Axiomatic development of classical mechanics
(Ch. 1 and Ch. 2 of Unit 1)

Geometry of momentum conservation axiom
Totally Inelastic Oka-runchOcollisions*
Perfectly Elastic Oka-bongO and Center Of Momentum (COM) symmetry*
Comments on idealization in classical models

Geometry of Galilean translation symmetry
45; shift in (M,V2)-space
Time reversal symmetry
...0of COM collisions

Algebra,Geometry, and Physics of momentum conservation axiom
Vector algebra of collisions
Matrix or tensor algebra of collisions
Deriving Energy Conservatiohheorem

Numerical details of collision tensor algebra

*Car Collision simulator __ http://www.uark.edu/ua/modphys/testing/markup/CMMotionWeb.html

*Download Superball Collision Simulator http://www.uark.edu/ua/modphys/testing/markup/Bouncelt\Web.html
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A prObI em | A $ace'ti ITE : (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)
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A pI’Ob| emnin Space-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision..... After collision...what velocities?
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\and solve... P
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A pI’Ob| emnin Space-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision.....
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*Car Collision simulator _ http://www.uark.edu/ua/modphys/testing/markup/CMMotion\Web.html
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[ minute ( 60 sec.)

After collision...what velocities?
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\and solve...

(" Conventional solution: Look up the ust

momentunandenergyformulas/axioms:
LimM(initial) = ! im\{(final)
L im\VA(initial) = 1 im\#i(final)

al

...But an UNconventional way
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A pI‘Oblem ln Spdce-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision..... After collision...what velocities?
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A pI’Obl em | N q)ace'tl ITE : (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)
Before collision..... After collision.. What velociti es?
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...But an UNconventional way
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(Just have to draw 2 lines!)


http://www.uark.edu/ua/modphys/testing/markup/CMMotionWeb.html
http://www.uark.edu/ua/modphys/testing/markup/CMMotionWeb.html
http://www.uark.edu/ua/modphys/testing/markup/CMMotionWeb.html
http://www.uark.edu/ua/modphys/testing/markup/CMMotionWeb.html
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Before collision.....
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Geometry of momentum conservation axiom

=P Totally Inelastic Oka-runchOcollisions*
Perfectly Elastic Oka-bongO and Center Of Momentum (COM) symmetry*
Comments on idealization in classical models
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Geometry of momentum conservation axiom

Totally Inelastic Oka-runchOcollisions*
— Perfectly Elastic Oka-bongO and Center Of Momentum (COM) symmetry*
Comments on idealization in classical models
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A pI‘Oblem ln SpaCE'ti rTE . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before callision..... After collision...what velocities?
1 mile Perfectly B Totally _i—ki-e
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al = | P imMi(initial) = ! imVi(final)
Cr) |y | imVA(initial) = T im\Ai(final)
s N yrwrp—
100, Mgy V g vt M sconstant is Axiom 1
\Slope =-4
o ) 4 M AV,
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..... (Just have to draw 2 lines!)

Totally Indastic
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A prObI em | N $ace'ti ITE : (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision..... After collision...what velocities?
1 mile 678 Tomally
‘inelastic
-1 08 -06 -04 02 0 A e R
-6 sec. 1=
-12 sec. s N ollision!
-24 sec. = o
©
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A prObI em | N QJace'ti ITE : (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision..... After coII|S|on what velocities?
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*Download Superball Collision Simulator http://www.uark.edu/ua/modphys/testing/markup/BounceltWeb.
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A pI’Ob| em | n $a.ce't| me. (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)
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A pI’Ob| em | n $ace't| me. (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)
Before collision.....
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30 50mph 0 100mpl"

1 minute ( 60 sec.)

Notice OKa-BongO
Figure 2.2 scaling

(ft./min. is more realistic)

10 Oft per min

“Ka-Bong!” (ldeal elastic collision)
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Geometry of momentum conservation axiom

Totally Inelastic Oka-runchOcollisions*
Perfectly Elastic Oka-bongO and Center Of Momentum (COM) symmetry*
— COMMents on idealization in classical models

Wednesday, August 26, 2015
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The and |dealized thought experiments

|dealization 1. Ignore background.
(No rolling friction, air resistance, etc.)

