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housekeeping

Question about anything?

I’ll make a movie for you:

Marie Curie movie anyone?
March 29: 6:30pm, BPS 1400
I’ll poll for pizza this week
FakeFacebook is due April Fools Day. tee hee
Blog read-reflect project has started.

Did you notice that the homework is in
MasteringAstronomy?

Chip Brock created a poll.
j March 13 at 11:02am

The Curie movie. This is stupid...sorry. I've now pinned down two rooms'
availabilities through the week of March 27. This will be the last poll, |
promise. Okay, | lied. There will be a pizza poll, but that's different, right?
Sheesh.

~ | Wednesday, March 29 at 6:30pm +14
~ | Thursday, March 15 at 7pm +4
~1  Tuesday, March 28 at 7pm +3
~1 Monday, March 20 at 7pm +2
~|  Thursday, March 30 at 6:30pm +2

3 More Options...

o 1 Seen by 53

R — Ea—



Honors Project

has begun. First milestone was last Friday.
Read the Second of two sets of instructions:

MinervalInstructions2 2017.pdf In

www.pa.msu.edu/~brock/file sharing/QSandBB/2017homework/honors project 2017/



http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/honors_project_2017/

MasteringAstronomy

free and use of the textbook:

Megan
Donahue Mark Voit

http://www.pearsonmylabandmastering.com/
northamerica/masteringastronomy/

Course ID I1s ISP220SP17

"code" is WSSPCT-SNELL-NAMEN-WEIGH-METIS-
NJORD



Cosmology 4




Einstein had i1mmediate with GR

q\o‘l@ 3 solutions were the only ones ()

q\oQ@ «S cosmology would produce his desired outcome:

a sphegical universe

G+A=T

“cosmological constomt”




curvature, ‘k’’ - hypervolumes

R |
. .

k= +1,

positive curvature
finite, unbounded

K= O, no curvature

C e is impossible to visualize the
infinite, unbounded

| negative curvature 3d shape...
k=-1 , negative it’s like a saddle, or mmm
curvature mmm good
infinite, unbounded  Pringles Potato HyperChips

.......

A mathematical fact:
These 3 are the only
geometries that can be both
homogeneous and isotropic

L —




Hubble used
Leavitt’s
formulation

Cepheids were
everywhere!

were "nebulae'” In the
Milky Way?

or, Is the universe
much bigger?

M31, Andromeda
2900 thousand light years

L

M33, Triangulum
3000 thousand light years

1924: Andromeda is its own galaxy

A famous public argument ended.

The universe became
HUGE... overnight!

2. @ Anglo-Australian Observatory - .-

: ' . ns 5 .
AT s RN wed oy Ay ’ <
- - - . Pl -

NGC 6822, Barnard’s Galaxy
1700 thousand light years
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http://www.ruf.rice.edu/~mcannon/Research%20Home/Research%20Home.htm

Hubble
used

the finger-print
tool of
spectroscopy

plus

the distance
determination
tool of Cepheld
Variables

His results:

Wavelengths shifted to longer -
“‘redshifted”

meaning all of his galaxies seemed to be
moving away from us

eg, seemingly, Doppler shifts at work:

400 500

http://www.astro.ucla.edu/~wright/doppler.htm
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relation alert:

refers to:

example:

v=1rH

Speed of a galaxy is proportional to the
distance away from any point.

galaxy NGC1832 is 9.57 x 10%° km away,
so Hubble’s Law says it would be moving
atv=2150 km/s




Hubble’s observation

are not

these:

B would say that A’s
clock has longer
between ticks:

Runs Slower

12



HUBBLE'S
CONSTANT = 1/T

FROM PRESUMED
POPPLER-SHIFTED
SPECTRA

H: a measure of the time a golaxy has been "fraveling”

It’s a little tricky... Think Balloons.

FROM LEAVITT'S

CEPHEID VARIABLE
RELATION




constant of
nature:

Hubble “Constant”
value: Ho =67.8 +/- 0.9

units: (km/s)/Mpc (1Mpc = 3 x 10%°m) so
Ho=2.26x 1018 g1

usage: fundamental measurable in
experimental cosmology




How old 1s the universe?

How fast are you expanding from me?

can estimate!




Georges
Lemalitre

(1894-1966)

The father of the
Big Bang

get it?




Lemalitre was the first to realize that
Hubble had demonstrated:

1. spacetime is stretching

The entire kit and caboodle is expanding




galaxies

are not
‘‘moving
away’’

Inside of the
universe

—

A%
P2

~7 universe

18



what
stretching

DOES mean

IS complicated!

universe

19



Lemalitre was the first to realize that
Hubble had demonstrated:

1. spacetime is stretching

The entire kit and caboodle is expanding

2. But then he realized that the current Universe could
have come from something smaller




and still smaller

and still smaller

until.




