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The Cosmic Distance Ladder

- Distances far too vast to be measured directly

- Several methods of indirect measurement
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- Clever methods relying on careful observation e /
and basic mathematics '

- Cosmic distance ladder: A progression of
indirect methods which scale, overlap, &
calibrate parameters for large distances in terms
of smaller distances
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Standard Candles

Standard Candles

Magnitude: Historical unit (Hipparchus) of stellar
brightness such that 5 magnitudes represents a factor
of 100 in intensity

Apparent magnitude: Number assigned to visual
brightness of an object; originally a scale of 1-6

Absolute magnitude: Magnitude an object would have
at 10 pc (convenient distance for comparison)
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The Cosmic Distance Ladder
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The Cosmic Distance Ladder

Parallax to nearby stars ~150 pc
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Presenter
Presentation Notes
FIGURE 16-33 Techniques for Measuring Cosmological Distances 
Astronomers use different methods to determine different
distances in the universe. All of the methods shown here
are discussed in the text.



The Cosmic Distance Ladder

Spectroscopic parallax to stars in galaxy
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Presentation Notes
FIGURE 16-33 Techniques for Measuring Cosmological Distances 
Astronomers use different methods to determine different
distances in the universe. All of the methods shown here
are discussed in the text.



The Cosmic Distance Ladder

Calibrated variable stars in MW galaxy ~30 kpc
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Presentation Notes
FIGURE 16-33 Techniques for Measuring Cosmological Distances 
Astronomers use different methods to determine different
distances in the universe. All of the methods shown here
are discussed in the text.



The Cosmic Distance Ladder

Calibrated variable stars, supernovae ~3 Mpc
In ‘nearby’ galaxies
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Presentation Notes
FIGURE 16-33 Techniques for Measuring Cosmological Distances 
Astronomers use different methods to determine different
distances in the universe. All of the methods shown here
are discussed in the text.



The Cosmic Distance Ladder

Calibrated variable stars, supernovae, most
massive galaxies in ‘distant’ clusters

~150 Mpc to 1 Gpc

3.26 ly 3261y 326 ly 3.26 kly 32.6 kly 326 kly 3.26 Mly 32.6 Mly 326 Mly 3260 Mly
I pc 10 pe 100 pe | kpe 10 kpe 100 kpe ! Mpc 10 Mpe 100 Mpc 1000 Mpc
A A A '

‘n'r'i rgo —e-

e
-

Coma —

cluster
cluster

o
=

=%
=,

F]L'i..'ll._li_'?-

cluster
our Galaxy —

Centauri
Center of

Parallax (Hipparcos) Population Il RR Lyrae variables Tvpe la supernovae

out to 150 pe 5 to 100 kpe | to over 1000 Mpc
Spectroscopic parallax . Tully-Fisher
40 pc to 10 kpe 700 kpe to 150 Mpc

Population I Cepheid variables

1 i;]\\',‘ to 30 ,"\[p.;

5/3/2017 PHYS 3368: Principles of Astrophysics & Cosmology



Presenter
Presentation Notes
FIGURE 16-33 Techniques for Measuring Cosmological Distances 
Astronomers use different methods to determine different
distances in the universe. All of the methods shown here
are discussed in the text.



The Cosmic Distance Ladder
Hubble’'s Law ~3 GpcC
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Presentation Notes
FIGURE 16-33 Techniques for Measuring Cosmological Distances 
Astronomers use different methods to determine different
distances in the universe. All of the methods shown here
are discussed in the text.



Parallax

O 1 AU =1.49597870700 x 10'* m
O 11y =9.46 053 x 10> m = 6.324 x 10* AU
O 1 pc=3.085678 x 10 m =3.261633 ly = 206 264.81 AU

1 parsec (pc): Distance from the Sun to an astronomical
object for which the parallax angle is one arcsecond

Stellar parallax: A nearby star's apparent movement against
the background of more distant stars as the Earth revolves
around the Sun

By taking measurements of the same star 6 months apart
and comparing the angular deviation, distance to the star
can be calculated

1st performed by Friedrich Wilhelm Bessel (1838)

Limit of measurement with Earth based telescopes is about
20 pc (includes around 2000 stars)

Hipparcos satellite (1989-1993) measured parallax
accurately to about 200 pc (nearly a million stars)

