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Our Place In SpaceOur Place In Space
Exploding Stars, the Expansion of the Universe, Cosmic Anti-

Gravity, and the Search for Extra-Terrestrial Intelligence



• Measuring DistancesDistances in Astronomy

• Einstein, Hubble, and Cosmic Expansion

• Cosmic Acceleration

• My Research: Using Supernovae to Measure
Distances and Cosmic Acceleration

   
   

O u t l i n eO u t l i n e



Distances in AstronomyDistances in Astronomy



Inverse Square Inverse Square LawLaw

FF = flux (or brightness) = flux (or brightness)
LL = luminosity (or power) = luminosity (or power)
dd = distance = distance



A A Standard CandleStandard Candle is a theoretical is a theoretical
astronomical object of knownastronomical object of known

intrinsic luminosity intrinsic luminosity LL, like a 100 Watt, like a 100 Watt
light bulb in spacelight bulb in space

Standard CandlesStandard Candles



• Measuring Distances in Astronomy

• Einstein, Hubble, and Cosmic ExpansionExpansion

• Cosmic Acceleration

• My Research: Using Supernovae to Measure
Distances and Cosmic Acceleration 
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The Size of the Known Universe in 1915The Size of the Known Universe in 1915



The Cosmological ConstantThe Cosmological Constant

••In 1917, Einstein introducedIn 1917, Einstein introduced
the cosmological constantthe cosmological constant
to allow for a to allow for a static universestatic universe,,
the favored theory of the time.the favored theory of the time.



Edwin Hubble (Edwin Hubble (1889-19531889-1953))

The 100 inchThe 100 inch
Hooker telescope at theHooker telescope at the
Mt. WilsonMt. Wilson Observatory Observatory

Edwin HubbleEdwin Hubble

Hubble SpaceHubble Space
TelescopeTelescope

1990 1990 –– ???? ????

Measuring theMeasuring the
velocities andvelocities and
distances ofdistances of

““spiral-spiral-
nebulaenebulae””



RedshiftRedshift



Cepheid Variable StarsCepheid Variable Stars



HubbleHubble’’s Diagram (1929)s Diagram (1929)

Most galaxies are Most galaxies are redshifted redshifted (positive velocity)(positive velocity)
The more distant ones move faster.The more distant ones move faster.

Exactly what youExactly what you’’d expect for a d expect for a Big BangBig Bang!!
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EinsteinEinstein’’s Biggest Blunder?s Biggest Blunder?

••If Einstein hadnIf Einstein hadn’’t been sot been so
insistent on a staticinsistent on a static
universe, he could haveuniverse, he could have
predictedpredicted the Big Bang and the Big Bang and
the expansion of thethe expansion of the
universe years beforeuniverse years before
HubbleHubble’’s 1929 discovery.s 1929 discovery.



• Measuring Distances in Astronomy

• Einstein, Hubble, and Cosmic Expansion

• Cosmic AccelerationAcceleration

• My Research: Using Supernovae to Measure
Distances and Cosmic Acceleration
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The Universe as a Time MachineThe Universe as a Time Machine

••Distant objects give us snapshots ofDistant objects give us snapshots of
the universe in the past.the universe in the past.

••The redshift tells us how much theThe redshift tells us how much the
universe has expanded since the lightuniverse has expanded since the light
left the object.left the object.

••Measure Measure redshift redshift and distance forand distance for
many objects, reconstruct a movie ofmany objects, reconstruct a movie of
the cosmic expansion history.the cosmic expansion history.



Possible Expansion HistoriesPossible Expansion Histories



The Accelerating Universe (1998)The Accelerating Universe (1998)

ModernModern
HubbleHubble
DiagramDiagram

Hubble’s 

Dark Energy?Dark Energy?

Return of theReturn of the
cosmologicalcosmological
constant?constant?



• Measuring Distances in Astronomy

• Einstein, Hubble, and Cosmic Expansion

• Cosmic Acceleration

• My Research:Research: Using Supernovae to Measure
Distances and Cosmic Acceleration
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SupernovaSupernova
A single exploding star canA single exploding star can
outshines an entire galaxy!outshines an entire galaxy!