He® can compare space-time to an open,
conic cup...The bottom of the cup 1is
the origin of atomic disintegration;
it is the first instant at the bottom
of space-time, the now which has no
vesterday because, yesterday, there
was no space.

George Lemaitre, The Primeval Atom



Lemaltre envisioned

A "primeval atom”

it was the heady times of guantum mechanics and early nuclear
physics

He envisioned a fissioning of a big, big nucleus




spring

term 2012

and th§

UARK, TII\/IE

IG BANG

A simulated Higgs Boson

event as it might appear
inside of the ATLAS detector CATLAS

at the Large Hadron Collider. T R




think about this.

a Catholic Priest-Theoretical Physicist

envisioning the beginning of the Universe...a "creation story"?




Sir Arthur Eddington states that, philosophically,
the notion of the beginning of the present order of
Nature is repugnant...l would rather be inclined to
think that the present state of gquantum theory
suggests a beginning of the world very different
from the present order of Nature.

Lemalitre: Nature

comment May 9, 1931



Was his theology 1n the way of his science?

NoO.
He was explicit in his separation of the science and his faith

And, the respect that his colleagues held for him

did not result in accusations of him pushing his religion into Cosmology




undercut

Lemaltre had
been very careful

to not mix religion
and science

Imagine his panic

when 1951 "Study
Week" the Pious XII|
made a statement:

28



. contonporary scisnc, with ons sop back acrass the
conturins, har uessded in é:mg witnass to the aypust
instant of the jﬂmz)f/‘[d/ Fiat L, which a[n/ with
the matter thors @ng@@m nothing a sea f@/f wd
radation . . . T, with thet conerstonass whieh s
charactsristic ﬂ@x[ r00f5, modern scisnce has c@@m/
the contings ey o the universs and dbo the we Jfa’mé'/
deduction to the ﬁocf wihen the world came - forth from the
hands of the orsator

Pious Xlll, Un'Ora,1951




Whoa. Lemaltre was stunned.

Science and religion to him: two completely different paths
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As fTar as I can see, such a theory remains entirely
outside any metaphysical or religious question. 1t
leaves the materialist free to deny any transcendent

Being. ~

We may speak of this event as of a beginning. I do not
say a creation.

Physically it 1s a beginning in the sense that if
something happened before, it has no observable
influence on the behavior of our universe, as any
feature of matter before this beginning has been
completely lost by the extreme contraction at the
theoretical zero.

Any preexistence of the universe has a metaphysical
character. Physically, everything happens as if the
theoretical zero was really a beginning.

The question if it was really a beginning or rather a
creation, something started from nothing, is a
prhilosophical guestion which cannot be settled by
rhysical or astronomical considerations. 2‘

' Solvay Conference 1958 2 quoted in: Godart and Heller, Cosmology of Lemaitre, 67

~

Lemaltre




WWII was hard on Belgium

after the war, Lemaitre did not go back to first-principle
cosmology
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Like Copermnicus

Within days of his death, Lemaitre learned of Penzias and
Wilson’s discovery of the cosmic microwave background

consistent with the Big Bang

June 20, 1966




red shift..b¢ version

observer emitter
Ue
"Relativistic Dopplev shift”
2= ﬁ)\ = )\0)\_ Ae z measuves Hhe stretchiness of space

21s called Hhe “vedshift”

velated to the vecession velocity:

1+ 0 Ve
Z:\/l—ﬂ 1 5—?
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Ss t retchi1i1nes s

AN o
— Y — )\6
Ao R(to)
0 1 -
S W ()
——
measurable

RM)

R(to) =1 -

R(t) =

1
3

suppose light from o galaxy is obsevved

@ wawvelewgth 4 Himes emitted

we'd say: i+ has & “vedshift of 3"

wmodels give us this

/

us twme
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A Quasar Discovered at redshift 6.6 from Pan-STARRS1
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ABSTRACT

Luminous high-redshift quasars can be used to probe of the intergalactic medium
(IGM) in the early universe because their UV light is absorbed by the neutral hydrogen
along the line of sight. They help us to measure the neutral hydrogen fraction of the
high-z universe, shedding light on the end of reionization epoch. In this paper, we
present a discovery of a new quasar (PSO J006.1240+39.2219) at redshift z 6.61+0.02
from Panoramic Survey Telescope & Rapid Response System 1. Including this quasar,
there are nine quasars above z > 6.5 up to date. The estimated continuum brightness is
M 450=-25.96 = 0.08. PSO J006.1240+39.2219 has a strong Ly @ emission compared
with typical low-redshift quasars, but the measured near-zone region size is Rnz
3.2 = 1.1 proper megaparsecs, which is consistent with other quasars at z~6.