O Precision parallax measurements of 273 Cepheid variables; 2
of them not previously observed

Earth
\ (January)

5/3/2017 PHYS 3368: Principles of Astrophysics & Cosmology 13



RR Lyrae Variables -

Short period variable stars (< 1 day)

1.2
Commonly found in globular clusters
v 74
Named after prototype RR Lyrae in Lyra i
-
U Consumed H at core g 7.
U Evolved off of main sequence & passed E
through red giant stage = 7.8
U He fusion in core 8.0
Pulsating horizontal branch stars 06 08 00 02 04 06 0.8
Q Spectral class A (F occasionally) Phase

U Mass = 0.5 solar mass; originally about 0.8
solar mass but shed mass during evolution
Pulse in @ manner similar to Cepheids

U Old, low mass, metal-poor, Population I
stars

U More common but less luminous than
Cepheids

QO Absolute mag = 0.75 (40-50 times Lo)

Good standard candles for relatively near
objects (within Milky Way)

Also used in globular cluster studies & to
study chemical properties of older stars

5/3/2017 PHYS 3368: Principles of Astrophysics & Cosmology 14



Cepheid Variables

Cepheid variables (Population | stars) make good
standard candles because:

U Long period variables

O Follow a well-defined period-luminosity
relationship

O Bright giants -- luminous enough to see at
great distances

Henrietta Swan Leavitt (1868-1921): Observed a
certain class of stars that oscillated in brightness
periodically (1908)

Plotting absolute magnitude (luminosity) vs period
yielded a precise relationship

Provided another way to obtain absolute brightness,
& hence observed distances

Because Cepheids are so bright, this method works
up to ~5 Mpc

Most galaxies have at least one Cepheid in them, so
distances to ‘nearby’ galaxies can be determined

Using Cepheid Variables as Standard Candles

5/3/2017 PHYS 3368: Principles of Astrophysics & Cosmology
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Planetary Nebulae

Planetary nebula luminosity function (PNLF) is a
secondary distance indicator

Uses the [O 111] A5007 forbidden line found in all
planetary nebula which are members of old
stellar populations (Population Il)

Works well for both spiral and elliptical galaxies
despite completely different stellar populations

Part of the Extragalactic Distance Scale

The Ring Nebula (NGC 6720) 17


http://en.wikipedia.org/wiki/File:Extragalactic_distance_ladder.JPG

Most Luminous Supergiants

e Brightest supergiants in a given galaxy will
have about the same absolute magnitudes:

. -
L
L About -8 for red supergiants 2 - A
L About -9 for blue supergiants '
] . -

* These two types of supergiants can be seen
out to about 15 Mpc & 25 Mpc respectively

Galactic center: Sgr A" is located near the center of this image.
Most of these stars are very young and massive and heavily
reddened . Spectroscopic studies indicate that the stars are
luminous super giants and only a few 10s of millions years old.

e Compared to a maximum distance of ~ 5 Mpc
for Cepheid variables

VY Canis Majoris (Class M hypergiant) : 3 x 10°times
solar luminosity; about 25 times solar mass.

5/3/2017 PHYS 3368: Principles of Astrophysics & Cosmology 18



Most Luminous Globular Clusters

Beyond 25 Mpc, even the brightest
blue supergiants fade from view

Use entire star clusters & nebulae
for luminosity measurement

Brightest globular clusters: total
luminosity of ~ magnitude -10; -
observable out to ~40 Mpc

The M80 globular cluster in the constellation Scorpius is located ~ 28,000 ly
from the Sun and contains hundreds of thousands of stars.

5/3/2017 PHYS 3368: Principles of Astrophysics & Cosmology 19



H Il Regions

H Il regions: Areas in space which are luminous with
the emission spectrum of ionized

Brightest H Il regions: absolute magnitudes of ~ -12;
observable to ~ 100 Mpc

Compared to ~ 40 Mpc for brightest globular clusters

Associated with massive O-type & B-type stars
O Surface temperatures in the range 15 000 — 60 000 K
U Characteristic blackbody radiation curves peak in UV

Often surrounded by vast clouds of H gas

UV can ionize the H atoms:
U H atoms tend to attract electrons & reassemble

O Captured electrons cascading down through the
guantum states of the H atom

U Emit characteristic photons of light upon each
downward jump

Eagle Nebula (M16): “The Pillars of Creation”

