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Periodic Table of Elements for a Slightly Less Massive Universe

Periodic Table of Elements for a Slightly More Massive Universe
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Periodic Table of Elements as It Currently Stands

Abundance of Thorium and Uranium throughout Cosmic History 
Diagram credit: Hugh Ross
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Possible Cosmic Geometries 
Only one of these geometric options appears suitable for the possibility of advanced life. Closed = spherical. Open = 
hyperbolic. 
Credit: NASA 

Map of the Universe’s Largest-Scale Structure 
This map shows the positions of superclusters of galaxies and super-superclusters of galaxies out to the full extent of 
the observable universe (out to 13.5 billion light-years away). The dot in the middle, indicated by an arrow, shows 
the position of the local superclusters. One of those superclusters is the Laniakea Supercluster, the supercluster in 
which our Milky Way Galaxy resides. 
Credit: Andrew Z. Colvin, Creative Commons Attribution 
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3-D Graphic Portrayal of Cosmic Webs 
Membranes comprised of ordinary matter in the form of galaxy clusters, galaxies, dust, and gas encapsulate voids of 
ordinary matter. 
Credit: NASA/ESA/E. Hallman (University of Colorado, Boulder)

Artist’s Depiction of the Bubbles of Ordinary Matter Formed by Baryon Acoustic Oscillations 
Credit: Zosia Rostomian, Lawrence Berkeley National Laboratory 
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Peculiar Velocity Map of the Laniakea Supercluster of Galaxies
Every tiny dot in this image is a galaxy. The lines are filaments of galaxies akin to beads on a necklace. The interior 
lines show peculiar velocity motions of galaxies toward the local part of the Great Attractor, the confluence point 
slightly above and left of center. The outer edge lines to the extreme left and right show peculiar velocity motions 
of galaxies away from the Great Attractor. The boundaries between the interior and outer lines delineate the extent 
of the Laniakea Supercluster. The dot shows the location of the Local Group, the grouping of galaxies that contains 
our Milky Way Galaxy. Note that the orientation of figure 3.4 is different from that of figures 3.7, 3.8, 3.9, and 4.2. 
Rather than the Shapley Supercluster being to the upper right of the Laniakea Supercluster, in figure 3.4 it is seen to 
the upper left. Rather than the Perseus-Pisces Supercluster being to the lower left, in figure 3.4 it is to the right and 
slightly below. 
Credit: Nature/Institut de Recherche sur les Lois Fondamentales de l’Univers 
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The Local Region of the Observable Universe That Contains the Outer and Inner Neighborhoods of Superclusters 
The circle denotes the outer neighborhood of superclusters in which the Laniakea resides, and the white dot indicates 
the position of the inner neighborhood, or local superclusters. 
Credit: Andrew Z. Colvin, Creative Commons Attribution 
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The Outer Neighborhood of the Local Superclusters 
The white dot indicates the position of the inner neighborhood, or Local Superclusters, within its larger, outer 
neighborhood. 
Credit: Andrew Z. Colvin, Creative Commons Attribution
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Central Region of the Local Superclusters’ Neighborhood 
The white dot shows the position of the Local Superclusters. 
Credit: Andrew Z. Colvin, Creative Commons Attribution

The Local Superclusters 
The white dot indicates the position of the Local Group. 
Credit: Andrew Z. Colvin, Creative Commons Attribution
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The Local Superclusters’ Deep Exposure 
The white dot indicates the position of the Local Group. 
Credit: Andrew Z. Colvin, Creative Commons Attribution 

Laniakea Supercluster’s Immediate Neighborhood 
The white dot indicates the position of the Local Group. 
Credit: Andrew Z. Colvin, Creative Commons Attribution
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Dipole Anisotropy in the Cosmic Microwave Background Radiation 
The colors represent temperature relative to the average temperature. Temperatures rise from the darkest blue, lower 
left (-0.0035 kelvin less than the average temperature), to the deepest orange, upper right (+0.0035 kelvin more than 
the average temperature). The arrow shows the direction of movement of our galaxy toward the Great Attractors. 
Credit: NASA/WMAP 

Relatively Nearby Super-Supermassive Black Holes 

NGC 5419 183 7.24

NGC 1600 209 17

NGC 1277 238 17

NGC 3842 300 9.7

NGC 4889 307 20.9

host galaxy distance
(millions of light-years)

black hole mass
(billions of solar masses)



