


First	Movement:	The	Data!	



New	ways	of	measuring	the	Rate	at	
which	the	Universe	is	Expanding	



Percent	Level	DeterminaCon	of	the	
RedshiD-Distance	RelaCon	

dL (z) =
dz '
H (z ')0

z

∫

Infer	expansion	rate	in	the	past!	



Not	just	from	Supernovae;	also	from	
Baryonic	AcousCc	OscillaCons	



Beginning	the	Historic	Journey	of	
measuring	Growth	of	Structure	



Anisotropies	in	the	Cosmic	Microwave	
Background	



AcousCc	Peaks	Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 47. CMB-only power spectra measured by Planck (blue),
ACT (orange), and SPT (green). The best-fit PlanckTT+lowP
⇤CDM model is shown by the grey solid line. ACT data at
` > 1000 and SPT data at ` > 2000 are marginalized CMB
bandpowers from multi-frequency spectra presented in Das et al.
(2013) and George et al. (2014) as extracted in this work. Lower
multipole ACT (500 < ` < 1000) and SPT (650 < ` < 3000)
CMB power extracted by Calabrese et al. (2013) from multi-
frequency spectra presented in Das et al. (2013) and Story et al.
(2012) are also shown. Note that the binned values in the range
3000 < ` < 4000 appear higher than the unbinned best-fit line
because of the binning (this is numerically confirmed by the re-
sidual plot in Planck Collaboration XIII 2015, figure 9).

spectra are reported in Fig. 47. We also show ACT and SPT
bandpowers at lower multipoles as extracted by Calabrese et al.
(2013). This figure shows the state of the art of current CMB
observations, with Planck covering the low-to-high-multipole
range and ACT and SPT extending into the damping region. We
consider the CMB to be negligible at ` > 4000 and note that
these ACT and SPT bandpowers have an overall calibration un-
certainty (2 % for ACT and 1.2 % for SPT).

The inclusion of ACT and SPT improves the full-mission
Planck spectrum extraction presented in Sect. 5.5 only margin-
ally. The main contribution of ACT and SPT is to constrain
small components (e.g., the tSZ, kSZ, and tSZ⇥CIB) that are
not well determined by Planck alone. However, those compon-
ents are sub-dominant for Planck and are well described by the
prior based on the 2013 Planck+highL solutions imposed in the
Planck-alone analysis. The CIB amplitude estimate improves by
40 % when including ACT and SPT, but the CIB power is also
reasonably well constrained by Planck alone. The main Planck
contaminants are the Poisson sources, which are treated as in-
dependent and do not benefit from ACT and SPT. As a result,
the errors on the extracted Planck spectrum are only slightly re-
duced, with little additional cosmological information added by
including ACT and SPT for the baseline ⇤CDM model (see also
Planck Collaboration XIII 2015, section 4).

6. Conclusions

The Planck 2015 angular power spectra of the cosmic mi-
crowave background derived in this paper are displayed in

Fig. 48. These spectra in TT (top), T E (middle), and EE (bot-
tom) are all quite consistent with the best-fit base-⇤CDM model
obtained from TT data alone (red lines). The horizontal axis is
logarithmic at ` < 30, where the spectra are shown for individual
multipoles, and linear at ` � 30, where the data are binned. The
error bars correspond to the diagonal elements of the covariance
matrix. The lower panels display the residuals, the data being
presented with di↵erent vertical axes, a larger one at left for the
low-` part and a zoomed-in axis at right for the high-` part.

The 2015 Planck likelihood presented in this work is based
on more temperature data than in the 2013 release, and on
new polarization data. It benefits from several improvements
in the processing of the raw data, and in the modelling of
astrophysical foregrounds and instrumental noise. Apart from
a revision of the overall calibration of the maps, discussed
in Planck Collaboration I (2015), the most significant improve-
ments are in the likelihood procedures:

(i) a joint temperature-polarization pixel-based likelihood at
`  29, with more high-frequency information used for fore-
ground removal, and smaller sky masks (Sects. 2.1 and 2.2);

(ii) an improved Gaussian likelihood at ` � 30 that includes
a di↵erent strategy for estimating power spectra from data-
subset cross-correlations, using half-mission data instead of
detector sets (which allows us to reduce the e↵ect of cor-
related noise between detectors, see Sects. 3.2.1 and 3.4.3),
and better foreground templates, especially for Galactic dust
(Sect. 3.3.1) that allow us to mask a smaller fraction of the
sky (Sect. 3.2.2) and to retain large-angle temperature in-
formation from the 217 GHz map that was neglected in the
2013 release (Sect. 3.2.4).