SN 1994d SN 1994d –– Hubble Space Telescope Hubble Space Telescope

SN 1999bh SN 1999bh ––  KatzmannKatzmann
Automated ImagingAutomated Imaging
Telescope & AndyTelescope & Andy



Type Ia SupernovaeType Ia Supernovae
Thermonuclear Bombs in Space!
Explosions of White Dwarfs in Binary Systems

WD Accretion From Main
Sequence Companion

Merger of 2 White Dwarfs

Artist’s Conceptions



Aug 1Sept 22Oct 1Oct 5Oct 10Oct 20Oct 30Oct 31Nov 17Nov 25

Courtesy: Robert P. Courtesy: Robert P. KirshnerKirshner

The Rise and Fall of AphroditeThe Rise and Fall of Aphrodite



Type Type Ia SNeIa SNe: : Optical Light CurvesOptical Light Curves
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Time (Days)Time (Days)

••Type Ia Type Ia SNe SNe areare
not perfectnot perfect
standard candlesstandard candles
at opticalat optical
wavelengthswavelengths

••Fortunately theFortunately the
brightest onesbrightest ones
decline slowestdecline slowest

••True atTrue at  opticaloptical
wavelengthswavelengths



Type Ia Type Ia SneSne: : Infrared Light CurvesInfrared Light Curves

Time (Modified Julian Days)Time (Modified Julian Days)
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Krisciunas 2005

(left) Typical Light Curves. (right) (left) Typical Light Curves. (right) SNe Ia SNe Ia may be better standardmay be better standard
candles at infrared wavelengths (1-2 candles at infrared wavelengths (1-2 µµm) vs. optical wavelengths.m) vs. optical wavelengths.



The The PPeters eters AAutomated utomated IInfranfraRReded
IImaging maging TELTELescopeescope

Fred Lawrence WhippleFred Lawrence Whipple
Observatory, Observatory, MountMount
Hopkins, ArizonaHopkins, Arizona

www.www.pairitelpairitel.org.org



Sample Infrared Light Curves from PAIRITEL (3 years of data)

05hk, 05ke not
used in template
(“dromedary”)

((Wood-VaseyWood-Vasey, W.M., Friedman, A.S. et al. 2007), W.M., Friedman, A.S. et al. 2007)



Infrared Light Curve Templates

Wood-Vasey, Friedman et al. 2007 (FIG 2)

•Dashed line shows how
uncertain the standard light
curve is

•Most Standard in H Band
(green)

•Very little wiggle room
(dashed lines) around the
solid curve, especially
between days -10 and 30.



NASA/DOE Joint Dark Energy Mission

DESTINY
Dark Energy
Space
Telescope

Will study
thousands of
Supernovae at
optical/infrared
wavelengths



100 Billion Years of Solitude100 Billion Years of Solitude

The Observable 
Universe Now

100 billion years later





PAIRITEL JHKs Images: 06D, 05ls

Wood-Vasey, Friedman et al. 2007
(astro-ph/0711.2068v1)



False Color PAIRITEL JHK Images



Research Collaborators
CfA Supernova Group
Robert Kirshner, Christopher
Stubbs, Stephane Blondin,
W. Michael Wood-Vasey,
Pete Challis, Malcolm
Hicken, Andrew Friedman,
Kaisey Mandel, Gautham
Narayan, (Harvard), Maryam
Modjaz (UC Berkeley)

PAIRITEL Project
Joshua Bloom, Dan Starr
(UC Berkeley), Cullen
Blake, Emilio Falco, Andy
Szentgyorgi (Harvard), Mike
Skrutskie (Virginia)



The accelerating universeThe accelerating universe

Dark EnergyDark Energy
Return of theReturn of the
cosmologicalcosmological
constant?constant?



PAIRITEL SNe Ia Light Curves



PAIRITEL SNe Ia Light Curves

Not Used in Template



PAIRITEL SNe Ia Light Curves



PAIRITEL SNe Ia Light Curves

Not Used in Template



PAIRITEL SNe Ia Light Curves

Not in WV07



Sample LCs: Preliminary (Not in WV07)



Sample LCs: Preliminary (Not in WV07)



Sample LCs: Preliminary (Not in WV07)



The The Friedmann Friedmann equationsequations
Solutions to EinsteinSolutions to Einstein’’s Field Equations ofs Field Equations of
General Relativity, which describe anGeneral Relativity, which describe an
expanding (or contracting) universe.expanding (or contracting) universe.