F I G U R E  4 . 1

F I G U R E  4 . 2

Map of the Galaxy Clusters Comprising the Laniakea Supercluster
Credit: Andrew Z. Colvin, Creative Commons Attribution 

Event Horizon of M87’s Super-Supermassive Black Hole 
Credit: Event Horizon Telescope Team 
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Nucleus of the M87 Galaxy Showing the Relativistic Jet Blasting Out from just outside of M87’s Super-
Supermassive Black Hole 
The jet, 4,400 light-years long, is comprised of matter ejected at relativistic velocities by the supermassive black hole. 
Credit: NASA/Hubble Heritage Team (STScI/AURA)

Full Extent of the Virgo Cluster 
The arrow shows the location of the MWG. The nearest white dot above and left of the MWG is the other large 
galaxy in the Local Group, the Andromeda Galaxy. 
Credit: Andrew Z. Colvin, Creative Commons Attribution 
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Galaxy Groups in the Local Group’s Neighborhood 
The arrow shows the MWG’s location. The galaxy just left and above the MWG is the Andromeda Galaxy. The faint 
galaxy immediately to the left of the Andromeda Galaxy is the Triangulum Galaxy. The separation of the MWG 
and the Triangulum Galaxy approximates the diameter of the Local Group. The MWG, Andromeda Galaxy, and 
Triangulum Galaxy define the spatial extent of the Local Group in this figure. 
Credit: Andrew Z. Colvin, Creative Commons Attribution

Galaxies and Galaxy Groups Near the Local Group 
The arrow shows the MWG’s location. The nearest white dot above and left of the MWG is the Andromeda Galaxy. 
The faint dot just left and below the Andromeda Galaxy is the Triangulum Galaxy, a dwarf spiral galaxy that is third 
largest in size in the Local Group. The Local Group extends from the MWG to the Triangulum Galaxy. 
Credit: Andrew Z. Colvin, Creative Commons Attribution
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Map of the Largest Galaxies in the Local Group 
The sizes and separations of the galaxies are to scale. 
Galaxy image credits: NASA/ESA/ ESO/JPL-Caltech (R. Hurt); Map credit: Hugh Ross 

Map of the Milky Way Galaxy and the Large and Small Magellanic Clouds 
The visual sizes and separations of the galaxies are to scale. 
Credits for the individual galaxies: NASA/ESO/JPL-Caltech (R. Hurt)
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Map of the Magellanic Stream, Leading Arm, Milky Way Galaxy Disk, and Large and Small Magellanic 
Clouds 
Credits: NRAO/AUI/NSF/LAB Survey

Major Components of the Milky Way Galaxy 
Top: plan view of the MWG components 
Bottom: side view of the MWG components 
The central stellar bulge and the stellar disk are shown in black. The thin disk of gas appears in light gray. The much 
larger dark gray area depicts the dark matter halo, not all of which shows up in the plan view. The dark matter halo 
would be circular. 
Diagram credit: Hugh Ross
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Constructed Face-On Map of the Milky Way Galaxy 
The large dot indicates the position of Earth’s solar system. 
Credit: NASA/JPL-Caltech (R. Hurt)

Thin Disk Metal Abundance Relative to Distance from the Milky Way Galaxy’s Galactic Center 
The curve shows the relative quantity of elements heavier than helium in the MWG’s gas and dust with respect to 
distance from MWG’s center. 1 kiloparsec (kpc) = 3,262 lightyears. Data for the curve is from Yu. N. Mishurov, 
Jacques R. D. Lépine, and I. A. Acharova, “Corotation: Its Influence on the Chemical Abundance Pattern of the 
Galaxy,” Astrophysical Journal Letters 571, no. 2 (June 1, 2002): L113–L115, doi:10.1086/341360. 
Diagram credit: Hugh Ross
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Spiral Arm Pitch Angle 
The pitch angle is the angle between the two straight lines. 
Image credit: NASA/JPL-Caltech (R. Hurt); Diagram credit: Hugh Ross

Blue and Red Population Spiral Galaxies 
Credit: NGC 1309 (left) NASA/ESA/Hubble Legacy Archive; NGC 3190 (right) European Southern Observatory 
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NGC 362, a Typical Globular Cluster 
Credit: NASA/ESA/Hubble WFC3 