Key words: quasar — cosmic reionization

I T I I T I T I T I T
900 950 1000 1050 1100 1150 1200

1 INTRODUCTION tween two adjacent broad bands caused by the strong inter-
galactic medium (IGM) absorption on the blue side of the
redshifted Ly @ emission (1216A at rest frame). The num-

ber of quasars we can find is limited by the survey area and

1612.06148v1 [astro-ph.GA] 19 Dec 2016

l 2 5 0 Quasars or quasi-stellar objects (QSOs) are supermassive
. « black holes (SMBHs) with accretion disks in the center of

—

Wavelength/A

o N A O

arXiv

a galaxy. They are amongst the most luminous observable
objects after the epoch of recombination at z ~ 1100. High-
redshift (z > 6.0) quasars are, thus, a powerful tool to probe
the early universe. A quasar’s spectrum can be used to es-
timate the mass of SMBH (e.g. De Rosa et al. 2014; Mort-
lock et al. 2011; Morganson et al. 2012; Venemans et al.
2015), which constrains the evolution and formation model
of SMBH within a timescale of <1 Gyr (Li et al. 2007; Tanaka
& Haiman 2009). The Gunn-Peterson (GP) (Gunn & Peter-
son 1965) troughs in the spectrum can constrain the neu-
tral hydrogen (H1i) fraction in the early universe (Becker
et al. 2001; Fan et al. 2002; Fan 2006; Goto 2006; Bolton
et al. 2011; Goto et al. 2011). The GP troughs observed in
the z ~ 6 quasars discovered by Sloan Digital Sky Survey
(SDSS) (Fan et al. 2006; McGreer et al. 2006) suggest that
the reionization epoch of the universe ends around z ~ 6.

High-redshift quasars can be found by a red color, ~

© 2016 The Authors

depth. After decades of searching, more than 100 quasars
are found between 5.7 < z < 6.5 from various kind of surveys
(e.g. Banados et al. 2016; Mortlock 2016). Most of them
are i-dropouts which are very red in i—z color. To search for
quasar above z > 6.5, z-dropouts are needed because the Ly a
line is redshifted to wavelength 2 > 9000A. Several surveys
covering wavelength ~ 1 ym have been dedicated to search
for them and only eight are found in previous work. The
highest redshift quasar at z 7.085 was found by Mortlock et
al. (2011) using UK infrared Telescope Infrared Deep Sky
Survey (UKIDSS; Lawrence et al. (2007)). Venemans et al.
(2013) discovered three quasars above z > 6.5 using Visible
and Infrared Survey Telescope for Astronomy (VISTA) Kilo-
degree Infrared Galaxy (VIKING) survey while Venemans
et al. (2015) found another three between 6.5 < z < 6.7 using
the Panoramic Survey Telescope & Rapid Response Sys-

10000

8500 9000

wavelength(A)

7500




Ss t retchi1i1nes s

AN Ao A )Xo
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suppose light fvom o galaxy is
obsevved @ wo\\/e\ehgi-b\ 4 tiwmes
emitteA

we'A say: it has & “vedshift of 3”
The vecovAd: last Septrember.
EGCSEpT,..2 = 8.68
Light emitted [%.04 By ago




a big ‘‘uh oh”’

almost immediately after Hubble's measurement

38



original results:

H=160 km/cMly =1.68 x 10-17 s-1

70,000
® Hydra
;mlﬂ ";;
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, 3 o5 < S 30,000
» -~ '§ :
g 27 o e ®" Corona Borealis
= 2.
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0 2000 4000
R — ————————————
Distance (in millions of light years)
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oops.

geologists already understood that the Earth was at least 3
By old.

That required some work!

Refinements found a number of assumptions in need of updating

for example...there are 2 kinds of Cepheid Variable stars, and other issues

This is the beginning of quantitative Cosmology.




Measuring the Hubble Constant 1is an
important cottage 1ndustry 1n astronomy

current best result;
Ho = 69.3 + 0.8 km/sec/Mpc

Ho = 2.25 x 1078 5~

1 megaparsec (Mpc) = 106 parsec = 3.26 x 1068 light years = 3.086 x 1016 m




some cautionary comments

The Hubble Constant isn’t constant.