5/3/2017 PHYS 3368: Principles of Astrophysics & Cosmology 20



Supernovae (SNe)

* Beyond 100 Mpc even the brightest Hll
regions are indistinct

e SNe types Ib, Ic & Il (core collapse)
e Show large brightness variations
e Intervening matter absorbs light

* Type 1a SNe

e Only individual ‘standardizable’ candles
are SNe which can reach a peak
magnitude =-19.3 £ 0.3

* Not as uniform in absolute magnitude
as once believed

e Period-luminosity relationship (period
of decline in magnitude as SN fades)

* Provide a distance measurement
uncertainty approaching 5% over vast
distance ranges of ~ 1 000 Mpc (1 Gpc)

5/3/2017 PHYS 3368
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https://en.wikipedia.org/wiki/SN_1994D
https://en.wikipedia.org/wiki/NGC_4526
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The Standard Model
of Cosmology

4 e e ol o o The Universe Adventure

- g i Y4 b : . = - The Standard Model of Cosmology
Hubble Ultra Deep Field
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Presenter
Presentation Notes
APOD: Hubble Ultra Deep Field 2014 �Explanation: Galaxies like colorful pieces of candy fill the Hubble Ultra Deep Field 2014. The dimmest galaxies are more than 10 billion times fainter than stars visible to the unaided eye and represent the Universe in the extreme past, a few 100 million years after the Big Bang. The image itself was made with the significant addition of ultraviolet data to the Hubble Ultra Deep Field, an update of Hubble's famous most distant gaze toward the southern constellation of Fornax. It now covers the entire range of wavelengths available to Hubble's cameras, from ultraviolet through visible to near-infrared. Ultraviolet data adds the crucial capability of studying star formation in the Hubble Ultra Deep Field galaxies between 5 and 10 billion light-years distant. 

http://cosmology.berkeley.edu/Education/CosmologyEssays/The_Standard_Cosmology.html
http://www.universeadventure.org/index.html
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Hubble Constant & Redshift

The straight line that best
fits the data corresponds
to Hy =71 km/s/Mpc.
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Edwin Hubble (1889-1953)

Hubble Time: t, = 1/H, = 13.77 Gyr £ 0.11 Gyr
Age of Universe: t;=0.957 * t, = 13.18 Gyr = 0.11 Gyr (ACDM)
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Presenter
Presentation Notes
Formulated the law relating velocity (as observed by redshift) with distance
Plotted recession velocity (km/s) vs distance (Mpc)
‘Big Bang’ model of the expanding universe
Combined existing data against more precise redshift measurements & known speed of light  
Hubble’s law can then be used to give another measurement of distance at the largest (cosmological) scales
These measurements have led to accurate maps of the universe at large scales
Discoveries of large-scale structures not otherwise observable
Ex: Great Wall, Great Attractor, etc.


Hubble Constant & Redshift

Hubble Constant: Hubble Constant A
LUpBIle Lonsian
* HST (2001 -2005): calculated using different survey methods 2000 =

U Type la supernovae (yield relative distances ‘ =
to ~ 5%) along with data from Cepheids . HO 68 kme MpC

O H,=72km/s/Mpc £ 8 km/s/Mpc
O t, =13.6 Gyr
Q t, =13.0 Gyr

e WMAP (2010):
O H,=71.0 % 2.5 km/s/Mpc
O t, =13.75 Gyr £ 0.11 Gyr
O t, =13.16 Gyr £ 0.11 Gyr

e Planck (2013):
O H,=67.74 + 0.46 km/s/Mpc
O t, =14.43 £0.05 Gyr
O t, =13.81 Gyr £ 0.05 Gyr

e HST (2016):
O H,=73.00 km/s/Mpc = 1.75 km/s/Mpc
0 t, =13.39 Gyr
O t, = 12.81 Gyr

e SDSS Il BOSS (2016):
O H,=67.6 km/s/Mpc £ 0.7 km/s/Mpc

J 1, =14.46 Gyr " Hubble Spitzer WMAP9  Planck
O t, = 13.84 Gyr (2011) (2012) (2012) (2013)
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Evidence for Big Bang and Problems with Big Bang Model

