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Analyzing data on a cosmic s
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How big is our universe@
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Distant objects tell us about cosmic history
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What type of data do we take?

Measure properties of luminous objects e.g. gas clumps,
planets, stars, stellar remnants, galaxies, galaxy clusters

Positions
Temperatures/colors
Brightness

Images

Spectra




How do we use the data?

* Use observations with known laws of physics to infer
properties of the universe
— Geometry
— Size
— Matter constituents

— Origin and Evolution history

* Distances are critical, but are the hardest quantity to
infer: obtained indirectly, using geometry




Cosmic Depth Perception

Standard Candles Standard Rulers

Compare known intrinsic Compare known physical
and observed brightness and observed size
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Standard candles: Cepheid Variable Stars

* Pulsation period directly related to their luminosity

* 100 x brighter than Sun (see ~million light yrs away)
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Use Doppler shift to measure cosmic motion

300
A, Wavelength (nanometers)




Hubble’s Law (1929):

Evidence for cosmic expansion

Hubble's law
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Standard candles: Type 1a Supernovae

* Rate of decline in brightness related to peak luminosity

* 5 billion x brighter than Sun (see billions light yrs away)

20 Days After Explosion
0 Astronomical Unit

T Aobeaniod ke Credit: ESA




Hubble’s law: the modern day version

Observations of distant Supernovae

Velocity (km/sec)
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Interpreting the cosmic expansion history

Hubble Diagram

Recession speed 4
(km/s) GR predicts deceleration Constant

(Expansion faster in past)  expansion

P 7 rate
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Interpreting the cosmic expansion history

Recession speed 4

(km/s)

Hubble Diagram

GR predicts deceleration Constant

(Expansion faster in past)  expansion

.7 rate

Acceleration observed
Expansion speeding up
Strange invisible
matter? Anti-gravity?
“Dark energy”
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More data: More constraining power

Statistical uncertainties:

Random variations in sample

Variance ~1 /sample size
Examples for SN1a:
— Random instrument noise

— Random variations in
SN1a luminosity
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More data: More complexity

Systematic uncertainties: Non-random variations
* Errors persist as increase sample size

* Examples for SN1a:
Offsets/miscalibration in instrument response or between surveys
Survey selection biases
Light extinction by dust in the Milky Way

Contamination by misclassified non-SNla events

* Approach

— Conduct “null tests”: tests that should be consistent with zero,
independent of parameters for hypothesis you are testing

— Model and remove systematic effects, where identified

— “Marginalize” over “known unknowns” to include them in errors.




Another peril: Confirmation Bias

Presuming you know the answer when analyzing data.

Avoid by

Speed of light:
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Redrawn from J.H. Rush, " The Speed of Light", Scientific Americon,
€2-67, August 1955,

conducting a “blinded analysis” of the data



“Weighing” galaxies using galaxy rotation

Newton’s Law applies to

stars in galaxy

Newton’s o — Mass of

constant

V2 x GM G.qlf::xy |
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Puzzling observations: Invisible matter?
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The cosmic challenge

* 96% of universe’s matter is unlike anything on Earth

* And/or we don’t understand how gravity works

DARK
75% ENERGY

NORMAL

0
4% MATTER




Large Synoptic Survey Telescope (LSST)

Optical telescope in Chile, “first light”
in 2019

3D cosmic map over a billion lyrs
— 10 billion galaxies
— 10 billion stars with redshift

— 1 million supernovae

>10-fold improvement in dark
energy & dark matter constraints

A data challenge both in size and
complexity: Petabytes of data




Different wavelengths probe

very different cosmic environments

Microwave |FM AM

Radio waves




Different wavelengths probe
very different cosmic environments

Microwave |FM AM Long radio waves

Radio waves

WMAP 2001-10




ooking at the microwave sky map

Tegmark




The Cosmic Microwave Background (CMB 3

A fossil remnant, light emitted 400,000 yrs after the Big Bang
The light has the same temperature across the whole sky.

How can this be?2 The “Horizon Problem”.

Temperature

-10~K 2.7K +10~K




An ant on a balloon analogy

Hi
Bob =




An ant on a balloon analogy

Bob =




The Universe -the ultimate particle accelerator!

When the universe was smaller, it was hotter and denser
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What’s with the spots?

Is there a characteristic size of
the temperature fluctuations?




What’s with the spots?
CMB “Power Sec’rrum
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What’s with the spots?
Characteristic size = Standard Ruler

* Yay! A distance (to when CMB was formed).

L=400,000 lyrs
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What’s with the spots?
Tell us if space is curved

* CMB tells us universe is essentially flat
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Parting thoughts

Astrophysical data providing insights into the laws of nature
at scales and densities inaccessible on earth

Creating profound challenges for our theoretical
understanding.

Upcoming surveys will provide massive data sets from which
we want to extract miniscule signals from competing noise.

They will play a revolutionary role in answering key
outstanding questions about the cosmos.

This an amazing time to work in astrophysics!