Ho = 67.8 £ 0.9 km/sec/Mpc The inverse of the Hubble

Ho = 2.26 X 1018 51 Constant isn’t necessarily
the age of the universe

Hol = 4.42 x 107 s = 14.2 By

(stay tuned)




what do the red shift(S) actually imply? &
what was Lemaltre’s insight?

not doppler

not gravitational




the ‘‘red
shift’

late

Isn’t a Doppler
velocity

it’s geometry R TR R
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The further away

L e L L T

the more red-shifted its spectrum will be

and the faster it will appear to be receding

the older it will be

and the younger it will appear to be!




here’s how this 1s described

a little technical, but you can do it!
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Then a spiritual moment occurs.

involving spandex.
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So, we need 4 deities:

fujin from Mortal Kombat
Arceus from Pokémon



The vecova: last Mawvch,
GN-zl l..z=11.l..s0 5 = 0.98¢!
Light emitted |34 By ago

DRAFT VERSION MARCH 3, 2016
Preprint typeset using XX style emulateapj v. 5/2/11

A REMARKABLY LUMINOUS GALAXY AT Z=11.1 MEASURED WITH HUBBLE SPACE TELESCOPE

P.A. O

MOMCHE

0

=14+2=1+11.1=12.1

(&

GRISM SPECTROSCOPY

2, G. Brammer®, P. G. van Dokkum'?, G. D. [LLixeworrh®, R. J. Bouv
3, M. L. N. AsuBy®, G. G. Faz10%, V. GonzaLez™, B. HoLpEN®, D. MAGEE®,
R. SprrLer' 2, M. Trentt™®, S. P. WiLLNER®

Draft version March 3, 2016

ABSTRACT

We present Hubble WFC3/IR slitless grism spectra of a remarkably bright z 2 10 galaxy candidate,
GN-z11, identified initially from CANDELS/GOODS-N imaging data. A significant spectroscopic
continuum break is detected at A = 1.47 = 0.01 pgm. The new grism data, combined with the pho-
tometric data, rule out all plausible lower redshift solutions for this source. The only viable solution
is that this continuum break is the Lya break redshifted to zgrism = 11091098 just ~400 Myr after
the Big Bang. This observation extends the current spectroscopic frontier by 150 Myr to well before
the Planck (instantaneous) cosmic reionization peak at z ~ 8.8, demonstrating that galaxy build-up
was well underway early in the reionization epoch at z > 10. GN-z11 is remarkably and unexpectedly
luminous for a galaxy at such an early time: its UV luminosity is 3x larger than L. measured at
z ~ 6 — 8. The Spitzer IRAC detections up to 4.5 um of this galaxy are consistent with a stellar mass
of ~ 10? M. This spectroscopic redshift measurement suggests that the James Webb Space Telescope
(JWST) will be able to similarly and easily confirm such sources at z > 10 and characterize their
physical properties through detailed spectroscopy. Furthermore, WFIRST, with its wide-field near-IR.
imaging, would find large numbers of similar galaxies and contribute greatly to JW ST’s spectroscopy,
if it is launched early enough to overlap with JW ST

L. LasBg®, M. FRANX®, L.
R. E. SkerTon?, R. Syir'?, L.

arXiv:1603.00461v1 [astro-ph.GA] 1 Mar 2016

So Hhe univevse has expamdeAd o
Loctor of |2.] since GN-z| | sent i+s
\131'\{' ouv wo\y‘.

Subject headings: galaxies: high-redshift — galaxies: formation — galaxies: evolution — dark ages,

reionization, first stars

1. INTRODUCTION

The first billion years are a crucial epoch in cosmic
history. This is when the first stars and galaxies formed
and the universe underwent a major phase transition
from a neutral to an ionized state. Our understand-
ing of galaxies in this early phase of the universe has
been revolutionized over the last few years thanks to
the very sensitive WFC3/IR camera onboard the Hubble
Space Telescope (HST) in combination with ultra-deep

y and Astrophysics, Yale Univer-
US.
., Yale University, New Haven, CT

3700 San Martin Drive,

¢ of California, Santa

1

The Netherlands

% Harvard-Smithsonian Center for Astrophysics, Cambridge,
MA 02138, USA

7 Departamento de Astronomia, Universidad de Chile, Casilla
36-D, Santiago, Chile

# Centro de Astrofisica y Tecnologias Afines (C
del Observatorio 13 as Condes, Santiago, Chile

9 South African Astronomical Observatory, P.O. Box 9, Ob-
servatory 7935, S
10 Departme:
Durham DHI1 &

TA), Camino

/si s, Durham University, South Road,

tronomy, Faculty of Sciences,
NSW 2109, Australia
Observatory, P.O. Box 915, North