Hubble eXtreme Deep Field

HST ACS/WFC WFC3/IR
Lookback Time



http://hyperphysics.phy-astr.gsu.edu/hbase/Astro/cosmo.html
https://youtu.be/hDcWqidxvz4

Standard Model of Cosmology (A\CDM)
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Presenter
Presentation Notes
APOD: 2006 March 23 - Inflating the Universe �Explanation: The Universe is expanding gradually now. But its initial expansion was almost impossibly rapid as it likely grew from quantum scale fluctuations in a trillionth of a second. In fact, this cosmological scenario, known as Inflation, is now reported to be further quantified by an analysis of three years of data from the WMAP spacecraft. WMAP's instruments detect the cosmic microwave background radiation - the afterglow light from the early Universe. WMAP's amazing success in exploring the first trillionth of a second and favoring specific inflationary scenarios lies in its ability to make unprecedented, precise measurements of the properties of the microwave background. The subtle properties are distilled from conditions in the early Universe and related to its first moments of existence. Schematically, this diagram traces the 13.7 billion year (plus a trillionth of a second ...) history of the Universe from the quantum scale to the formation of stars, galaxies, planets, and WMAP. 


History of the Universe

Inflation
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Presenter
Presentation Notes
Big Bang Expansion and the Fundamental Forces 
Modeling of the "Big Bang" expansion of the universe at earlier and earlier times has led to the use of the "Planck time" of 10-43 seconds as a proposed interval during which all the fundamental forces were unified into a single force. The graphic on this slide is an attempt to illustrate the "spontaneous symmetry breaking" which is presumed to have separated the original force into the four forces which we see operating in the present, low temperature universe. Proposed energies and temperatures associated with each of the symmetry breaks are shown along with a modeling of the time elapsed in the big bang model. (http://hyperphysics.phy-astr.gsu.edu/hbase/astro/unify.html#c1)


http://hyperphysics.phy-astr.gsu.edu/Hbase/Astro/bbang.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/Astro/bbang.html



Presenter
Presentation Notes
APOD: 2005 September 25 - WMAP Resolves the Universe �Explanation: Analyses of a new high-resolution map of microwave light emitted only 380,000 years after the Big Bang appear to define our universe more precisely than ever before. The eagerly awaited results announced last year from the orbiting Wilkinson Microwave Anisotropy Probe resolve several long-standing disagreements in cosmology rooted in less precise data. Specifically, present analyses of above WMAP all-sky image indicate that the universe is 13.7 billion years old (accurate to 1 percent), composed of 73 percent dark energy, 23 percent cold dark matter, and only 4 percent atoms, is currently expanding at the rate of 71 km/sec/Mpc (accurate to 5 percent), underwent episodes of rapid expansion called inflation, and will expand forever. Astronomers will likely research the foundations and implications of these results for years to come. 
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Presenter
Presentation Notes
APOD: 2013 March 25 - Planck Maps the Microwave Background 
Explanation: What is our universe made of? To help find out, ESA launched the Planck satellite to map, in unprecedented detail, slight temperature differences on the oldest surface known -- the background sky left billions of years ago when our universe first became transparent to light. Visible in all directions, this cosmic microwave background is a complex tapestry that could only show the hot and cold patterns observed were the universe to be composed of specific types of energy that evolved in specific ways. The results, reported last week, confirm again that most of our universe is mostly composed of mysterious and unfamiliar dark energy, and that even most of the remaining matter energy is strangely dark. Additionally, Planck data impressively peg the age of the universe at about 13.81 billion years, slightly older than that estimated by various other means including NASA's WMAP satellite, and the expansion rate at 67.3 (+/- 1.2) km/sec/Mpc, slightly lower than previous estimates. Some features of the above sky map remain unknown, such as why the temperature fluctuations seem to be slightly greater on one half of the sky than the other. 
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Presentation Notes
The age and ultimate fate of the universe can be determined by measuring the Hubble constant today and extrapolating with the observed value of the deceleration parameter, uniquely characterized by values of density parameters (ΩM for matter and ΩΛ for dark energy). A "closed universe" with ΩM > 1 and ΩΛ = 0 comes to an end in a Big Crunch and is considerably younger than its Hubble age. An "open universe" with ΩM ≤ 1 and ΩΛ = 0 expands forever and has an age that is closer to its Hubble age. For the accelerating universe with nonzero ΩΛ that we inhabit, the age of the universe is coincidentally very close to the Hubble age.