50 & o

|dealization 2. Make each 1-dimensional.
(Cars “constrained” to ride on frictionless rail)

=] ﬁ System now has
: ~ [0 D = justtwo “dimensions”

or “degrees-of-freedom”

Landscape 1.1 Idealized model for collision model and thought experiments

17



Summary of Classical Mechanical Degrees of Freedom
Trandlation (Each body has 3 translational degrees of freedom) (Intoduced in Units 1 and 2)

\
6 trandational
- degrees of freedom

/ y
& for and

Wednesday, August 26, 2015
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Summary of Classical Mechanical Degrees of Freedom
Trandlation (Each body has 3 translational degrees of freedom) (Intoduced in Units 1 and 2)

) \
6 translational
- — degrees of freedom
e -
y - / @\\:\ for and
1@5 2
O
Rotation (Each body has 3 rotational degrees of freedom) (Intoduced in Units 3 and 7)
6 rotational
degrees of freedom
for and

Wednesday, August 26, 2015 19



Summary of Classical Mechanical Degrees of Freedom
Trandlation (Each body has 3 translational degrees of freedom) (Intoduced in Units 1 and 2)

\
6 translational
-~ — degrees of freedom
e -
y - / @\\:\ for and
1@5 2
C—gf
Rotation (Each body has 3 rotational degrees of freedom) (Intoduced in Units 3 and 7)
6 rotational
degrees of freedom
for and

and system involves
12 rigid-body degrees of freedom

Mibration (Each body has many vibrational degrees of freedom) (Intoduced in Units 3-8)
Generalized Curvilinear Coordinates (GCC)

AN
ﬁ?\ introduced in Unit 1 Chapters 10 -12
,‘/ An N-atom molecule has
’ 3N-6 vibrational degrees of freedom

Landscape 1.2 Some idealized classical model degrees of freedom

Wednesday, August 26, 2015 20



Geometry of Galilean translation symmetry
e /5 Shiift in (M, V2)-space

Time reversal symmetry
...of COM collisions

Wednesday, August 26, 2015
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A pI‘Oblem IIl Spdce-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Geometry of Galilean trandation (A symmetry transformation) ,
If you increase your velocity by 50 mph,... (In some direction x,y, or zE]

..the rest of the world appears to be 50 mph slower  (In that directionE)

(a) Galileo transforms to COM frame

100 L’
1UY L Eart’
;acl\a V 90
VW 8o ) A
70 V4
60| P
F—350
L7 coni 7 v
0 v
// 0 //
/ racting\” garih .
/ 1
p (50,50) |, Flg 2.5a
100 -90-80-70/-9_%0 -40-30-20-10°K 10 20 30/49 506070 80 90 10 n Unlt 1
y 220 Y V
// 30 // SUV
%
/ _40 ]COM %
- 5}1)
g 60
%
770
s 80
/
— -90
’ 1N
1Y
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A pI‘Oblem lIl Spdce-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Geometry of Galilean translation (A symmetry transformation) ,
If you increase your velocity by 50 mph,... (In some direction x,y, or zE

..the rest of the world appears to be 50 mph slpwer  (In that directionE)

(a) Galileo transforms to COM frame (b) ... ve or six other reference frames

110(/ ‘pEartl/ ZOU ‘pEart// -
éﬂb | ’ émb | Fyy
VW 80 // VW 80 p
70 / 70 s
60 7 60 /
I 50 ’ 7 -~ o ESUV(F) 7
L7 o7 / L cony 7 /
0 / F /
'Y / SUV() 0 7
% 7 // 7 %
i btracting\* pari ~T Farh
e 10750,50) | Fpyy ! Ll
~90-80-70-607» -40-30-20-1 90-80-70- 40-30- o
_10p 0-80-70-605 P\ 10 20 30 405560 70 80 90 1y _ 1 90-80-70 60§ 40-30-20 A\ 10\20 30 40560 70 80 90 1)
/ / F /
y 220 , V Y Yo , V
// L0 // SUV // | 7 SUV
SUV(F)
% | %
= =001
7
/ 60 / /6/0 SUv(
% %
, 770 770
/ r i / [VW(ﬁfgo
v -90 I -90
Z -10 i -10
Fig. 2.5a Fig. 2.5b
mn Unit 1 m Unit 1
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Geometry of Galilean translation symmetry
45; shift in (M,V2)-space
— [IME reversal symmetry

...0of COM collisions

Wednesday, August 26, 2015
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A pI’Obl em in mtlrm . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW) Final F andInitial |

Geometry of Galilean translation (A symmetry transformation) trade placeSE
If you increase your velocity by 50 mph,...

...therest of the world appearsto be 50 mph Time-reversal (F-1)
symmetry pairs
. . (Four examples)
(a) Galileo transformsto COM frame (b) ...and e or six other reference frames , ,
10 4 1N cC / /
e T Earti] > 4 w T Earti] L I Earth/
90 - o F £
ﬁ%é VVW o ] e VV\N o ! A V 90 FV\N M
o d o VW 80
60| / P 60|/
Feo0 ; FeaD0p = ; 70
P | 7 1 Fsuvu) 0 | A 1 60 .
1 tracting\ ! za —f Fén C o
. Ws050) | oo~ E& ! ), ™o
-10p "90-80-70-6% -40-30-20-10/% 10 20 30 40516070 800 1))  _10p -90-80-70 6G) -40-30-20 {10/ 10| 20 30 40 5760 70 80 90 19
/ g -20 + g F/ -P0 x‘// V
47 300\ 7 4 ! SUV
v - 140 I coMm =0 v r I I COMSUV(F) %
[=al C |
710 710 ;
780 [ 80 -90-80-70-6
i -90 e "o -100 90-80 qS OO
. 10 % 10 F
Fig. 2.5a Fig. 2.5b
InUnit 1 in Unit 1
/
//
I .
) L