Alexander Alexander 
FriedmannFriedmann
1888-19251888-1925

Einstein introduced GeneralEinstein introduced General
Relativity in 1915 but theseRelativity in 1915 but these
solutions were not foundsolutions were not found
until 1922, by until 1922, by FriedmannFriedmann



Modern Hubble DiagramModern Hubble Diagram
ve

lo
ci

ty
ve

lo
ci

ty

distancedistance

Jha Jha et al. 2006 in prep.et al. 2006 in prep.HubbleHubble’’ss
originaloriginal

diagram diagram 



A universe of galaxiesA universe of galaxies



HISTORICAL SUPERNOVAEHISTORICAL SUPERNOVAE

Kepler's remnantEurope (Kepler), China, Japan, Korea1604

Large Magellanic CloudSN 1987A – southern hemisphere1987

Tycho's remnantEurope (Tycho Brahe), China, Japan1572

Possible identification
with radio SNR 3C58China, Japan1181

Crab NebulaChina, Japan1054

Identified with radio SNRChina, Japan, Korea, Arab lands, Europe1006

unknownChina393

unknownChina386

Identification in doubt
(Chin and Huang 1994)China185AD

StatusReportYear



EinsteinEinstein’’s theory of gravitys theory of gravity

The matter energyThe matter energy
content of space-content of space-

timetime

The curvature ofThe curvature of
space-timespace-time

EinsteinEinstein’’s Field Equations Field Equation

••Matter and Energy tell spaceMatter and Energy tell space
and time how to curve.and time how to curve.
••The curvature of space andThe curvature of space and
time tells matter and energytime tells matter and energy
how to move.how to move.
••In general relativity, In general relativity, gravitygravity
isis  curved space-timecurved space-time!!



High redshift Hubble diagramHigh redshift Hubble diagram
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RedshiftRedshift



Cosmological Inverse sq. lawCosmological Inverse sq. law



Type Ia light curvesType Ia light curves

••We observe theWe observe the
SN through differentSN through different
filters that only letfilters that only let
through colors inthrough colors in
some range.some range.

••UBVRI are namesUBVRI are names
for color ranges atfor color ranges at
optical wavelengthsoptical wavelengths

••JHK are infraredJHK are infrared
color rangescolor ranges

Time (Modified Julian Days)Time (Modified Julian Days)
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possible expansion historiespossible expansion histories



Geometry of the universeGeometry of the universe

FlatFlat

OpenOpen

ClosedClosed



Star warsStar wars
•Gravity vs. pressure.



White dwarfsWhite dwarfs

•A White Dwarf star is a dead star (i.e. no
nuclear fusion), about as massive as the sun,
but shrunk to the size of the Earth.
•WDs are held up by the pressure from the
mutual repulsion of their electrons



White dwarfsWhite dwarfs

A White Dwarf (WD) star exists in a so-
called degenerate state of matter.  WDs
shrink when you add mass to them.



Neutron starsNeutron stars

••A Neutron Star (NS) is a dead star (no fusion)A Neutron Star (NS) is a dead star (no fusion)
as massive as the sun, but the size of a city.as massive as the sun, but the size of a city.

••NSsNSs are held up by the pressure from the are held up by the pressure from the
mutual repulsion of their neutronsmutual repulsion of their neutrons



PULsarsPULsars

•Pulsars are rapidly rotating neutron stars
with radio or X-ray beams like lighthouses
•Pulsars rotate with precise regularity that
beats our best atomic clocks.



Quark stars ?Quark stars ?

••A Quark Star may be held up by the pressureA Quark Star may be held up by the pressure
from the mutual repulsion of its quarksfrom the mutual repulsion of its quarks



Star warsStar wars
Astrophysical ObjectAstrophysical Object     Force Fighting GravityForce Fighting Gravity

PeoplePeople   Electromagnetism  Electromagnetism

PlanetsPlanets   Electromagnetism  Electromagnetism

ProtostarsProtostars   Thermal Pressure   Thermal Pressure 
  (gravitational contraction)  (gravitational contraction)

Main Sequence StarsMain Sequence Stars   Thermal Pressure   Thermal Pressure 
  (nuclear fusion)  (nuclear fusion)

White DwarfsWhite Dwarfs   electron degeneracy pressure  electron degeneracy pressure

Neutron StarsNeutron Stars   neutron degeneracy pressure  neutron degeneracy pressure

Quark StarsQuark Stars   quark pressure?  quark pressure?