http://burro.astr.cwru.edu/JavaLab/Cosmo/CosmoMain.html
http://burro.astr.cwru.edu/JavaLab/Cosmo/CosmoMain.html
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Cosmological Composition
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Presentation Notes
APOD: 2002 August 20 - The Universe in Hot Gas �Explanation: Where is most of the normal matter in the Universe? Recent observations from the Chandra X-ray Observatory confirm that it is in hot gas filaments strewn throughout the universe. "Normal matter" refers to known elements and familiar fundamental particles. Previously, the amount of normal matter predicted by the physics of the early universe exceeded the normal matter in galaxies and clusters of galaxies, and so was observationally unaccounted for. The Chandra observations found evidence for the massive and hot intergalactic medium filaments by noting a slight dimming in distant quasar X-rays likely caused by hot gas absorption. The above image derives from a computer simulation showing an expected typical distribution of hot gas in a huge slice of the universe 2.7 billion light-years across and 0.3 billion light years thick. The distribution of much more abundant dark matter likely mimics the normal matter, although the composition of the dark matter remains mysterious. Both the distribution and the nature of the even more abundant dark energy also remain unknown. 
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Presenter
Presentation Notes
APOD: 2008 September 17 - MACSJ0025: Two Giant Galaxy Clusters Collide �Explanation: What happens when two of the largest objects in the universe collide? No one was quite sure, but the answer is giving clues to the nature of mysterious dark matter. In the case of MACSJ0025.4-1222, two huge clusters of galaxies have been found slowly colliding over hundreds of millions of years, and the result has been imaged by both the Hubble Space Telescope in visible light and the Chandra Space Telescope in X-ray light. Once the above visible image was recorded, the location and gravitational lens distortions of more distant galaxies by the newly combined galaxy cluster allowed astronomers to computationally determine what happened to the clusters' dark matter. The result indicates that this huge collision has caused the dark matter in the clusters to become partly separated from the normal matter, confirming earlier speculation. In the above combined image, dark matter is shown as the diffuse purple hue, while a smoothed depiction of the X-ray hot normal matter is shown in pink. MACSJ0025 contains hundreds of galaxies, spans about three million light years, and lies nearly six billion light years away (redshift 0.59) toward the constellation of Monster Whale (Cetus). 
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Presenter
Presentation Notes
APOD: 2008 August 23 - The Matter of the Bullet Cluster �Explanation: The matter in galaxy cluster 1E 0657-56, fondly known as the "bullet cluster", is shown in this composite image. A mere 3.4 billion light-years away, the bullet cluster's individual galaxies are seen in the optical image data, but their total mass adds up to far less than the mass of the cluster's two clouds of hot x-ray emitting gas shown in red. Representing even more mass than the optical galaxies and x-ray gas combined, the blue hues show the distribution of dark matter in the cluster. Otherwise invisible to telescopic views, the dark matter was mapped by observations of gravitational lensing of background galaxies. In a text book example of a shock front, the bullet-shaped cloud of gas at the right was distorted during the titanic collision between two galaxy clusters that created the larger bullet cluster itself. But the dark matter present has not interacted with the cluster gas except by gravity. The clear separation of dark matter and gas clouds is considered direct evidence that dark matter exists. 
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Presentation Notes
APOD: 2007 August 20 - Cluster Crash Illuminates Dark Matter Conundrum �Explanation: Huge clusters of galaxies are surely colliding in Abell 520 but astrophysicists aren't sure why the dark matter is becoming separated from the normal matter. The dark matter in the above multi-wavelength image is shown in false blue, determined by carefully detailing how the cluster distorts light emitted by more distant galaxies. Very hot gas, a form of normal matter, is shown in false red, determined by the X-rays detected by the Earth-orbiting Chandra X-ray Observatory. Individual galaxies dominated by normal matter appear yellowish or white. Conventional wisdom holds that dark matter and normal matter are attracted the same gravitationally, and so should be distributed the same in Abell 520. Inspection of the above image, however, shows a surprising a lack of a concentration of visible galaxies along the dark matter. One hypothetical answer is that the discrepancy is caused by the large galaxies undergoing some sort of conventional gravitational slingshots. A more controversial hypothesis holds that the dark matter is colliding with itself in some non-gravitational way that has never been seen before. Further simulations and study of this cluster may resolve this scientific conundrum. 





