
Phys 321: Lecture 12

Prof. Bin Chen, Tiernan Hall 101, bin.chen@njit.edu

Large-Scale Structures



Outline

• 27.1 The Extragalactic Distance Scale
• 27.2 The Expansion of the Universe
• 27.3 Cluster of Galaxies



Parallax

Annual Parallax: observing a celestial object 6 months 
apart, B becomes the Sun-Earth distance, i.e., 1 AU. 

 

Parsec (Parallax arcsec), or pc, is an astronomical 
distance units. 1 pc is the distance of an object whose 
parallax is 1 arcsec; 1pc = 3.26 ly.  

 Q: what is the parallax of Proxima Centauri? 9/22/15 
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FIGURE 1 Trigonometric parallax: d = B/ tan p.
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FIGURE 2 Stellar parallax: d = 1/p′′ pc.

where the small-angle approximation tan p ≃ p has been employed for the parallax angle
p measured in radians. Using 1 radian = 57.2957795◦ = 206264.806′′ to convert p to p′′

in units of arcseconds produces

d ≃ 206,265
p′′ AU.

Defining a new unit of distance, the parsec (parallax-second, abbreviated pc), as 1 pc =
2.06264806 × 105 AU = 3.0856776 × 1016 m leads to

d = 1
p′′ pc. (1)

By definition, when the parallax angle p = 1′′, the distance to the star is 1 pc. Thus 1 parsec
is the distance from which the radius of Earth’s orbit, 1AU, subtends an angle of 1′′.Another
unit of distance often encountered is the light-year (abbreviated ly), the distance traveled
by light through a vacuum in one Julian year: 1 ly = 9.460730472 × 1015 m. One parsec
is equivalent to 3.2615638 ly.

The Continuous Spectrum of Light

��

• 1 pc ≈ 3.262 light year
• Measured parallax angle of 1” gives a 

distance of 1 pc
• Smaller parallax angle -> larger distance



The Gaia Space Telescope



Gaia Data Release #2



Even Gaia can only go up to ~50 
kpc — Galactic scale. How about 
further distances?



Climbing the Cosmic Distance Ladder



Cepheid variables

• For a class of variable stars, 
there is a tight relationship in 
absolute magnitude and 
periods

• Can be used as a standard 
candle MCepheids ≈ -1 to -7



Type Ia Supernovae

• Type Ia Supernovae has a well-
determined absolute magnitude at 
maximum light, can be used a 
standard candle at greater distances

• An inverse correlation between 
maximum brightness and the rate of 
decline of its light curve

MSNIa ≈ −19.3± 0.03

For Novae



Secondary Distance Indicators: 
Luminosity Functions I

Globular Cluster Luminosity Function Planetary Nebula Luminosity Function



Secondary Distance Indicators: 
Luminosity Functions II

Luminosity function 
of Galaxy Clusters



Secondary Distance Indicators: 
Galactic Kinematics

Tully-Fisher Relation for spirals D-σ relation for ellipticals 
(modified version of the Faber-
Jackson relation but tighter)



Distance Indicators: A Summary



Hubble’s Law of Universal Expansion

v = H0d
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The Expansion of Space

The larger the distance, the faster it expands!



The Cosmological Redshift

Z = λnow − λrest

λrest

The cosmological redshift



The Cosmological Distance

.EVERTHELESS� ASTRONOMERS FREQUENTLY TRANSLATE A MEASURED REDSHIFT� z� INTO THE
RADIAL VELOCITY A GALAXY WOULD HAVE� as if IT HAD A PECULIAR VELOCITY �MOVING THROUGH
SPACE	 INSTEAD OF ITS ACTUAL RECESSIONAL VELOCITY �MOVING ALONG WITH EXPANDING SPACE	� &OR
INSTANCE� THE STATEMENT THAT hQUASAR 3$33 ����+���� APPEARS TO BE MOVING
AWAY FROM US AT MORE THAN ��� OF THE SPEED OF LIGHTv MUST BE INTERPRETED IN
THIS WAY� &URTHERMORE� FOR z ≤ �� THE DISTANCE ESTIMATE OBTAINED BY USING (UBBLE�S LAW�

d≃ c

H�

(z + �)� − �
(z + �)� + �

, ��	

DIFFERS FROM THE ACTUAL PROPER DISTANCE BY LESS THAN ���� 7HEN z ≪ �� THE EXPRESSION FOR
THE DISTANCE ASSUMES THE NONRELATIVISTIC FORM

d= cz

H�
, ��	

AS WOULD BE FOUND BY USING (UBBLE�S LAW� %Q� � �	 CAN LEAD TO SIGNIlCANT ERRORS IN THE
DISTANCE FOR ROUGHLY z > �.���=

)T IS IMPORTANT TO REALIZE THAT ALTHOUGH THE UNIVERSE IS EXPANDING� THIS DOES NOT MEAN� FOR
EXAMPLE� THAT THE ORBITS OF THE PLANETS AROUND THE 3UN HAVE BEEN EXPANDING� 'RAVITATIONALLY
BOUND SYSTEMS DO NOT PARTICIPATE IN THE UNIVERSAL EXPANSION� 4HERE IS ALSO NO COMPELLING
EVIDENCE THAT THE CONSTANTS THAT GOVERN THE FUNDAMENTAL LAWS OF PHYSICS �SUCH AS .EWTON�S
GRAVITATIONAL CONSTANT� G	 WERE ONCE DIFFERENT FROM THEIR PRESENT VALUES� 4HUS THE SIZES OF
ATOMS� PLANETARY SYSTEMS� AND GALAXIES HAVE not CHANGED BECAUSE OF THE EXPANSION OF SPACE
�ALTHOUGH THE LATTER TWO MAY HAVE CERTAINLY GONE THROUGH EVOLUTIONARY CHANGES	�

The Value of the Hubble Constant

)N PRINCIPLE� (UBBLE�S LAW CAN BE USED TO lND THE DISTANCE TO ANY GALAXY WHOSE REDSHIFT CAN
BE MEASURED� 4HE STUMBLING BLOCK TO CARRYING OUT THIS PROCEDURE HAS BEEN THE UNCERTAINTY
IN THE (UBBLE CONSTANT� 4HROUGH THE END OF THE TWENTIETH CENTURY� H� WAS KNOWN ONLY TO
WITHIN A FACTOR OF TWO� BETWEEN �� KM S−� -PC−� AND ��� KM S−� -PC−��

(ISTORICALLY� THE DIFlCULTY IN DETERMINING THE VALUE OF H� AROSE FROM HAVING TO USE REMOTE
GALAXIES FOR ITS CALIBRATION� ! MAJOR SOURCE OF THE DIVERSE VALUES OF H� OBTAINED BY DIFFERENT
RESEARCHERS LAY IN THEIR CHOICE AND USE OF SECONDARY DISTANCE INDICATORS WHEN MEASURING
REMOTE GALAXIES� 4HERE ARE ALSO LARGE
SCALE MOTIONS OF GALAXIES RELATIVE TO THE (UBBLE mOW
THAT HAVE YET TO BE SORTED OUT� AS WILL BE DESCRIBED IN 3ECTION ��

)N ADDITION� THERE IS A SELECTION EFFECT CALLED A Malmquist bias THAT MUST BE GUARDED
AGAINST� 4HIS CAN OCCUR WHEN AN ASTRONOMER USES A MAGNITUDE
LIMITED SAMPLE OF OBJECTS�
LOOKING ONLY AT THOSE OBJECTS BRIGHTER THAN A CERTAIN apparentMAGNITUDE�!T LARGER DISTANCES�
ONLY THE INTRINSICALLY BRIGHTEST OBJECTS WILL BE INCLUDED IN THE SAMPLE� WHICH �IF NOT PROPERLY
CORRECTED FOR	 WILL SKEW THE STATISTICS�

� 4HIS STATEMENT ASSUMES THAT THE UNIVERSE IS hmATv� /BSERVATIONS BY MISSIONS SUCH AS "OOMERANG AND 7-!0
INDICATE THAT SPACE IS VERY NEARLY mAT�
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Non-relativistic