Two Huge Bubbles of X-Ray and Gamma-Ray Emission Balloon Out from the Center of the Milky Way 
Galaxy 
Credit: NASA Goddard Space Flight Center 



F I G U R E  7 . 8

Spiral Galaxies That Most Closely Match the Milky Way Galaxy’s Structure 
First row, left to right: Andromeda Galaxy, NGC 4526, NGC 908; second row, left to right: NGC 6384, NGC 
3344, NGC 4921; third row, left to right: M100, UGC 6903, Pinwheel Galaxy; fourth row, left to right: NGC 
3370, NGC 1232, M83. 
Credits: Adam Evans, Sloan Digital Sky Survey, ESO, NASA/ESA/Hubble, NASA/ESA/Hubble, NASA/ESA/Hubble 
Space Telescope; Shulman Foundation, NASA/ESA/ Hubble Space Telescope; ESA/NASA, NASA/ESA/Hubble Heritage 
(STScI/AURA), ESO, ESO, respectively 
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Milky Way Galaxy Spiral Arms Hosting the Sun 
Credit: IPAC, Robert Hurt; NRAO/AUI/NSF, Bill Saxton 

Corotation Radius of the Milky Way Galaxy 
Credit: NASA/JPL-Caltech (R. Hurt) 
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The Local Bubble 
Credit: Helmut A. Abt, “The Age of the Local Interstellar Bubble,” Astronomical Journal 141, no.5 (May 1, 2011): id. 
165, doi:10.1088/0004-6256/141/5/165. 

Sun’s Journey from Danger to Safety
The annulus marks the Milky Way Galaxy’s corotation distance. 
Image credit: NASA/ JPL-Caltech (R. Hurt); Diagram credit: Hugh Ross 
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The Borexino Neutrino Detector 
The man on the staircase lends perspective to the detector’s size. 
Credit: Borexino Collaboration

Sun’s Interior Layers
Diagram credit: Hugh Ross
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Sun’s Interior Differential Rotation from 0–60° Latitude
In the Sun’s convection zone, rotation is most rapid at the equator and least rapid at the poles. The Sun’s equatorial 
rotation rate is 24.47 days. 
Data credit: NSO/NSF; Diagram credit: Hugh Ross

Sun’s Flaring Activity and X-Ray Radiation Levels throughout Its History
The y-axis is logarithmic. The Sun’s flaring activity level would have been more than 100,000 times greater shortly 
after its formation than it is now. The Sun’s intensities of particle radiation and gamma-ray, x-ray, and ultraviolet 
emission strongly correlate with its flaring activity level. The dotted line indicates the present time. 
Diagram credit: Hugh Ross
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Brightness Variations for the Sun (top) and KIC 7849521 from March 2009 to April 2013
Figure adapted from Figure 2, Timo Reinhold et al., “The Sun Is Less Active Than Other Solar-Like Stars,” Science 368 
(May 1, 2020): 519, doi:10.1126/science.aay3821. 
 

Best Earth Analogue Planets Discovered to Date
Planet masses and diameters relative to Earth’s

Venus 
0.815 0.95 0.723 0.0068

Kepler-102f 
0.64 0.886 0.165

Kepler-1649c 
1.2 1.06 0.0649

Kepler-186f 
1.44 1.17 0.432 0.04

Kepler-84c 
1.132 0.236

planet mass diameter orbit (AU) orbit 
eccentricity 

OGLE-2016- 
BLG1195Lb 

1.43 1.16
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Relative Population of Known Rocky Planets (NASA Exoplanet Archive)
These graphs show the stark difference between exoplanetary systems and our solar system, a difference that holds 
significance for habitability. The data is based on the NASA Exoplanet Archive, which is continually growing/being 
added to. 
Diagram credit: Hugh Ross

Relative Populations of Known Exoplanets (NASA Exoplanet Catalog)
Data based on 4,509 exoplanets listed in the NASA Exoplanet Catalog, which is continually growing. 
Diagram credit: Hugh Ross
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Relative Populations of Known Exoplanets (Exoplanet TEAM Catalog)
In this illustration, gas giant planets have been excluded. The pie chart on the left may change slightly with future 
improved detection instrumentation. The pie chart on the right is for the solar system’s present four rocky planets 
and two cold Neptune planets. 
Diagram credit: Hugh Ross 

Relative Populations of Known Gas Giant Exoplanets
(Exoplanet TEAM Catalog) Compared to the Solar System’s
The pie chart on the left may change slightly with future improved detection instrumentation. 
Diagram credit: Hugh Ross 
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Orbital Eccentricity
Left: b represents the semi-minor axis and c represents half the distance between the two foci.
Right: a is the semi-major axis. 
Diagram credit: Hugh Ross

Best Jupiter Analogue Planets Discovered to Date53 

Planet masses are relative to Jupiter’s. Only one known planet in the system unless otherwise noted.

