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Astronomy ®

From Wikipedia, the free encyclopedia

This article iis about the scientific study of celestial objects. For other uses, see Astronomy (disambiguation).

Astronomy, a natural science, is the study of celestial objects (such as stars, galaxies, planets,

moons, asteroids, comets and nebulae) and processes (such as supemovae explosions, gamma ray
bursts, and cosmic microwave background radiation), the physics, chemistry, and evolution of such
objects and processes, and more generally all phenomena that originate outside the atmosphere of

Earth. A related but distinct subject, physical cosmology, is concerned with studying the Universe as a
whole.["]

Actrannmu ic tha nldact of tha natiral criancac Tha aarly rivilizatinne in rarardad histans ciich ac tha

Where are these celestial objects located?

Source: https://en.wikipedia.org/wiki/Astronomy
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Problem: Distance |s Degenerate with Luminosity

f = apparent brightness of object
L = absolute luminosity (inherent brightness of object)
D = distance to object

foc LD™2

In general, we do not know L or D.
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Source: CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=443459
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Parallax Accuracy

NGC 2419 -270,000 ly

The Milky Way galaxy

To Andromeda (M31)
2.5 million ly

Large Magellanic Cloud
160,000 ly

Small Magellanic Cloud
200,000 ly

Best parallax measurements accurate out to ~ 30, 000 ly.

Source: http://cdn.phys.org/newman/gfx/news/hires/2015/1-isngc2419awa.jpg




Henrietta Leavitt: Data Science in 1904

1777 VARIABLES IN THE MAGELLANIC CLOUDS. HARVARD COLLEGE OBSERVATORY.

CIRCULAR 173.

By Hexmiprra S. LEavrrr.
PERIODS OF 25 VARIABLE STARS IN THE SMALL MAGELLANIC

CLOUD.
I the spring of 1904, a comparison of two photographs of the Small Magellanic
Cloud, taken with the 24-inch Bruce Telescope, led to the discovery of a mumber The following statement, regarding the periods "‘I E5ATarietle St e
Pllcp i iiaruu Ao i

of faint. variable stars As the PLATE

NIC CLOUD

Source: http://adsabs.harvard.edu/abs/1908AnHar. .60...87L, http://adsabs.harvard.edu/abs/1912HarCi.173...
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Period and Brightness of Cepheid

Mag

Mag

Phase (period = 4.42)

Brightness: max mag (= 15.27) or min mag (= 15.75).
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Period—Luminosity Relation for 25 Cepheids
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" A straight line can be readily drawn among each of the two series of points
corresponding to maxima and minima, thus showing that there is a simple
relation between the brightness of the Cepheid variables and their periods.”

— Henrietta Leavitt
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Calibrating the PL Relationship with Parallax

SMC Cepheids all at approximately the same distance

v

v

PL relation: longer period cepheids are more luminous

v

for nearby Cepheids

» know distance through parallax
» use to calibrate PL relationship

v

Ejnar Hertzsprung makes first extragalactic distance
determination (30,000 ly to SMC)

still being improved today

v

See “The Period-Luminosity Relation: A Historical Review” http://adsabs.harvard.edu/full/1969PASP...81..707F
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Period Luminosity Relations in the LMC

7 o Cepheid Fundamental Mode
4 Cepheid 1st Overtone
+ RR Lyrae A
x Miras O-rich
Miras C-rich

15
I I

period

Computed using OGLE-III data.
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Limits of Cepheid Distances: NGC 3370

Cepheid variables detected as far as 100 million lyr in NGC 3370.

Source: By NASA/ESA, The Hubble Heritage Team and A. Riess (STScl) -
http://www.spacetelescope.org/images/html/opo0324b.html (direct link) 13/33


http://www.spacetelescope.org/images/html/opo0324b.html

Type la Supernovae: A Powerful Standard Candle

Supernovae involving two binary stars, one which is a white dwarf.

M - Absolute Magnitude

] 100 200 300

Type la Supernovae produce consistent peak luminosity

Video: https://upload.wikimedia.org/wikipedia/commons/transcoded/a/a7/Artist%E2%80%99s_impression_of_two_
white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova. ogg/Art ist%E2%80%99s _impression_of_two_white_
dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg.480p.webm
Source: http://www.uni.edu/morgans/astro/course/Notes/section2/sntypes.jpg
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https://upload.wikimedia.org/wikipedia/commons/transcoded/a/a7/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg.480p.webm
https://upload.wikimedia.org/wikipedia/commons/transcoded/a/a7/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg.480p.webm
https://upload.wikimedia.org/wikipedia/commons/transcoded/a/a7/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg.480p.webm

Supernovae in NGC 3370

NGC 3370
A. Riess (STScl)

SN1994ae

. .
HST ACS/WFC 2003 . G Ground 1994

Supernovae found out to about 10 billion + ly.