Relativistic



Hubble’s Constant
!S HAS BEEN TRADITIONALLY DONE IN ORDER TO INCORPORATE THE UNCERTAINTY IN H�� IN THIS TEXT

WE WILL DElNE A DIMENSIONLESS PARAMETER� h� THROUGH THE EXPRESSION

H� = ���h KM S−� -PC−�. ��	

$UE TO EARLY UNCERTAINTY WITH H�� THE VALUE OF h WAS KNOWN ONLY TO FALL SOMEWHERE BETWEEN
ABOUT ��� AND �� (OWEVER� AS THE END OF THE TWENTIETH CENTURY APPROACHED� ASTRONOMERS BEGAN
TO CONVERGE ON THE MIDDLE GROUND OF VALUES OF H��

The Big Bang

3INCE THE UNIVERSE IS EXPANDING� IT MUST HAVE BEEN SMALLER IN THE PAST THAN IT IS NOW� )MAGINE
VIEWING A lLMED HISTORY OF THE UNIVERSE� WATCHING THE GALAXIES mY FARTHER AND FARTHER APART�
.OW RUN THE lLM backward� IN EFFECT REVERSING THE DIRECTION OF TIME� 3EEN IN REVERSE� ALL OF
THE GALAXIES ARE APPROACHING ONE ANOTHER� !CCORDING TO THE (UBBLE LAW� A GALAXY TWICE AS
FAR AWAY IS APPROACHING TWICE AS FAST� 4HE INESCAPABLE CONCLUSION IS THAT ALL OF THE GALAXIES
�and all of space�	 WILL SIMULTANEOUSLY CONVERGE TO A SINGLE POINT� !S EVERYTHING IN THE
UNIVERSE RAPIDLY CONVERGED �STILL RUNNING THE lLM BACKWARD	� IT HEATED TO EXTREMELY HIGH
TEMPERATURES� 4HE EXPANSION OF THE UNIVERSE FROM A SINGLE POINT IS KNOWN AS THE Big Bang�

4HE HOT EARLY UNIVERSE WAS lLLED WITH BLACKBODY RADIATION� AND AS THE UNIVERSE EXPANDED
THAT RADIATION COOLED TO BECOME THE cosmic microwave background (CMB)� MICROWAVES
THAT WE DETECT ARRIVING FROM ALL DIRECTIONS IN THE SKY� /BSERVATIONS OF THE #-" PROVIDE
CONVINCING EVIDENCE FOR THE HOT "IG "ANG� 4HE Wilkinson Microwave Anisotropy Probe
(WMAP)�� LAUNCHED IN ����� STUDIED THE MINUTE mUCTUATIONS �ANISOTROPIES	 OF THE #-"�
)N ���� THE lRST 7-!0 RESULTS WERE RELEASED 4HIS USHERED IN A NEW ERA OF PRECISION
COSMOLOGY� AND THE UNCERTAINTY IN THE (UBBLE CONSTANT �AND h	 FELL FROM A FACTOR OF TWO TO
JUST ���� 4HE VALUE OFh DETERMINED BY THE 7-!0 DATA�� AND THE STANDARD VALUE ADOPTED
IN THIS TEXT� IS

[h]7-!0 = �.�� +�.��
−�.��. ���	

4HROUGHOUT THE REMAINDER OF THIS CHAPTER� WHEN A QUANTITY INVOLVING h IS EVALUATED� [h]7-!0

WILL BE ASSUMED� )N CONVENTIONAL UNITS� THE (UBBLE CONSTANT IS

H� = �.�� × ��−��h S−� ���	

SO

[H�]7-!0 = �.�� × ��−�� S−�. ���	

� $AVID 7ILKINSON �����n����	 MADE PIONEERING CONTRIBUTIONS TO MANY #-" EXPERIMENTS� INCLUDING #/"% AND
7-!0� 4HE -!0 SATELLITE WAS RENAMED h7-!0v AFTER IT WAS LAUNCHED IN �����
� 0ARAMETERS PUBLISHED IN 4ABLE � �h"ESTv #OSMOLOGICAL 0ARAMETERS	 OF "ENNETT ET AL�� ����� SUCH AS H�� ARE PLACED
INSIDE A SQUARE BRACKET WITH A h7-!0v SUBSCRIPT� WHILE QUANTITIES CALCULATED USING THESE PARAMETERS ARE NOT� !
LIST OF THESE PARAMETERS MAY BE FOUND IN !PPENDIX .� !LTHOUGH IDENTIlED IN THE TEXT AS h7-!0 PARAMETERS�v THEY
ARE A COMBINATION OF 7-!0 RESULTS WITH MEASUREMENTS FROM PROJECTS SUCH AS #/"%� THE #OSMIC "ACKGROUND
)MAGER �#")	� THE !RCMINUTE #OSMOLOGY "OLOMETER !RRAY 2ECEIVER �!#"!2	� AND THE �D& 'ALAXY 2EDSHIFT
3URVEY ��D&'23	�
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3URVEY ��D&'23	�
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In conventional units:



The Hubble Time

4HUS A GALAXY WITH A MEASURED RECESSIONAL VELOCITY OF ���� KM S−� IS AT A DISTANCE OF
d = v/H� = ��h−� -PC� OR d = ��.� -PC�

4O ESTIMATE HOW LONG AGO THE "IG "ANG OCCURRED� LET tH BE THE TIME THAT HAS ELAPSED SINCE
THE "IG "ANG� 4HIS IS THE TIME REQUIRED FOR A GALAXY TO TRAVEL TO ITS PRESENT DISTANCE d WHILE
MOVING AT ITS RECESSIONAL VELOCITY� v� AS GIVEN BY (UBBLE�S LAW� !SSUMING �INCORRECTLY	 THAT
v HAS REMAINED CONSTANT�

d = v tH = H�d tH , ���	

AND SO THE Hubble time IS

tH ≡ �
H�

= �.�� × ����h−� S = �.�� × ���h−� YR. ���	

5SING 7-!0 VALUES�

tH = �.�� × ���� S = �.�� × ���� YR. ���	

4HUS� AS A ROUGH ESTIMATE� THE AGE OF THE UNIVERSE IS ABOUT ���� 'YR�

3 CLUSTERS OF GALAXIES

!STRONOMERS HOLD AS A FUNDAMENTAL TENET THAT� ON THE LARGEST SCALES� THE UNIVERSE IS BOTH
HOMOGENEOUS AND ISOTROPIC� APPEARING THE SAME AT ALL LOCATIONS AND IN ALL DIRECTIONS �AN
ASSUMPTION CALLED THE cosmological principle	� (OWEVER� THIS IS CERTAINLY NOT THE CASE AT
SMALLER SCALES�

The Classification of Clusters

!S HAS BEEN MENTIONED A NUMBER OF TIMES ALREADY IN THIS TEXT� GALAXIES ARE NOT STREWN
RANDOMLY THROUGHOUT THE UNIVERSE� INSTEAD� NEARLY ALL GALAXIES ARE FOUND IN ASSOCIATIONS�
EITHER IN groups OR IN clusters�� )N BOTH TYPES� THE GALAXIES ARE GRAVITATIONALLY BOUND TO
ONE ANOTHER AND ORBIT THE SYSTEM�S BARYCENTER �CENTER OF MASS	�

'ROUPS GENERALLY HAVE LESS THAN �� MEMBERS AND ARE ABOUT �.�h−� -PC ACROSS� 4HE
GALAXIES OF A GROUP HAVE A VELOCITY DISPERSION OF ABOUT ��� KM S−�� AND THE MASS OF
AN AVERAGE GROUP IS ON THE ORDER OF � × ����h−� -⊙� OBTAINED FROM THE VIRIAL THEOREM

&URTHERMORE� THE MASS
TO
LIGHT RATIO OF A TYPICAL GROUP IS ABOUT ���h -⊙/,⊙�
WHICH IS INDICATIVE OF LARGE AMOUNTS OF DARK MATTER�

#LUSTERS� ON THE OTHER HAND� MAY CONTAIN FROM APPROXIMATELY �� GALAXIES �A poor CLUSTER	
TO THOUSANDS OF GALAXIES �A rich CLUSTER	� WITHIN A REGION OF SPACE ABOUT �h−� -PC IN DIAM

ETER� 4HE INDIVIDUAL GALAXIES IN A CLUSTER MOVE MORE RAPIDLY WITH RESPECT TO OTHER MEMBERS
THAN DO GALAXIES RESIDING IN A GROUP� 4HE CHARACTERISTIC VELOCITY DISPERSION OF A CLUSTER IS
��� KM S−�� POSSIBLY EXCEEDING ���� KM S−� FOR VERY RICH CLUSTERS� ! TYPICAL CLUSTER�S VIRIAL
MASS IS AROUND � × ����h−� -⊙� AND ITS MASS
TO
LIGHT RATIO IS ROUGHLY ���h -⊙/,⊙� AGAIN