HETDEX and the Expansion History of the Universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of \
400,000 yrs. Galaxies, Planets, etc.

HETDEX is the dominant
player in studying these

Big Bang Expansion

13.7 billion years
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The Big Crunch


Cosmological Constant

5/3/2017


Presenter
Presentation Notes
APOD: 2007 October 21 - Will the Universe End in a Big Rip? �Explanation: How will our universe end? Recent speculation now includes a pervasive growing field of mysterious repulsive phantom energy that rips virtually everything apart. Although the universe started with a Big Bang, analysis of cosmological measurements allows a possibility that it will end with a Big Rip. As soon as few billion years from now, the controversial scenario holds, dark energy will grow to such a magnitude that our own Galaxy will no longer be able to hold itself together. After that, stars, planets, and then even atoms might not be able to withstand the expansive internal force. Previously, speculation on the ultimate fate of the universe centered on either a re-collapsing Big Crunch or a Big Freeze. Although the universe's fate is still a puzzle, piecing it together will likely follow from an increased understanding of the nature of dark matter and dark energy. 

http://en.wikipedia.org/wiki/Cosmological_constant
http://www.interactions.org/quantumuniverse/qu/index.html
http://en.wikipedia.org/wiki/Cosmological_constant

Open questions, Missing links  &xr &wm. vogtey, pasp120,35 2008)

What is dark energy?

s it @ cosmological constant, or does it vary with space and in time?
s the general theory of relativity correct on large scales?
Are the astronomy observations for dark energy secure?

s it really decoupled (except gravitationally) from everything else?

What is dark matter?

Supersymmetry? Axions?
Will the Large Hadron Collider at CERN tell us?
Laboratory searches for dark matter.

Dwarf galaxy abundances, galactic nuclear profiles might be problems
for “pure” CDM.



What are the masses of neutrinos?

Are the constraints on baryon density consistent?

When and how was the baryon excess generated?

What is the topology of space?

What are the initial seeds for structure formation?

Did the early universe inflate and reheat?

When, how, and what were the first structures formed?

How do baryons light up galaxies and what is their connection to mass?
How do galaxies and black holes co-evolve?

Does the Gaussian, adiabatic CDM structure formation model have a
real flaw?

s the low quadrupole moment of the CMB anisotropy a problem for flat
ACDM?

Are the largest observed structures a problem for flat ACDM?

49



...when you have eliminated the impossible,
whatever remains, however improbable, must
pbe the truth.

Sherlock Holmes (Arthur Conan Ignatius Doyle)

20




What you see is not always what you get.
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FUNDAMENTAL PARTICLES AND

Standard Model of

Moded is a g theary that our current ga of the physics of fur partsclos and

matter constituents

FERMlONS spin = 1/2, 312, 5/2,

Leptons spin =1/2

Quarlgs spin =1/2

Approx. | B
Flavor Mass Electric Flavor Mass | E'ectic
GeV/c? charge Gev/c2 | charge

et (0-0.13)x10-° 0.002 213

0.000511 0.005 =113

0.106

(0.04-0.14)x10-*°

1.777

*See Be novinno pamgraph balow
Spin Is the Intrinsic angular momentum of particles. Spin is given in units of h, which is the quantum
unit of angutar momentum whare h = h/2x = 6.58x1072% GeV s =1.05<10* J 5

Electric charges are given in units of the proton's charge. In Si units the eleciric charge of the proton
i 1.60x10"® coulombs.

The energy unit of particle physics i the slectronvoll (V), the energy gained by one
glectron in crossing a potential difference of one volt, Masses are given in GeVie®
(remomber E = me?) where 1 GeV = 107 &V =1.60x10~'° joule. The mass of
ihe proton is 0.938 GeVic® = 1.67<107 kg.
Neutrinos

are in the sun, sups
collisions, and many other processes. Any produced neulrino can be
described as ane of three neutring favor states ¥g, ¥y, or ¥, labelled by the

INTERACTIONS

Structure within
the Atom

Ouark

, reaciors, The strangtha of the interactions (forces) ane shown relathve 10 the strangth of the electromagnatic force for twe u quarks

Gravitational Weak

~~Neutron
and
— Proton

Properties of the Interactions

d by forces and by decay rales of unstable partickes)
force carriers

BOSONS spin=0, 1,2,
/ Strung (color) spln =1

Electrn:
charge

Unified Electroweak spin = 1

Mass | Electric
GeVic?2 | charge

Name | Mass
GeV/c?