We performed several consistency checks of the robustness
of our likelihood-making process, by introducing more or less
freedom and nuisance parameters in the modelling of fore-
grounds and instrumental noise, and by including di↵erent as-
sumptions about the relative calibration uncertainties across fre-
quency channels and about the beam window functions.

For temperature, the reconstructed CMB spectrum and er-
ror bars are remarkably insensitive to all these di↵erent as-
sumptions. Our final high-` temperature likelihood, referred to
as “PlanckTT” marginalizes over 15 nuisance parameters (12
modelling the foregrounds, and 3 for calibration uncertainties).
Additional nuisance parameters (in particular, those associated
with beam uncertainties) were found to have a negligible impact,
and can be kept fixed in the baseline likelihood.

For polarization, the situation is di↵erent. Variation of the as-
sumptions leads to scattered results, with larger deviations than
would be expected due to changes in the data subsets used, and
at a level that is significant compared to the statistical error bars.
This suggests that further systematic e↵ects need to be either
modelled or removed. In particular, our attempt to model cal-
ibration errors and temperature-to-polarization leakage suggests
that the T E and EE power spectra are a↵ected by systematics at
a level of roughly 1 µK2. Removal of polarization systematics at
this level of precision requires further work, beyond the scope of
this release. The 2015 high-` polarized likelihoods, referred to
as “PlikTE” and “PlikEE”, or “PlikTT,EE,TE” for the com-
bined version, ignore these corrections. They only include 12
additional nuisance parameters accounting for polarized fore-
grounds. Although these likelihoods are distributed in the Planck
Legacy Archive,15 we stick to the PlanckTT+lowP choice in the
baseline analysis of this paper and the companion papers such

15 http://pla.esac.esa.int/pla/
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•  Restoring	force	of	
photon/electron	
pressure	à	
system	similar	to	
guitar	string	

•  Fundamental	
frequency	->	
Sound	Horizon	

•  Higher	harmonics	
à	informaCon	
about	contents	of	
the	universe	



CMB	PolarizaCon	

•  Factor	of	ten	
smaller	

•  Out	of	phase	with	
temperature	
anisotropies	…	as	
predicted	

•  First	detected	by	
DASI	

	



Clusters	with	the	Sunyaev-Zel’dovich	Effect	



CMB	Lensing	Maps	

Based	on	formalism	
developed	by	Wayne	
15	years	ago,	using	
data	from	SPT	built	
and	operated	by	
(John,	Tom,	Steve,	
Steve,	Brad,	Clarence,	
Lindsey,	…),	analysis	
spearheaded	by	Gil		

This	is	a	mass	map!!	



The	Onset	of	the	Era	of	Cross-CorrelaCons	

ExploiCng	Chicagoland	vision	for	DES,	led	by	Josh		



Highest	Energy	Cosmic	Rays:	GZK	Cut-off	



Dwarf	Galaxies	with	Rapidly	moving	Stars	



Splashback	radius	predicted	by	simulaCons	



And	…	



Second	Movement:	A	Cosmological	Model	



Hard	to	understand	any	of	these	observaCons	if	
only	electrons	and	protons	are	responsible	



How	did	the	Universe	evolve	from	
being	very	smooth	to	very	clumpy?	

UNIFORM	TO	ONE	
PART	IN	10,000	

VERY	NONLINEAR	



GravitaConal	Instability	



How	did	the	Universe	evolve	from	
being	very	smooth	to	very	clumpy?	

UNIFORM	TO	ONE	
PART	IN	10,000	

VERY	NONLINEAR	

General	RelaCvity	predicts	how	much	clumpier	the	
Universe	becomes	due	to	gravity:		
ONLY	BY	A	FACTOR	OF	1000,	NOT	ENOUGH!	



How	did	the	Universe	evolve	from	
being	very	smooth	to	very	clumpy?	