HD 154345b 1.3 4.3 0.26

OGLE-2003- 
BLG235Lb 2.6 5.1

51 Eridani b 2.6 11.1 0.49

UKIRT-2017- 
BLG001b 1.28 4.18

HD 13931b 1.88 5.15 0.02

OGLE-2012- 
BLG0026Lc 0.68 4.63

inner large 
Neptune 

OGLE-2018- 
BLG1269Lb 0.69 4.61

planet mass orbit (AU) orbital 
eccentricity 

Jupiter 1 5.2 0.0489
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Best Saturn Analogue Planets Discovered to Date53

Planet masses are relative to Saturn’s. Only one known planet in the system unless otherwise noted.

Position of the Solar System’s Ice Line
Distances but not object sizes are to scale. The ice line lies 3.1 times more distant from the Sun than Earth and 2.0 
times more distant from the Sun than Mars. 
Diagram credit: Hugh Ross 

OGLE-2006- 
BLG109Lc 0.271 4.5 0.15 inner 

Jupiter 

OGLE-2012- 
BLG0838b 0.25 4.2

OGLE-2011- 
BLG0173Lb 0.19 10 inner large 

Neptune 

OGLE-2008- 
BLG092Lab 0.18 15

planet mass orbit (AU) orbital 
eccentricity 

Saturn 0.299 9.58 0.0565
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Updated Grand Tack Determination for Jupiter, Saturn, Uranus, and Neptune
1 astronomical unit (AU) = distance from Earth to the Sun. A third Neptune-like planet, about 10 times Earth’s 
mass, gets ejected by a close encounter with Jupiter and/or Saturn. 
Diagram credit: Hugh Ross 

Coupled Magnetospheres for Earth-Moon System 4.0 Billion Years Ago
Top left: magnetic dipoles aligned with the Moon between Earth and the Sun; top right: magnetic dipoles aligned 
with Earth between the Sun and the Moon; bottom left: magnetic dipoles antialigned with the Moon between Earth 
and the Sun; bottom right: dipoles antialigned with Earth between the Sun and the Moon. 
Credit: adapted from James Green et al., “When the Moon Had a Magnetosphere,” Science Advances 6, no. 42 (Oct. 14, 
2020): eabc0865, doi:10.1126/sciadv.abc0865.
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Earth’s Interior Layers
(1) continental crust, (2) oceanic crust, (3) upper mantle, (4) lower mantle, (5) outer core, (6) inner core, (A) crust-
mantle boundary, (B) core-mantle boundary, (C) inner core-outer core boundary. 
Credit: Dake, Creative Commons Attribution

Dynamo Mechanism That Generates Earth’s Magnetic Field
Credit: United States Geological Survey 
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Reversal of Earth’s Magnetic Field
The images show (L–R) how Earth’s magnetic field undergoes a progressive polarity shift. The shifts are indicated by 
switching positions of the gold and blue lines. 
Images credit: NASA; Diagram credit: Hugh Ross 

Radiogenic Heat Flow History from Earth’s Interior Radioisotopes
Credit: Hugh Ross



F I G U R E  1 6 . 1

Earth’s Current Principal Tectonic Plates
The shaded regions with borders represent 17 major tectonic plates. Arrows represent the ongoing movements of 
tectonic plates relative to one another. 
Credit: U.S. Geological Survey
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Tectonic Plate Subduction
The collision of an oceanic crustal plate with a continental crustal plate typically results in the oceanic plate sliding 
underneath the continental plate into the mantle. 
Credit: Subduction-en.svg from Wikimedia Commons by K. D. Schroeder, CC-BY-SA 4.0 

Sun’s Luminosity throughout Its History
Credit: Hugh Ross