� 3OME GALAXIES ARE NOT AFlLIATED WITH A KNOWN GROUP OR CLUSTER� BUT THEY REPRESENT RARE EXCEPTIONS�
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Assuming the expansion remains to have a constant velocity



The Local Group

INDICATIVE OF LARGE AMOUNTS OF DARK MATTER� #LUSTERS OF GALAXIES ARE FURTHER CLASSIlED AS
regular �SPHERICAL AND CENTRALLY CONDENSED	 AND irregular�

)N THIS SECTION� WE WILL DESCRIBE HOW GROUPS OF GALAXIES� CLUSTERS OF GALAXIES� AND CLUSTERS
OF CLUSTERS �CALLED superclusters	 MAKE UP THE BASIC STRUCTURE OF THE UNIVERSE�

The Local Group

!S SHOWN IN &IG� ��� ABOUT �� GALAXIES ARE KNOWN TO LIE WITHIN ROUGHLY � -PC OF THE -ILKY
7AY� 4HIS COLLECTION OF GALAXIES IS KNOWN AS THE Local Group� )TS zero velocity surface
�WHERE THE GALAXIES WOULD EVENTUALLY TURN AROUND IF THEIR MOTIONS WERE SUDDENLY DIRECTED
OUTWARD	 IS ABOUT ��� -PC FROM THE BARYCENTER� )TS MOST PROMINENT MEMBERS ARE ITS THREE
SPIRAL GALAXIES� OUR 'ALAXY� -�� �THE !NDROMEDA GALAXY	� AND -�� �IN THE CONSTELLATION
4RIANGULUM	� 4HE ,ARGE AND 3MALL -AGELLANIC #LOUDS ARE THE NEXT MOST LUMINOUS� THEY
ARE TWO OF THE �� IRREGULAR GALAXIES IN THE ,OCAL 'ROUP� ;4HE ,-# AND 3-# ARE
THE TWO PROMINENT FEATURES BELOW THE 'ALACTIC EQUATOR�= 4HE REMAINING GALAXIES ARE
DWARF ELLIPTICALS OR DWARF SPHEROIDALS� WHICH ARE VERY SMALL AND QUITE FAINT� )T IS OBVIOUS
FROM &IG� �� THAT MANY OF THESE GALAXIES HAVE ACCUMULATED AROUND THE -ILKY 7AY AND
!NDROMEDA GALAXIES� WHICH ARE ON OPPOSITE SIDES OF THE ,OCAL 'ROUP� ABOUT r = ��� KPC
APART� �%VEN AT THIS DISTANCE� -�� IS ABOUT �.�◦ WIDE ON THE SKY� lVE TIMES THE -OON�S
DIAMETER�	 )N ADDITION TO THE -AGELLANIC #LOUDS� NINE OF THE DWARF ELLIPTICALS AND DWARF

FIGURE 11 4HE ,OCAL 'ROUP OF GALAXIES� 4HE DASHED CIRCLES ARE CENTERED ON THE BARYCENTER OF
THE ,OCAL 'ROUP AND HAVE RADII OF � AND � -PC� �4HE BARYCENTER IS ��� KPC FROM US IN THE DIRECTION OF
GALACTIC COORDINATE ℓ = ���.�◦ AND b = − ��.�◦�	 3OLID LINES INDICATE DISTANCES ABOVE THE �ARBITRARILY
CHOSEN	 PLANE� AND DASHED LINES SHOW DISTANCES BELOW THE PLANE� �&IGURE FROM 'REBEL� h4HE ,OCAL
'ROUP�v IN Microlensing 2000: A New Era of Microlensing Astrophysics� A. S. P. Conference Series�
239� ���� �����	

4HIS ACCUMULATION CAN ALSO BE SEEN IN (UBBLE�S OWN VELOCITYnDISTANCE DIAGRAM� &IG� �� THE ,OCAL 'ROUP IS
REPRESENTED BY THE EIGHT DATA POINTS NEAR THE ORIGIN�
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Virgo Cluster

• The Milky Way is part of 
the Local Group which is 
part of the Virgo Cluster
• Located in the direction of 

constellation Virgo
• 1300 galaxies in this group



Local Supercluster



Structures on the Largest Scales


