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THe Expanping Universe: A CapsuLe HisTory
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Billions of Years Before Today
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Edwin Hubble and the
Expansion of the Universe
(1929)

In 1929 Hubble measured the red
shift (or, redshift) of nearby
galaxies and found that they nearly

all move away from us
=

The Universe 1s Expanding!

100 inch Hooker telescope  ""'& | j
(Mt Wilson, CA)




Expanding spaces: bread & universe

Hubble Diagram for Cepheids

Velocity —»

Distance —»

Baking the raisin bread:

the farther two raisins

are, the faster they are
receding

* Velocity 1s easy: from the Doppler recession of galaxy spectra
(first done by astronomer Vesto Slipher, whom Hubble never credited)

* Distance 1s hard: from Cepheid variable stars



Redshift: shift of galaxy light wavelength

(due to galaxy’s motion relative to us)
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UNSHIFTED

REDSHIFTED larger

e wavelength
B 1l s obseryed

BLUESHIFTED (receding)

smaller
wavelength
observed
(approaching)

Light from almost all galaxies is redshifted (and not blueshifted)
- the galaxies are receding away from us!



Luminosity (Lg, |

How do you get distances to galaxies?

Brightness variation of 6-Cephei
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Cepheids
(variable stars)

Empirical finding:
Cepheids’ period of
pulsation 1s proportional to
intrinsic luminosity

Measure period

Measure apparent
luminosity (or, flux)

Then, can get distance:

t =L/ (4md?)
(f = flux

L = luminosity)


http://hyperphysics.phy-astr.gsu.edu/Hbase/astro/cepheid.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/astro/cepheid.html

The original Hubble diagram (1929)

+1000 KM

>
3=
J— ¢
O  sooxmM
S ? 5
D v
> § ~ = (o) L
~ —
®
) /
3
DISTANCE
o ) 10 PARSECS 2 x10© PARSECS
distance

Slope of this relation (velocity vs. distance) is called the Hubble constant Ho.
Modern value:

Ho = 70 km/sec/megaparsec  (will return to Ho later!)



Three key questions
In cosmology

Inflation
Quark Soup
Parting Company

. First Galaxies
Modern U‘\lerse
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Cosmological components as fluids

Pressure p, energy density p

The continuity equationis | p + 3H (p + p) — ()

with H = a/a the Hubble parameter and a 1s scale factor

or: dnp

-3(1 4+ w) =0 with eq. of state |w = p/p

dlna

Solutions for w = const:

> (w = 0; matter)

pla) x a”
p(a) x a™* (w = +1/3; radiation)

p(a) o< const (w = —1; vacuum energy)




How components scale with time
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10-%° sec 1 minute 380,000yr 13.7 Gyr



Makeup of universe today

Baryonic Matter Dark Energy
(stars 0.4%, gas 3.6%) (suspected since 1980s
established since |1998)

Dark Matter

(suspected since 1930s
established since 1970s)

Also:
radiation (0.01%)




Three big questions 1n cosmology

Dark Dark Inﬂaton
Matter Energy (Early Univ)
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Dark Matter

Coma cluster

L / of galaxies
\

Jessie Muir

N
- m flustratlon

Fritz Zwicky
“Dunkle Materie”,1933

Vera Rubin
flat rotation curves, 1970s




Modern evidence for Dark Matter

Mass | ’ 1l
surface O |
density | }"»‘ ML \ X-ray light mass (does the lensing)
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Mass profile around a galaxy cluster



Strongest evidence for Dark Matter

background (CMB)

tropy sky map

cosmic microwave

aniso

1ts angular power spectrum
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Worldwide quest to (in)directly detect DM

M. Deliyergiyev, 2016



WIMP-nucleon cross section [cm?]

Direct searches:
Cross-section vs mass constraints
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Indirect detection

The Milky Way in gamma-rays as measured by Fermi-LAT

Numerous alarms about “bumps” in spectra seen from Galaxy,
and from dwarf galaxies (Reticulum, etc)

SO far, none are convincing or truly statistically signiticant

Exciting and fast-developing field, but will be hard to have a
convincing detection of DM just from indirect detection



Three big questions 1n cosmology
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SNe Ia are “Standard Candles”

If you know the
intrinsic brightness
of the headlights,
you can estimate
how far away the
car 1s

(car headlights example)

A way to measure (relative) distances to objects far away



But how do you find SNe?

Rate: 1 SN per galaxy per 500 yrs!