Time-reversal means flip t to -tE
(Run a movie backwards)
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A pI’Obl em | N mtl rTE : (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Geometry of Galilean translation (A symmetry transformation)
If you increase your velocity by 50 mph,...

...the rest of the world appears to be 50 mph ¢

e or six other reference frames
| - /

10
LU T Eal'lf{

(a) Galileo transformsto COM frame

10 E /
LU T

Earth’]
ﬁ%é % - o F
VVW 80 1 o V\/\N 80 ;
o o 7
/
3

() ..

Final F andlnitial |
trade placesE

Time-reversal (F-I)

symmetry pairs
(Four examples)
1 FEarI;h/ -
o/—EaD V 90 FVW )
VW 80
70

60

-

Fo,

60 / 60|/
/ s
|l ~a il ~a % WAL
Feon?” / P o> s
/ F 0 /s
/ / SUV(l) 0 /
/ ] I L / I /
1 tracting ' garn i Frth
S Ws050) |, Fag |1 e
_ ~ _ _ _ _ _ _ ~ _ _ | _ _ - L
-10p %080 70/ 60 -#0-30-20- 110 20 30/49 FoB0 70809010y 1y 90-80-70 B0 ~40-30-20310510) 20 30/49 5060 70 80 9010
/ -20 / E p0 / V
/ .30 itd ) | SUAY
SUV(F)
v i 140 I com v r I I com %
50 5@ 1
; s ; | o
710 710
7 80 [ 80
s -90 | g oo
. 10 . 10
Fig. 2.5a Fig. 2.5b
inUnit 1 in Unit 1
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-100 -90-80-70-6q§ :

I co

00

/

Time-reversal means flip t to -tE
(Run a movie backwards)

That means you flip Velocity V to -VE
(Everything goes backwards)
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Geometry of Galilean translation symmetry
45; shift in (M,V2)-space
Time reversal symmetry

—)  of COM collisions
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A pI‘Oblem 1Il SpaCE'ti rTE . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Geometry of Galilean trandation (A symmetry transformation) THE
If you increase your velocity by 50 mph,...

..the rest of the world appears to be 50 mph g COM Time-reversal

symmetry pair
(Just 1 case)

(a) Galileo transformsto COM frame (b) ...and e or six other reference frames B ,
10 E / 10 E / 1 4
+LJ T Earwr Dl 19 T Earr L 1 Earth”
Fo Vil &V i o V. 9 Fug
70 Y 70 /
[ I:Gr(\) 2l / g - :;?, I;E;JV(F) / VW 80 /
Feon?” / P o> v 70 //
/ /// Fsuvu) 8 // 60 F//
i tracting) s i | ga{m/ — ” SUV(F) e
L W7(50,50) |, Fus L L],  cons ,
-100 %0-80-70-6% ) -40-30-20- 1/ 10 20 30 405760 70 80 901y 1 “%0-80-70 B -40-30-201107K"10) 20 30 40 £ 60 70 80 90y F ’2?”'0 4
/ -20 /’ F/ %0 x‘// V SUV(I) ¢ 0 /7
// -30 // // T UV / //
/ - ﬁ?\ ICOM oot v - ™ { ICOMSUV(F) % // ) |/E'3.I{'[h
P //uo P k /JollsJVU) FVW F)// 1 | VW(l )
o -70 710 Pa X ’3
g | b e f0 100 -90-80-70-6%‘ -40-30-20 Y\ 1020 30 fl950 60 70 80 90100
.10 10 |/:/ Yo |/ V
Fig. 2.5a Fig. 2.5b 7 ! 1SUV(F) UV
in Unit 1 in Unit 1 o a8l Of . o
’ e 4|
e /:50 ’ 1 suv()
There is just one velocity frame 1/ e
In which the time-reversed collision 1y "o
looks just like the original collision - 1
_ Time-reversal means flip t to -tE
That is the

(Run a movie backwards)
Center-of-Momentum

(COM)-frame That means you flip Velocity V to -VE

(Everything goes backwards)
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Algebra,Geometry, and Physics of momentum conservation ax

—P\/ector algebra of collisions
Matrix or tensor algebra of collisions
Deriving Energy Conservatiohheorem
Energy Ellipse geometry
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