UNIFORM	TO	ONE	
PART	IN	10,000	

VERY	NONLINEAR	

General	RelaCvity	predicts	how	much	clumpier	the	
Universe	becomes	due	to	gravity:		
ONLY	BY	A	FACTOR	OF	1000,	NOT	ENOUGH!	

This	is	how	the	electrons,	protons,	
and	photons	were	distributed.	
There	was	another	species	–	dark	
ma(er	--	that	did	not	interact	with	
these	and	was	much	clumpier	



Dark	Maher	Solves	Cosmic	Structure	Problem	

Clumpiness	

Dark	maher	was	much	
clumpier	than	baryons	
were	at	the	Cme	of	the	
picture	of	cosmic	
microwave	background	
(CMB).	Enough	Cme	for	
structure	to	grow!	

←Large	Scales	



Finding	Dark	Maher	

ACCELERATORS	 INDIRECT	DETECTION	 DIRECT	DETECTION	

Dark	Maher	can	be	probed	in	3	ways	
	…	and	will	be	over	the	coming	decade	



Distance	Measurements	à	Expansion	History	

Perlmuher	

The	expansion	
rate	is	
speeding	up	



…	AND	IT	SHOULDN’T	BE	

GEOMETRY	 ENERGY	

Expansion	Rate	 GravitaConal	PotenCal	
Energy,	proporConal	
to	density	

=	

S = 1
16πG

d 4∫ x −gR+ d 4∫ x −gLm

Minimizing	this	acCon	leads	to	Einstein’s	EquaCons:	

da
dt
=

8πG
3

ρa2



Some	Fixes	

•  Vacuum	Energy	
•  Dark	Energy	
•  Modified	Gravity	
	
(Almost)	all	require	dimensionful	constant	
much	smaller	than	other	masses	in	the	
fundamental	Lagrangian		à	New	physics	
(way)	beyond	the	Standard	Model	



MoCvaCon	for	DES	(and	SPT)	

Dark	



CMB	Spectrum	also	requires	new	physics	



CMB	is	different	than	a	musical	
instrument	because	…	

	
	Fourier	Transform	of	spaCal,	not	temporal,	signal	
	
	Time	scale	much	longer	(400,000	yrs	vs.	1/260	sec)	
	
	No	finite	length:	all	wavelengths	allowed!	



WHY	PEAKS	AND	TROUGHS?	

•  	VibraCng	String:	
CharacterisCc	
frequencies	because	
ends	are	Ced	down	
	
	

•  	Temperature	in	the	
Universe:	Small	scale	
modes	begin	oscillaCng	
earlier	than	large	scale	
modes	



But:	mulCple	Fourier	Modes	at	fixed	wavelength	

+	

=	

+	 =	



In	this	simple	example,	all	modes	have	same	wavelength/
frequency	

More	generally,	at	each	wavelength/frequency,		
need	to	average	over	many	modes	to	get	spectrum	



PUZZLE:	WHY	ARE	ALL	MODES	IN	PHASE?	

The	perturbaCon	corresponding	to	each	mode	can	either	have	non-zero	
iniCal	velocity	and/or	non-zero	iniCal	amplitude	

We	implicitly	assumed	that	every	mode	started	with	zero	velocity.	



If	they	do	all	start	out	with	the	same	phase	…	

Time/(400,000	yrs)	

First	peak	will	be	well-
defined	
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pi
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As	will	first	trough	...	

And	all	subsequent	
peaks	and	troughs	
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pi
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Time/(400,000	yrs)	



IF	ALL	MODES	ARE	NOT	SYNCHRONIZED	THOUGH	…	

First	“Peak”	 First	“Trough”	

We	will	NOT	get	coherent	series	of	peaks	and	troughs!	

