation currently uncertain

« SNFactory ongoing
— To measure ~300 SNla at z~0.05
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Supernova Cosmology Project
Perimutter et al. (1998)
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To take away from this lecture:

« Equations for expansion of Universe as a
function of time

« Equations for age of Universe
« Appreciation of observations of H,, t,

» Evidence for dark energy from supernovae

Next lecture: Baryonic Acoustic Oscillations
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