»
(M&N+M\AN)VCOMA:M v, NM, VO IN=M v FINEM Y FIN

VUV SUV

Wow! This is constant! o

(Says the axiom) 0 FIN

10 20 30 40 50 60\ 70 80 90 100V%
UV

Wednesday, August 26, 2015

Developing
Conservation-of-Momentum
The key axiom of mechanics
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Algebra, Geometry, and Physics of Momentum Conservation Axiom Developing
Conservation of momentum line; .
(Mg, * M, )V COMA:'V'SNVM N+m V,, N=M v, TN Y, PN Conservatzor?-o -Momentum_
y The key axiom of mechanics
MSUV: slope:_n?;v\vl
n\/W:
PR | Define velodty vector points
| | Yy P
Wow! This is Constant! Vi
(Says the axiom) o FIN Loy $ | ycon 3 Ly $
80 R Y A I VA &
70 # Vo & # V" & # Vi &
60
20 v-COM= v Ny FHNY o
10 vV =(V )2
30
20
10 \ Vv IN

10 20 30 40 50 60\ 70 80 90 1OOV%
UV
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Conservation of momentum line;

Algebra, Geometry, and Physics of Momentum Conservation Axiom

Wednesday, August 26, 2015

(MSUV+ MVW)V COMA:MSIJVVSUV IN+MVWVVW x Msuvvsuv I:ll\|-|-|\/|vw\/vw N
— _MSUV
Mg\~ \ slope—m
n\/W:
Wow! This is constant! V\Aﬂ'
. 100
(Says the axiom) 0 FIN
80
70
60
50 ~r COM_ v+ IN <~ TINN 1~
20 vV 2=V N 1 V4
30
20
10 \ Vv IN
10 20 30 40 50 60\ 70 80 90 100 %
" Ve

Developing

Conservation-of-Momentum

The key axiom of mechanics

Define velodty vector points

FIN COoM
VFIN: VSFLIJ\I:I , VCOIVI: VSCﬁVI ’VIN_
Vvvv Vvvv

Points of vectors
V% and V° and V»

all lie on

momentum - conservation line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom

- el Developing
Conservation of momentumline: __5,. )
(Mg, M, )V EM=M_ Vv IN+m vV N=M VPN v FIN Conservation-of-Momentum
Mass weighted average velocity at anytime is Center of Mass velocity V ©OM: The key axiom of mechanics
const.=VM=M_ v_ N+eM V. \IN=M_ vV FINeM vV FIN
(MSUV+ I\/IVW) (MSUV+ |\/IV\N)
Wow! This is constant!  V&® Define velodty vector points
. 100
FIN FIN com IN
(Says the aX|om) 90 V. \/ FIN = suv \/ COM — Vsov VN = Vsov
. G v S v

60
50

7 CONMN s Ny 2 FINN 2
V o IVI:(V II\I+V 1 II\I)/A

40

Points of vectors

2 v and VEM and VM

10 V IN .
\ Hlieon
10 20 30 40 5p0 60\70 80 90 1/00 V%
WV

momentum- consrvationline

Wednesday, August 26, 2015



Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(Mg, M, )V EM=M_ v Nem vV N=M_ V.

FINgM, v FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime is Center of Mass velocity V COM:

—\/ COM_ IN IN— FIN FIN
const.=VCM=M_ Vv INtM v \IN=M_ Vv FINgM v
(hASUV*-hAVM) (hASUV*-hAVM)
Express this using velocity vectors: (EO
P g y V"
Loyen $ $ VW
V|:|N:# SW =' 40 100 F]N
# % # 90 % 90 \vA
| 80
N Vst $:! 60 $ 70
# Vw &% #10 & 60
50 g L UAL « s VAL e
V COM: V COM :V COM 1 40 V° =(V TN/ ““)/A
V COM 1 30
20
10 \ V N
10 20 30 40 50 60\70 80 90 1/00 v%
‘ v

Wednesday, August 26, 2015

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velodty vector points

N | ocom $ ! VN $
VFIN:# Sg; VCOM — Séf(;/M & VIN:# SZ\‘// &
# Vo & # Vi & # Vo &

Points of vectors

VFlN a.]d VCOM a,.]d VlN
Hlieon
momentum- consrvationline
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(Mg, M, )V EM=M_ v Nem vV N=M_ V.