Black HolesBlack Holes   NOTHING!  NOTHING!



question #1question #1

• The guest lecturer
• A teaspoon of material from the sun’s core
• A teaspoon of white dwarf material
• A teaspoon of neutron star material
• The mass of all six billion human beings on Earth

A Neutron Star has an average density of aboutA Neutron Star has an average density of about
10101414 g/cm g/cm33. A teaspoon has a volume of about 5. A teaspoon has a volume of about 5
cmcm33.  Assuming an average person weighs 50kg,.  Assuming an average person weighs 50kg,
which of the following has the most total mass?which of the following has the most total mass?



Type I i SupernovaeType I i Supernovae
Gravity Bombs!
Gravitational Core Collapse of Massive Stars

Once the pressure support from fusion
disappears, the star’s core collapses, leading to a
supernova as the outer layers fall in and rebound

•For stars with M > 8 Msun

main sequence nuclear
fusion results in an onion-like
structure w/ an Iron core

•Star can’t get any more
energy from fusing Iron

DEMODEMO



Stellar Explosion Stellar Explosion MOVIEsMOVIEs

Gamma Ray Burst Movie

Core Collapse
Supernova Movie



Leftover Leftover COMpactCOMpact objects objects

NEUTRON STAR
Type II

BLACK HOLE

NEUTRON STAR?Failed Type Ia

NOTHING!Type Ia

BLACK HOLEGamma-Ray Burst

Compact
Remnant

Type of Stellar
Explosion



The The FriedmannFriedmann equations equations
Solutions to EinsteinSolutions to Einstein’’s Field Equations ofs Field Equations of
General Relativity, which describe anGeneral Relativity, which describe an
expanding (or contracting) universe.expanding (or contracting) universe.

Alexander Alexander 
FriedmannFriedmann
1888-19251888-1925

Einstein introduced GeneralEinstein introduced General
Relativity in 1915 but theseRelativity in 1915 but these
solutions were not found untilsolutions were not found until
1922, by 1922, by FriedmannFriedmann

George George 
LemaitreLemaitre

1894-19661894-1966



Gamma-ray bursts (Gamma-ray bursts (GRBsGRBs))
The Brightest Explosions in the Universe!

Long GRBs - Related to core
collapse Supernovae of

Some Massive Stars

Short GRBs – Probably
Merging Neutron Stars

A short-lived accretion disk forms around newly
formed black hole.  High velocity jets produced
which emit paired beams of gamma-rays.



The isotropic equivalent
gamma-ray energy Eiso is

a bad standard candle

Data from: Friedman & Bloom 2005

GRB GRB EnergeticsEnergetics
The beaming corrected

gamma-ray energy Eγ is a
better standard candle



GrbGrb standardized candles standardized candles
Y-axis: Ep
The peak energy at
which most of the
gamma-ray light is
emitted (this is like the
dominant gamma-ray
color of the GRB)

X-axis: Eγ
The total energy
emitted in gamma
rays, corrected for
beaming (this is
related to the intrinsic
luminosity of the GRB)

Friedman & Bloom 2005



Friedman & Bloom 2005

Ep and Eγ Eγ
GrbGrb Hubble diagram Hubble diagram



NasaNasa swift satellite swift satellite



Sky & Telescope, Aug 2006



False Color PAIRITEL JHK Images



Type Ia light curvesType Ia light curves

••The peak absoluteThe peak absolute
brightness (orbrightness (or
luminosity luminosity LL) of a) of a
Type Ia supernova isType Ia supernova is
roughlyroughly constant constant
from event to eventfrom event to event

••If we measure theIf we measure the
apparent brightnessapparent brightness
(or flux (or flux FF), we can), we can
infer the distance infer the distance dd if if
we somehow know we somehow know LL