Name

Color Charge

Only quarks and gluons carmy “sirong charge™
(ais0 called “color charge®) and can have sirong
interactions. Each quark camies three types of
color charge. These charges havae nothing to do
with the colors of visible light. Just as electrically-
charged particles interact by exchanging photons,
in strong interactions, color-charged particles
Interact by exchanging gluons.

Quarks Confined in Mesons and Baryons
Quarks and gluons cannol be (solated - they are confined in color-neutral particles callod

. This confl i results from multiple exchanges of gluons among the
color-charged constituents. As colar-charged parficles (quarks and gluons) move apart, the
energy in tha color-foroe fleld between them increases. This energy eventually is converted into
additional quark-antiquark pairs. The quarks and antiquarks then combine into hadrons: these
are the particles seen 1o emenge.

Two types of hadrons have been observed in nature mesons qf and baryons gqq. Among the

many types of baryons observed are the proton {uud), antiproton (3d), neutron (udd), lambda A
{uds), and omega (I (sss), Quark charges add in such a way as o
maka (he proton have charga 1 and the neutron charge 0. Among
the many types of mesons are the pion =* (ud), kaon K™ (si),

by the B9 (db), and i (cE). Thair charges are +1, -1, 0, 0 respactively.

Electromagnetic

Interaction Iﬂtclr:n:.!imn“:_I woak) Interaction

type of chargad leplon associated with its production. Each is a defined Pro ﬂ)’

quanium mixture of the three definite mass neutrinos ¥ ¥y and ¥y for Lo

which curently allowed mass ranges are shown in the table. Further . Ao e
of the of may yiold ful clues lo puzzies Acts on Mass - Ene 9y

about matter and anlimater and the evolution of stars and galaxy structures Particles experiencing

Matter and Antimatter

For overy particle typo thete is n commesponding antiparticle type, denolod by
a bar over the particle symbol (unless + or — charge is shown). Particle and
antiparticle have identical mass and spin but opposite charges. Some
elocirically neutral bosons (e.9., Z° 1. and N, = ¢ but not K = d) are their
own antiparticies.

Strength at {

Particle Processes

These diagrams are an arfist's conception. Blue-green shaded areas represent the cloud of gluons,

Particles mediating:

107" m

307" m

Color Charge

Quarks, Gluons

Vigat the award-winning web feature The Particle Adveniure at

Strong

interaction ParticleAdventure.org

This chart has been made possibie by the ganerous support of
U.S. Depariment of Energy
U.S. National Science Foundation
Gluons Lawrence Berkeley National Laboratory

2008 Comtemporary Physcs Educaton Project. CPEP i & noe-prolt arganizason
of teachars, physczts, and educalon. For morp nformation wee

CPEPweb.org

Unsolved Mysteries

Driven by nisw puzzies in our understanding of the physical world, particle physicists are following paths 1o new wonders and
startiing discoveries. Experments may even find axtra dimensions of space, minkblack holes, andior evidanca of siring theory
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Elementary Particles
1940
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tructure within
the Atom

Quark

Size <107 19m

Nucleus Electron
Size = 1071% m : Size <1078 m

\ Neutron

and
-F
Proton
Size = 10715m

Size = 10710m

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across.
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matter constituents

FERMIONS spln = 1/2, 312, 5/2,

Leptons spin =1/2 Quarks spin =1/2

Elavor Mass Electric Flvor Approx Electric
GeV/c? charge G V/ 2 charge

Ilghtest (0-0.13)x10-9 w up 0.002

" neutrino®

electron 0.000511 -1 @ down 0.005 -1/3

J neirno* (0.009-0.13)x10% 0 () cham | 1.3 213

muon 0.106 —1 @ strange 0.1 -1/3
e (0.04-0.14)x10-°| 0 | 2/3
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force carriers

BOSONS spin=0,1.2, ..