Time/(400,000	yrs)	Time/(400,000	yrs)	
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Time	

Wavelength	of	typical	Fourier	mode	
observed	in	CMB	

t	=	400,000	yrs	

Distance	of	
Light	travel	

Is	it	even	possible	to	synchronize	the	phases?	
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Time	

t	=	400,000	yrs	

InflaCon	solves	the	phase	problem	

InflaCon	 Distance	of	
Light	travel	

Wavelength	of	typical	Fourier	mode	
observed	in	CMB	



Synchronized	phases	

§ 	Quantum	mechanical	
fluctuaCons	generated	during	
inflaCon:	New	physics	at	very	
early	Cmes/high	energy	
§ 	PerturbaCons	freeze	out	
when	distances	get	larger	
than	horizon	
§ 	Evolu9on	when	
perturbaCons	re-enter	
horizon:	phases	synchronized!	
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Time	

Expansion	slowing	down:	deceleraCon	

t	=	400,000	yrs	

InflaCon	requires	another	epoch	of	acceleraCon	

Expansion	
speeding	up:	
acceleraCon	 Distance	of	

Light	travel	



Find	the	gravitaConal	waves	produced	
during	inflaCon	



Standard	Model	of	Cosmology	stands	
on	3	Pillars	

Find	the	new	physics!	



Third	Movement:	Two	Hidden	Messages	



Michael	

Hubble	 Schramm	 Freedman	



Wendy	



Angela	



John	



Rocky	



Wayne	



Josh	



Andrey	



Reminiscent	of	this	graph	



Reminiscent	of	this	graph	

Why	and	how	did	ChrisCanity	grow	so	rapidly?	



One	theory:	it	was	the	people	

“Heedless	of	danger,	they	took	charge	of	the	sick,	
ahending	to	their	every	need	…”	(Dionysius,	260)	

Antonine	Plague	



Here	too,	it’s	the	people!	



Great	scienCsts	…	and	good	people	



Tension	



Tension	



Tension	



Tension	



Why	the	focus	on,	the	excitement	about,	the	
tensions?	More	than	finding	the	new	physics??	



Same	Cme	…	different	religion	



Same	Cme	…	different	religion	

A	healthy	intellectual	environment	thrives	on	young	people	
uncovering	hidden	assumpCons	and	proving	everyone	else	wrong	



The	Model	rests	on	3	unstable	pillars	

Appreciate	the	wisdom	
and	accomplishments	
of	those	who	built	this	
model	…	but	look	
around	you	and	figure	
out	if	some	hidden	
assumpCon	is	wrong.	
ConCnue	the	Chicago	
tradiCon	by	proposing	
bold,	testable	ideas!		



Fourth	Movement:	The	Future!	

Oh	Friends,	not	these	tones	
Let	us	raise	our	voices	in	more	
Pleasing	and	more	joyful	sounds	



Ross	Cawthon	

How	can	we	extract	the	
most	informaCon	from	
photometric	surveys?	Can	
we	constrain	photometric	
redshiDs	using	galaxy	
clustering	and	CMB	lensing?	



Chen	He	

What	was	the	physics	
that	drove	inflaCon?	
Can	we	detect	
mechanisms	that	
produced	
isocurvature	
perturbaCons?	



Brihany	Kamai	

What	is	the	nature	
of	space-Cme?	
How	sensiCve	an	
interferometer	
can	we	build	to	
help	us	find	out?	



James	Lasker	

What	is	dark	
energy?	Can	DES	
disCnguish	core	
collapse	
supernovae	from	
Type	Ia??		



Phil	Mansfield	

What	is	the	most	accurate	way	to	
measure	the	splashback	radius?	

What	is	the	best	way	to	store	informaCon	
in	cosmological	simulaCons?	



Alessandro	Manzos	

What	can	the	cosmos	teach	us	
about	neutrinos?	What	other	
experiments	will	best	
complement	CMB-S4?		



Pavel	Motloch	
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Can	we	detect	high-E	neutrinos	by	
observing	radiaCon	emihed	by	showers	
that	propagate	through	ice?	
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Do	theories	of	massive	gravity	lead	to	
super-luminal	propagaCon?	



Zhaodi	Pan	

Can	we	measure	gravitaConal	waves	produced	at	the	earliest	
moments	of	Cme?	How	amazing	can	we	make	the	SPT-3G	detectors?	



Jason	Poh	

What	is	driving	the	current	epoch		of	acceleraCon?	Can	
strong	lenses	in	DES	help	us	find	out?	



Cosmic	Coda	

•  Unprecedented	amount	of	high	quality	data	
inform	us	about	the	cosmos	

•  Standard	model	of	cosmology	explains	
virtually	all	the	data	and	requires	new	physics	

•  Appreciate	the	people	here	…	and	work	hard	
to	show	they	are	wrong	

•  The	future	looks	bright	