FINgM, v FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime is Center of Mass velocity V COM:

—\/ COM_ IN IN— FIN FIN
const.=V COM=M_ v/ INtMm v VIN=M_ v FINEM Vo
(Msuv+ I\/va) (MSUV+ |\/Ivvv)
Express this using velocity vectors: &
Y,
VFIN W
N2 B 40 100 o
Vﬁf 90 20 \VA
80
VIN: VSIIZJVV — 60 70
vﬁ; 10 60
50 AL L UNL v s TUNE g
V COM 1 30
—\/ COM, Define funny-unit vector:( 1| 20
u=|1] 1 \ v IN
10 20 30 40 50 60\70 80 90 100 v%
UV

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN COMm IN
VAL VSU\/ COM _ VSU\/ vIN= VSU\/
- FIN |2 B com |’ B IN

va va va

Points of vectors

VFlN a.]d VCOM a,]d VlN
Hlieon
momentum- consrvationline

118
Define funny-unit vector : u=y4 1 &
(

Wednesday, August 26, 2015

Vector V' isdong 45jline
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Algebra,Geometry, and Physics of momentum conservation ax

Vector algebra of collisions

atrix or tensor algebra of collisions
Deriving Energy Conservatiohheorem
Energy Ellipse geometry
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(Mg, M, )V EM=M_ v Nem vV N=M_ V.

FINgM, v FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime is Center of Mass velocity V COM:

—\/ COM_ IN IN— FIN FIN
const.=V COM=M_ v/ INtMm v VIN=M_ v FINEM Vo
(Msuv+ I\/va) (MSUV+ |\/Ivvv)
Express this using velocity vectors: &
Y.
| VN $ | $ YW
ViNzy W ot 40 100 ETN
# &b # 90 % 920 V]
| 80
viN=# Vs $_! 60 $ 70
- N o # &
# Vo §% 10 9% 60
50 N NN NP (Y
VCOM 1 30
—\/ COM, Define funny-unit vector:( 1| 20
u=|1] 1 \ v IN
10 20 30 40 50 60\70 80 90 100 v%
LV

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

VFIN VCOM VlN
FIN _ SW COM __ SW IN _ SW
V= \/FIN , V - \/ oM , Vo= \/IN
VW VW VW

Points of vectors
VPN and VM and V™
all lie on

momentum- consrvationline

N,

Define funny-unit vector . U= ”

$
%

NN

Wednesday, August 26, 2015

Vector V" is along 45jline
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Algebra, Geometry, and Physics of Momentum Conservation Axiom Developi ng
Conservation of momentum line; .
(Mg, M, )V EM=M_ Vv IN+m vV N=M VPN v FIN Conservation-of-Momentum
Mass weighted average velocity at anytime is Center of Mass velocity V €OM: The key axiom of mechanics
const.=VCM=M_ v N+m v \IN=M_ Vv FINem v FIN
(MSJV+ I\/IVW) (MSUV+ I\/IV\N)
Express this using velocity vectors: Yoo Define velocity vector points
I v $ VW
VANZg VsFLl)\’:l =?!# 40 ‘; 100 | VFIN $ | VCOM $ I VlN $
# Vo & " 90 % e VN SV g \jCOM gy TSV o \yIN_y TSV o
IN com IN
V'N:;!# Vo i:;f 602 " # VVT/{/N % # Vow @6 # Vow @t
# V0 & ¥ 10 6 60
50 .
v com={V —on =y com |1 40 Points of vectors
A ! > FIN CoMm IN
—=\/ COM|; Define funny—unitvector:(]_)20 \ and V and V
...and matrix operators: u=|1[*° H i
e on
M — (MSJV O ) 10 20 30 40 5p¢ 60\70 80 90 100 v% ) )
0 M, | UV momentum- consrvationline
COM -1
...that give momentum vector: |P=M ¥V:(Msuv 0 w)(xw) :(Psuv) :(&‘SUVVSUV) VectorV IS along 45i line
0 M W IDWN VM)AﬂN |
. . 1 1 $
Define funny-unit vector : U=y 1 &
(
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Algebra, Geometry, and Physics of Momentum Conservation Axiom :
Conservation of momentum line: Developlng

(M, +M, IV CM=M_ V_ 'N+'V'VWVEVW N=M_ v, FINem v FIN Conservation-of-Momentum
Mass weighted average velocity at anytime is Center of Mass velocity V ©OM: The key axiom of mechanics
const.=V COM=M_ v IN4M v IN=M_ v FINgM I

(MSJV+ IleW) (MSUV+ |\/IV\N)
Express this using velocity vectors: V Define velodity vector points
FIN \/S':Ll)I/\l 40 ) 100
AR = I v,en $ I yycom $ L vyn $
[ VVW ] [ 0 :2 VF|N: VSU\/ VCOM :# VSU\/ VIN:# VSU\/ &
Vm:[ Vo J:( 60) 70 # Vo & # Vg & # Vo &
VV'V’\\'I 10 60
COM 20
v com=(V =" s com (1 40 Points of vectors
v N 1 >0 FIN coum IN
=\ COM|, Derfinefunny—unitvector:(:]_)20 A and V and V
...and matrix operators: =1 [*° .
Y u=|1 aH lie on
M: ( UV ) 10 20 30 40 50 60\70 80 90 100 v% . )
0 M, | UV momentum- congrvationline