Solution:

1. use world’s large telescopes,
2. schedule them to find, then “follow-up” SNe
3. put 1n heroic hard work

Motivation: to measure geometry of the universe
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2011 Physics Nobel Prize (Perlmutter, Riess, Schmidt)



Evidence for Dark energy
from type la Supernovae

always accelerates

accelerates now
decelerated 1n the past

always decelerates

0 05 1
Huterer & Shafer, RedShlft y4

Rep. Prog. Phys.; arXiv:1709.01091



Constraints on dark energy

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)

1.5 B
| \\ Union 08 -
SN la
compilation -
10 Diverse
PDE / Pcritical methods
Q, agree!
0.5 -
0.0
0.0 0.5 1.0

Q. Pmatter / pcritical



Makeup of universe today

Baryonic Matter

Dark Energy
(stars 0.4%, gas 3.6%)

(suspected since 1980s
established since 1998)

Dark Matter

(suspected since 1930s
established since 1970s)

Also:
radiation (0.01%)



(ly =1 —(lpg

PDE

QDE —
Pecrit
__ PDE

w =
PDE

SN la (Riess 1998
+ Perlmutter 1999)

SN la (JLA)
+ BAO (BOSS DR12)
+ Planck 2015

[ | SN la (Union)
-1.6 T | + BAO (Eisenstein 2005)

18 [ | + WMAP 5-year (2009)

Huterer & Shafer, 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Rep. Prog. Phys.; arXiv:1709.01091 Qm




Fine Tuning Problem:
“Why so small”?

Vacuum Energy: Quantum Field Theory
predicts it to be determined by cutoff scale

PVAC = = Zgz/ \//f2+m2 Nzgz ma

ﬁelds fields

Measured: (107%eV)*

4 60-120 orders of magnitude
SUSY scale: (1TeV) smaller than expected!

Planck scale: (10" GeV)*



The coincidence problem

= Energy/volume
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Inflation Nucleosynthesis CMB  Now
Time after
Big Bang: 10-%° sec 1 minute 380,000 yr 13.7 Gyr



Lots of theoretical 1deas, few compelling ones:
Very difficult to motivate DE naturally

v E.g. ‘quintessence’
A (evolving scalar field)

b+ 3H Cfl‘; — 0

Mg = H() = 10-33 eV



String landscape?

| | |
| | | >

0 10-120 Mpy 4 Mpy 4 pA

Among the ~10500 minima,

we live 1n one that allows structure/galaxies to form
(selection effect) (anthropic principle)

Landscape
“predicts” the
observed QpE

Kolb & Tumer, “Early Universe”, footnote on p. 269:
“It is not clear to one of the authors how a concept as lame |
as the “anthropic idea” was ever elevated to the status of a principle”




A difficulty:

DE theory target accuracy, 1n e.g. w=p/p,
not known a priori

Contrast this situation with:

1. Neutrino masses:
(Am-?)sol ~ 8X10-5 eV?2 } Zmi = (0.06 eV" (mormal)

, _ P . VS.
(Am )atm 3x10-% eV Zmi = 0.11 eV" (inverted)

“(assuming ms=0)
2. Higgs Boson mass (before LHC 2012):
my = 0(200) GeV

(assuming Standard Model Higgs)



Ongoing or upcoming DE experiments:

e Ground photometric:
» Kilo-Degree Survey (KiDS)
» Dark Energy Survey (DES)
» Hyper Supreme Cam (HSC)
» Large Synoptic Survey Telescope (LSST)

e Ground spectroscopic:
» Hobby Eberly Telescope DE Experiment (HETD EX)
» Prime Focus Spectrograph (PFS)
» Dark Energy Spectroscopic Instrument (DESI)
e Space:
» Euclid
»Wide Field InfraRed Space Telescope (WFIRST)
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DES Year-1 results (August 2017)
1350 sq. deg., 35 million galaxies, “double pipeline” for everything
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DES Y1
Planck
DES Y1 + Planck

0.24 0.30 0.36 0.42
O

Year-3 data coming out “any month now”, 3x area (close to
5000 sqdeg), 200-300 million galaxies, leading galaxy survey




H() = 740+ 1.4 (km/s/Mpc)

Cosmic Microwave Anisotropies give

H() = 07.4+04 (km/s/Mpc)

These two measurements are discrepant
at about five sigma!*

* once strong-lensing constraints are added, which come out high (Ho ~ 73)



Hubble tension!

flat — ACDM
nr7 0.5
Early | V72 05
Planck
67.4% 1
DES+BAO+BBN
74.(3*};1 Late
SHOES
+1.9
69.8' 14
+3.9
73.6.3.9
MIRAS
73.317
HOLICOW
MCP
+4.0
76-3 40
SBF
Early vs. Late
73.3103 combining all 6.10
73.9 i:::;with Cepheids 5.80
/2.5 15 with TRGB 4.00
with MIRAS 4.40
06 74 76 80
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Verde, Treu & Riess arXiv:1907.10625

* Currently the most

exciting thing in field
of cosmology

* Difference between

early- and late-
universe meas. (?)

* Many hundreds of

papers on topic, no
compelling solution

* Weird systematics?

New properties of DM
or DE? ....



Conclusions

* Huge variety of new observations in cosmology,
particularly in the large-scale structure

* 3 big questions: dark matter, dark energy, inflation

* Tremendous successes (DM, DE, inflation “proven”),
yet challenges (what 1s the physics behind them?)

- Like particle physicists, we would really like to
see some “bumps’ 1n the data - signatures of new
physics

* The current Hubble tension may be a signature of
such a “bump”