Source: http://hubblesite.org/newscenter/archive/releases/2003/24/image/c/



http://hubblesite.org/newscenter/archive/releases/2003/24/image/c/

The Universe is Expanding
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Spectrum of an Object
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Measure intensity of light as a function of wavelength

Source: http://spiff.rit.edu/classes/phys301/lectures/doppler/starburst_gal_small.gif

4000
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Using Redshift to Measure Radial Velocity

» radial velocity: rate of change of distance
between x (us) and y (star, galaxy)

» redshift: shift in spectrum due to radial
velocity

spectrum — redshift — radial velocity
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Further Away Objects Are Moving Away Faster?

+1000KM

S00KM

[ 0¥ PARSECS 2210% PARSECS
FIGURE 1 '

Velocity-Distance Relation among Extra-Galactic Nebulae.

Source: http://www.pnas.org/content/15/3/168.full.pdf
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Expanding Universe

Red shift

evidence ’/ /r

-"’ \ * e W
N
h £ :
-~ . g e :
L 8un s i
. \ Every raisin in a rising loaf of raisin bread
e will see every other raisin expanding
-y away fromiit.

Hubble constant (Hy ~ 71km/s/Mpc) is current expansion rate

Source: http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/uexp.gif
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Metric Expansion of Space

If x,y € R? are positions, the Euclidean distance is:

d(x,y) = V(1 —n)* + (e — y2)> + (xs — y3)?

But universe is non—Euclidean and expanding with time:

dtl(Xa.y) > dto(Xay)

for t; > to.
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Distance Ladder

Extragalactic Distance Ladder

The Hubble Constant
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Expansion of the Universe is Accelerating

» 1998 discovered using Supernovae
» 2011 Nobel Prize
» dark energy hypothesized to cause acceleration

us “ J WM
‘, et

42,
w
El Cluster Search (SCP)
S
Bao
= Miknaitis et al. (2007
8 Astier et al. (2006)
Cag Knop et al. (2003) (SCP)
8 Amanullah et al. (2008) (SCP)
0 Barris et al. (2004)
o Perlmutter et al. (1999) (SCP)
36, ‘
Holtzman et al. (2009
§  Hicken etal (2009)
, Kowalsk et al. (2008) (SCP)
34
! Riess et al. (1999)
Hamuy et al. (1996}
0.0 02 04 0.6 08 1.0 12 14
Redshift

Source: http://supernova.lbl.gov/union/figures/Union2.1_Hubble_slide.png
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Statistical Issues
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Classification for Parameter Estimation

Classification is rarely the final step, eg
» classify stars
» estimate PL relation for Cepheids
» compute distance to galaxy

How do we propagate uncertainty through the whole process?

Chad M. Schafer

Department of Statistics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213;
email: eschafer@cmu.edu
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Cepheid PL Relation: 100 Years Later

Cepheid light curve demography
via Bayesian functional data analysis

Toward better Cepheid luminosities

Tom Loredo,! Martin Hendry,” Dan Kowal, and David Ruppert®

‘Center for Radiophysics & Space Research, Cornell University: “SUPA School of Physics & Astronomy. University of Glasgow; *Dept. of Statistical Science, Cornell University

3. Bayesian FDA for Cepheids

~1. Introduction

N\ N\
Motivation
Conventional Cepheid calibration
+ The dark energy equation ofsate:
“To learnthe DE-EOS—.g.,the w parameter—we need 10 know the Hubble parameter + Estimate Vi fiting rea as precise
H, o 1% accuracy or bettr + Estimate the average Cepheid mageitude, 7, from lightcurve data D
« Cophed variablen + For Cepheids with known distance moduli, erfor inea regresion to estimte Leavitlaw parameters
“The main H, measurement bonleneck s the limited precison of the Cepheid vriable
period-luminosity relation (PLR). a foundaion fr the cosmic distance ladder Leavit law & observation model: Graphfor comventional approach
’
. i = o viog ()
Our project T0d
+ Goal: Improve ourabilityto infe Copheid luinostis from light curve abscrvations = Mok i = N1
 Move beyond stndard PLR analyses g N
iy model light curve diversity bout the “average” PLR
bl lght curve-luminosity relations (LCLRS)
alysis (FDA)
cmographicsofscalars o mulivarise vectors)—
sics
-+ Bayesian: Prob o light curvesas stochastic processes
N ! )
\ 2 1w
. . Bayesian FDA Cepheid calibration
7~ 2. Multilevel model, ~ 4 @
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Importance of Redshift

» spectrum — redshift
» redshift o< distance

» redshifts are very important

problem: spectra are very expensive to take
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Photometric Redshift Estimation
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With spectroscopy (left) we can easily calculate redshift.
Spectroscopy is expensive so we collect much more photometric data
(right). Want to predict redshift only using photometric
measurements.