COoM —
..that give momentum vector: P=M W:(Msuv 0 w)(va) :(Psuv) Z(wwvvsw) Vector V Isdong 45ijline

whose sum of components is constant. 0 M, /\Vu Pow wVow 1
(by u¥product)

const.=u¥>=P_ +P_=M_ V_ +M _V, =usV¥/=usvy/ N
UMV ¥/ FIN

Define funny-unit vector
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Algebra, Geometry, and Physics of Momentum Conservation Axiom :
Conservation of momentum line: Developlng

(Mg, +M, IV CM=M_ V_ 'N+'V'VWVEVW N=M_ v, FINem v FIN Conservation-of-Momentum
Mass weighted average velocity at anytime is Center of Mass velocity vV ©OM: The key axiom of mechanics
const.=V COM:MSUVVSUV IN+MVWVVW IN:MSUVVSUV FIN+MVWVVW N

(MSJV+ I\/IVW)

(Mg, M)
Express this using velocity vectors:
va

Define velodty vector points

VN 40 1oo
VF'N=[ W ]:[ ] I N $ I ycom $ I vyNn $
VVT/{IN 90 20 FIN _ VSU\/ COM _ VSU\/ IN VSU\/
80 v _# \/FIN v _ﬁ \/COM v _ﬁ /N &

Ve 60 70
_[ /N J_( 10 60
VW

V COM:(V COM) —\/ COM (1) jz

Points of vectors

v N 1 >0 FIN coum IN
—\/ COM(;  Define funny-unit vector:( 1 \*° \ and V and V
...and matrix operators: u=|1[*° :
M0 Hlieon
M — ( UV ) 10 20 30 40 50 60\70 80 90 100 v% ) )
0 M, UV momentum- consrvationline

COM ; —
..that give momentum vector: P=M W:(Msuv 0 W)(va) :(Psuv) :(wsuvvsw) Vector V Isdong 45ijline

whose sum of components is constant. 0 M, /\Vu Pow wVow 1
(by u¥product)

const.=u¥>=P_ +P =M_ V_ +M V., =usV¥/=usvy/ N
UMV ¥/ FIN

Denote Center of Momentum VoM
with engineer @ centering symbol

‘,
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(M, +M )V CM=M_ v Nem V] IN=M_ Vv

FINgM, \/ FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime i's Center of Mass vel ocity V ©OM:

—\/ COM— —
const.=V M_Msuvvsuv |N+MVWVVW IN_MSUVVSUV FIN+MVWVVW N
(Msuv+ I\/va) (MSUV+ |\/Ivv\/)
Express this using velocity vectors:
| VVW
" Vsor $ 40 $ 100

VFlN:#
Ve g o0 &

|
v #Vslﬂvﬁl 60 $

EL & F 10 &

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velodty vector points

N | ocom $ ! VN $
VFIN:# SZX] VCOM — SggM & VIN:# SZ\‘// &
# Vo & # Vi & # Vo &

(by u¥product)

const=u¥’=P_ +P =M_ V

UV UV

MV, SUMVI =usvi vy N

Then: V COM=y COMy gjves; =uv/ T

Vv COMy\ ¥/ COM=\/ COMwy\1 38/ IN=\/ COMw\1 33/ FIN

v com=(V "M\, com (1 0 Points of vectors
V COM 1 20
—\/ COM, 20 V™™ and VM and V™
...and matrix operators: 10 .
M. 0O all lie on
M:( WV ) 10 20 30 40 5p¢ 60\70 80 90 1 ] )
0 M, monmentum- consrvationline
COoM . 1
...that give momentum vector: P=M w:(vaow)(VwV) (P = avVau Vector V 15 along 495i line
whose sum of componentsisconstant.  \ 0 M.,/ (Vi Pow wVow

Wednesday, August 26, 2015
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Algebra,Geometry, and Physics of momentum conservation ax