versity of Melbourne, Parkville 3010,

Spitzer [IRAC imaging. WFC3/IR has pushed the ob-
servational horizon of galaxies to the beginning of the
cosmic reionization epoch at z ~ 9 — 11, less than 500
Myr from the Big Bang. Several large extragalactic sur-
veys have now resulted in the identification of a large
sample of more than 800 galaxies at z ~ 7 — 8 (Bouwens
et al. 2015b; McLure et al. 2013; Finkelstein et al. 2015;
Bradley et al. 2014; Schmidt et al. 2014) and even a small
sample of z ~ 9 — 11 candidates (Oesch et al. 2013, 2014,
2015a; Ellis et al. 2013; Zheng et al. 2012; Coe et al. 2013;
Zitrin et al. 2014; Bouwens et al. 2015a; McLeod et al.
2015; Ishigaki et al. 2015; Infante et al. 2015; Kawamata
et al. 2015; Calvi et al. 2016).

Spectroscopic confirmations of very high-redshift can-
didates remain limited, however. The primary spectral
feature accessible from the ground for these sources, the
Lya line, is likely attenuated by the surrounding neutral
hydrogen for all z > 6 galaxies (Schenker et al. 2012;
Treu et al. 2013; Pentericci et al. 2014). Therefore, de-
spite the large number of candidates from HST imaging,
only a handful of galaxies in the epoch of reionization
have confirmed redshifts to date (Vanzella et al. 2011;
Ono et al. 2012; Shibuya et al. 2012; Finkelstein et al.
2013; Oesch et al. 2015b; Roberts-Borsani et al. 2015;
Zitrin et al. 2015).

Given the low success rate of Lya searches, a viable
alternative approach is to search for a spectroscopic con-
firmation of the UV continuum spectral break (see e.g.
Dow-Hygelund et al. 2005; Malhotra et al. 2005; Vanzella
et al. 2009; Rhoads et al. 2013; Watson et al. 2015; Pirzkal
et al. 2015). This break is expected owing to the near-
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What’s R(t)?

The "scale factor"

52



The Friedman, Walker, Robertson models

Friedman’s and Lemaitre’s work was expanded on by Howard P Robertson
and Arthur G Walker in 1936

They found exact solutions to the Einstein equations, using the Friedman techniques.

Their model of cosmology is variously called the:
FWR model

FLWR model

Standard Model of Cosmology

ity T 1-.:- e
gl

ey ——
—
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the i1nterval again - spacetime
separation between two events.

In Special Relativity...which is flat spacetime: Event 2
Event 1
As® = (cAt)? — (Ar)?

As® = sz =51 = [elts = 1)) = [(rs = )]

ro, L2

In general:

As? = goo(cAt)2 + gll(Ar)2

For FLRW model, a parameterization:

a time-dependent scale
factor

every point in space receives the same
scale factor at each instant of time

As® = (cAt)?

the curvature never changes

the curvature...



can catalogue the behavior
of R

for different choices of the Cosmological Constant and k
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Einstein’s original model

time

Static...for which he needed a particular value of
the Cosmological Constant

ri, ti ra b2 A A Gp
E —

2
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FLRW catalogue of Universes Ao

R(t) R(t) R(t) Lemaitre- R(t)
Eddington Lemaitre
k=+1 | : : \ l \
Einstein
time time time time
R(t) R(t) R(t)
k=20
time time time
R(t) R(t) R(t)
k= —1
time time time 57




FLRW catalogue of Universes Ao

A <0 A=20

—T—

time

R(t) B R(t)
k=0 o o
time time

u

time

A

— Ap

A>AE

time

R(t)

R(t)

time

time
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which one 1s ours?

that’s the story of the last 3 decades
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I see

dead stars

60



An experiment showing that the universe had a beginning.
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8 150,000y: atoms form

g

~180sec: D, He nuclel form

~Tusec: p, n form

~10"?sec: where we work

zero: the big bang



our cosmic calendar:

&
Y 4

0.8 nanoseconds after midnight:
electrons/positrons no longer
formed

87 nanoseconds after midnight: - \
H and He formed

15 min after midnight:
radiation breaks free
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dinosaur extinction

dinosaurs
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Milky Way disk

Sun

Earth

first cells

sponges

first plants

4.5 hr to midnight:
early chimps

2.8 hr to midnight:
australopithecus

14 min to midnight:
neanderthal

7 min to midnight:
homosapiens L
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To take the story there

We need quantum mechanics and particle physics
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