/Unified Electroweak spin =1\ / Strong (color) spin =1 \

Mass Electric :
Mass Electric
GeV/c? | charge Name GeV/c? | charge

Name

0
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Baryons qqq and Antibaryons ¢qq

Baryons are fermionic hadrons.

These are a few of the many types of baryons

p proton uud 0.938 | 1/2
p |antiproton| Gad | -1 | 0938 | 112
n | neutron | udd | 0 | 0940 | 172
A | lambda | uds | 0 | L1116 | 112




Mesons qq

Mesons are bosonic hadrons
These are a few of the many types of mesons.

Symbol| Name | Quark | Electric [ Mass |Spin
content charge GeV/c?

pion 0.140 | 0
K~ | kaon | sa | -1 | 049 | 0
p* | tho | ud | +1 [ 0776 | 1 |
B’ | B-zero db 0 5279 | 0
Ne | etac | ce | 0 [ 2980 | 0




Particle Processes

These diagrams are an artist's conception. Blue-green shaded areas represent the cloud of gluons.

A free neutron (udd) decays to a proton An electron and positron

(uud), an electron, and an antineutrino (antielectron) colliding at high

via a virtual (mediating) W boson. This energy can annihilate to produce
is neutron B (beta) decay. BY and BY mesons via a virtual Z

boson or a virtual photon.
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Propertes of the Ineractions

The strengths ofthe nteractions (orces are shown elatve o the strengh of the electiomagneic forc for o u quarks separated by te Speciied distances.

Gravitational Weakl Electromagnetic Stong
Propety Interaction Interachon(Electmweak) nteraction —— Interaction

lass - Energy lavor Electrc Charge ~—~+ Color Charge

Al Quarks, Leptons ~ Electrically Charged | Quarks, Gluons
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Partiles mediafing: i d) W W 7 y 6luons
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Leptons
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Leptons
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Arrangement of molecules in ferromagnet

-— \_\ / f/ - |

Above Tc rotational invariance

- > >
- >
- > >
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- > >

Below Tc rotational invariance is
spontaneously broken
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Higgs Field

Higgs mechanism — add the “Mexican hat” potential, which respects the

electroweak symmetry (symmetric but unstable).

Ground state with symmetry spontaneously

broken (Nambu-Goldston boson)
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Higgs mechanism and Higgs Boson to the rescue

e The credit is due to:

* Englert, Brout, Higgs, Guralnik, Hagen and Kibble
+

Phil Anderson
 Universe is filled with the condensate of the Higgs boson

e When the electron moves through this condensate it
picks up a mass!

e Mechanism related to the notion of spontaneously broken
symmetry. The underlying theory may have symmetry property, but
the ground state may not e.g., theory of ferromagnetism respects
rotational invariance.
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Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physiciss are folowing paths to new wonders and
starfing discoveries. Experiments may even find extra dimensions of space, mini-black holes, andlor evidence of sting theory.

Universe Accelerating? Why No Antimatier? Dark Matter? Qrigin of Mass?

The expansion of the universe appearstobe | Matler and antimatier were created inthe Big 1 Invisible forms of matter make upmuch of e Inthe Standard Model, for fundamentalpartices
acoeleraling. Isthis due fo Enstein's Cosmo-  f Bang. Why do we now see only matier except | mass observed in gelexies and clustrs of lo have masses, there must exst & particle
logical Gonstant? Ifnot, wil experimens fo he tiny amounts of anfimater thal we make W galaxies. Does his dark matter consistofnew 1 called the Hiags boson, Wil t be discovered
reveal & new force of nalure orevenexa | i the lab and observe n cosmic rays? types of partices thal interact very weaKly so0n? 15 Supersymmelry theory correctn
(hidden) dimensions of space? Wih ordinary matter? predicting more than one type of Higgs?
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3. Find x. 2. A 3-kg object is released from rest at a height of Sm on a curved
frictionless ramp. At the foot of the ramp is a spring of force
constant k = 100 N/m, The object slides down the ramp and into
the spring, compressing it a distance x before coming to rest.
(a) Find x,
(b) Does the object continue to move after it comes to rest? If yes

, how high will it go up the slope before it comes to rest?

k=1dﬂ N/m

K=8 99E9 Nmm/CC

lint: find the field and potential |
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