Vector algebra of collisions

Matrix or tensor algebra of collisions
=3-Deriving Energy Conservatiohheorem

Energy Ellipse geometry
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Algebra, Geometry, and Physics of Momentum Conservation Axiom Developing
Conservation of momentum line: .
M, M, )V M=\ v Ny Vo R=M v FINeM )y IV C onservatwl?-o -Momentum_
Mass weighted average velocity at anytime iy Center of Mass velocity V ¢OM: The key axiom of mechanics
— 17 COM— IN. IN— FIN. FIN
const.=V =M suv VSUV +M VW VVW =M, SUVVSUV +M VWVVW
(MSUV—FMVVJ (MSU 14 +MV W)
Express this using velocity vectors: V Define velodity vector points
Vv 40 100
Vil =[ ] I v/rN P I \ycom $ I N $
[ Yow ] o0 Zz Y- VFlN: VSU\/ VCOIVI :# VSU\/ VIN:# VSU\/ &
IN FIN coMm IN
VIN:[ Vsuy J:( 60) 70 G V\/\N &6 # V\/\N % # VVW &
Vi 10 60
v con(V O _y com (1 p VMV Y2 Points of vectors
y COM I 0 -Symmetry Axiom
_ycomy, 20 l V™ and VM and V"
...and matrix operators: 10 IN .
v 0p \ v all lie on
M=( sUy 10 20 30 40 50 60\70 80 90 1[00 V% _ _
0 M, suv momentum- conservationline
COM . T
...that give momentum vector: P=M'V=(MSUV 0 W) (VSUV ()= suvY sur Vector V 15 along 45' line
whose S%gﬁ]fgi;oedzg) is constant. \0 M, Viw | \Pyy oV o |
const.=ueP=P_ +P =M_ V.  +M V, =ueMeV=ueMeV ¥
=ueMeV N
Then: V COM=y COMy gijyeg: usMev
Vv COM.M.V COM:V COM.M.V IN:V COM‘M‘V FIN
By T-Symmetry Axiom: V COM=;/x(v IN+y FIN),
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(M, +M )V CM=M_ v Nem V] IN=M_ Vv

FINgM, \/ FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime is Center of Mass velocity V COM:

—\/ COM— IN IN— FIN FIN
const.=V =Mg, Vo, MLV =My Ve, T MV
(MSUV+ I\/IVW) (MSUV+ |\/IV\N)
Express this using velocity vectors: 74
I VPN $ $ YW
\FIN_# W ¢ 40 100
VI I % \A
80
VIN_! Vsl $_! 60 $ 70
T VV'V’\\'I %_# 10 &b 60
50 Pl N (.Y 'Y
v com—(V COM_\/ com (1 20 A
\/ COM 1 o \ T-Symmetry Axiom
=\ COMy *0 y
...and matrix operators: 10 |V IN
M,.O
— uv —n/ Transpose 10 20 30 40 50 60\70 80 90 100 %
v (0 M) \ Vaw

" M-symmetry M=MT

...that give momentum vector: P=M w:(Msuvow)(VSJV) (P = avVau
whose sum of componentsisconstant.  \ 0 M.,/ (Vi Pow wVow
(by u¥product)
V

const.=u¥>=P_ +P =M_ V_ +M V., =usV¥/=usvy/ N

_ FIN
Then: V €OM=y COMy gijves: “UM

Vv COMy\ ¥/ COM=\s COMwy\1 33/ IN=\y COMy\1¥3/ FIN

By T-Symmetry Axiom: V COM=15(\/ IN4+y/ FIN),

Wednesday, August 26, 2015

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
V FIN _ Suv CoM __ Suv IN _ N A%
— FIN | — com |’ - IN

Points of vectors
VPN and VM and V™
all lie on

momentum- conservationline
Vector V< isdong 45° line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(M, +M )V CM=M_ v Nem V] IN=M_ Vv

FINgM, \/ FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime is Center of Mass velocity V COM:

—\/ COM— IN IN— FIN FIN
const.=V =My, Vg, M Vo =M Ve, MV
(MSUV+ I\/IVW) (MSUV+ |\/IV\N)
Express this using velocity vectors: 74
I VPN $ $ YW
VFIN:# SW =’ 40 100
# & # 90 % 90 \VA
80
g Vo $:;¢ 60 $ 70
# Vo & " 10 &, 60
50 Pl N (.Y 'Y
V COM: V COM :V COM 1 40 =(V TN/ l‘““)lé
v/ COM 1 % \  T-Symmetry Axiom
=\ COMy *0 y
...and matrix operators: 10 |V IN
M,.O
— uv —n/ Transpose 10 20 30 40 50 60\70 80 90 100 %
v (0 M) \ Vaw

" M-symmetry M=MT

...that give momentum vector: P=M w:(Msuvow)(VSJV) (P = avVau
whose sum of componentsisconstant.  \ 0 M.,/ (Vi Pow wVow
(by u¥product)
V

const.=u¥>=P_ +P =M_ V_ +M V., =usV¥/=usvy/ N

_ FIN
Then: V €OM=y COMy gijves: S

Vv COMy\ ¥/ COM=\s COMwy\1 33/ IN=\y COMy\1¥3/ FIN

By T-Symmetry Axiom: V COM=1/2(\v/ N+ FIN) qubstituting:
Vv COMwy\ @/ COM:1/2(V IN4\/ FlN)¥V|¥\/ IN:l/Z(V IN4\/ FIN)¥\/|¥\/ FIN |
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Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velodty vector points