Source: “A Framework for Statistical Inference in Astrophysics.” Schafer
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Quasar Photoz Dataset

13 rows out of ~ 50,000

SDSS_J R.A. Dec. z u_mag sig_u g_mag sig.g r_mag sig_r i_mag sig_1i z mag sig_z
000008. 26+151754.5 0.038605 15.298476 1.1986 19.921 0.042 19.811 0.036 19.386 0.017 19.165 0.023 19.323 0.069
00000S. 38+135618.4 0.039088 13.938447 2.2400 19.218 0.026 18.893 0.022 18.445 0.018 18.331 0.024 18.110 0.033
000008. 42-102751.9 0.039269 -10.464428 1.8442 19.249 0.036 18.028 0.027 18.980 0.021 18.791 0.018 18.751 0.047
000011.41+145545.6 0.047547 14.929353 0.4596 19.637 0.030 19.466 0.024 19.362 0.022 19.193 0.025 19.005 0.047
000011.96+000225.3 0.049842 0.040372 0.4790 18.237 0.028 17.971 0.020 18.025 0.018 17.956 0.014 17.911 0.029
000013.14+141034.6 0.054786 14.176303 0.9491 19.518 0.034 19.281 0.028 18.115 0.016 19.155 0.024 18.071 0.053
000017.38-085123.7 0.072421 - 8.856607 1.2499 16.151 0.034 18.722 0.020 18.263 0.021 18.276 0.038 18.260 0.037
000024.02+152005.4 0.100116 15.334840 0.9885 109.413 0.044 19.183 0.035 18.988 0.015 18.079 0.023 19.133 0.060
000026.28+134604.6 0.109578 13.767970 0.7678 19.345 0.030 18.998 0.023 18.922 0.023 19.010 0.022 18.838 0.042
000028.82-102755.7 0.120086 -10.465486 1.1377 20.461 0.086 18.697 0.030 18.176 0.016 18.143 0.023 18.105 0.061
000035.75-103305.3 0.148966 -10.551496 1.2177 19.404 0.041 18.455 0.029 18.045 0.015 18.006 0.023 18.181 0.066
000038.99-001803.9 0.162498 -0.301102  2.1224 19.204 0.044 19.076 0.022 18.886 0.017 18.894 0.018 18.794 0.044
000042.89+005539.5 0.178746 0.927660 0.9512 18.353 0.037 18.150 0.015 17.841 0.011 17.899 0.021 17.802 0.024

z column is calculated from spectroscopy. Use filter mag and
sig_filter columns to predict z.
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Photometric Redshift Estimation Accuracy
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Possible Project

Source: “A Framework for Statistical Inference in Astrophysics.” Schafer
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Non—Distance Motivations for Time Domain Astronomy
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Exoplanet Science

» fraction of stars with planets? multiple planets?

» population distribution of planet masses? orbital periods? etc?
» are there earth like planets? do aliens exist?

Planet Mass [Earth Mass]

&

1 @ Pre-2005
OPost-2005
©

e

0.01

10 100
Orbital Period [Days]

Source: R. Dawson, SAMSI ASTRO, 08/22/16

https://www.samsi.info/wp-content/uploads/2016/08/Dawson-SAMSI-Exoplanets-Farm-to-Table.pdf 32/33
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Variable Star Science

Use variable star data to better understand pulsation mechanisms,
deviations from strict periodicity, dust, etc.

P=
Q—V—V.V—FO'V—.T He*, transparent,
ee | . photons emit out,
—_ star getting cooler/
W=sp ) J less pressure
é 28 7] U;->U, Ug->U X
- He?*, opaque,
= s 1 photons bounce
back, star getting
“p 1 L 1 v . hotter/more
o 05 1 1.5 2
pressure

Source: http://www.stat.tamu.edu/ jlong/astrostat/fall2015/cephpl.pdf
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