FIN COoM IN
V FIN — VSU\/ COM — VSU\/ V IN — VSU\/
VFIN ! VCOIVI ! VIN

VW VW VW

Points of vectors
V™ and VY and VY

all lie on
momentum - conservation line

Vector V" is along 45jline
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(M, +M )V CM=M_ v Nem V] IN=M_ Vv

FINgM, \/ FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime i's Center of Mass vel ocity V ©OM:

const.=V CO'\":MSNVSUV N+M V=MV, TN Y, P
(MSUV+ I\/IVW) (MSUV+ |\/IV\N)
Express this using velocity vectors:
vV IN VVW
V |N: UV 100
VVW IN 90 V
80
\/ FIN= (VSUV FIN) 70
y FIN -
VW
v com—[V M\, com (1 » A=V NV N2
\/ COM 1 \ =Symmetry Axiom
=\ COMu /l
...and matrix operators: Vv IN
e (l\C/)lszo \ _\ Transpose th 2b 30 4o o 60\70 TR T
M UV
" M-symmetry M=MT
...that give momentum vector: P=M w:(Msuv OWJ(VSN) (P = avVau
whose sum of componentsiscongtant. \0 My/\Vuw | \Pu wVow |
(by u¥product)
const.=u¥>=P_ +P =M_ V_ +M V UMW

Then: V ¢OM=y COMy gjves:
Vv COMy\ ¥/ COM=\s COMwy\1 33/ IN=\y COMy\1¥3/ FIN

By T=Symmetry Axiom: V “OM=1/2(v "N+\/ FIN) g bstituting:
Vv COMwy\ @/ COM:1/2(V IN4\/ FlN)¥V|¥\/ IN:l/Z(V IN4\/ FIN)¥\/|¥\/ FIN |

Wednesday, August 26, 2015

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velodty vector points

N | ocom $ ! VN $
VFIN:# Sg; VCOM — Séf(;/M & VIN:# SZ\‘// &
# Vo & # Vi & # Vo

By

M-symmetry M=MT|: \/ FINg1y/ IN=\/ TNy yg/ FIN
this becomes:

\V/ COI\/I¥V|¥\/ COM _ 12V FIN¥V|¥V IN
=1/2\/ INWW IN:1/2V FIN¥V|¥\/ FIN
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Algebra,Geometry, and Physics of momentum conservation ax

Vector algebra of collisions
Matrix or tensor algebra of collisions

=3 Completing derivation of Energy Conservatibmeorem
Energy Ellipse geometry
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

(M, +M, IV CM=M_ Vv N+m V] IN=M_

FINgM, \/ FIN
S UAVARRS UAY) UV UV VW VW
Mass weighted average velocity at anytime i's Center of Mass vel ocity V ©OM:

const.=V C:C)I\/lzl\/lsuvvsuv |N+MVWVVW IN:MSUVVSUV FIN+MVWVVW -
(MSUV+ I\/IVW) (MSUV+ |\/IV\N)
Express this using velocity vectors: &
v, N W
V IN= Suv 100
( VVW N ) %0 M
80
\/ FIN= (VSUV FIN) 70
v FIN 0
VW
\/ COM— \/ COM _\/ COM 20 M=y [Ny PNy 2
v CoM \|  FSymmetry Axiom
=\ COMu
...and matrix operators v IN
M: MS_JVO :MTranspose 10 20 30 40 5 \70 80 90 1j00 V%
0 M, SU)Y
M-symmetry M=MT

~t

...that give momentum
whose

or: P=M¥/=
m of components IS constant.
(by u¥product)
const.=u¥>=P_ +P =M_ V__

Mg, O
0 M

+ M VWVVW:

V

Then: V ¢OM=y COMy gjves:

Developing
Conservation-of-Momentum
The keyaxiomof mechanics

leading to

Conservation-of-Energy Theorem

Define velocity vector points

Loyen $ I yycom $ Il N $
VFIN_# SFLIJ\I:I & com i SCU(\)/NI &VINz# S|L|3/ &
# o &6 # \ @6 Vo &

By M-symmetry M=MT: \/ FiNyvy/ IN=\y/ Ny g/ FIN
this becomes:

\V/ COI\/I¥V|¥\/ COM _ 12V FIN¥V|¥V IN
=1/2\/ INWW IN:1/2V FIN¥V|¥\/ FIN

These are equations for energy conservation elipse:

vV COMWW COM:V OM¥V|¥\/ IN:V

By T=Symmetry Axiom: V “OM=1/2(v "N+\/ FIN) g bstituting:
Vv COMwy\ @/ COM:1/2(V IN4\/ FlN)¥V|¥\/ IN:l/Z(V IN4\/ FIN)¥\/|¥\/ FIN |

Wednesday, August 26, 2015

const. = Y,My, V2 + Y,M, V., °

UV SUV

V

— 2 2
- 1/ZMSUV uv + 1/ZMVWVVW

=Kinetic Energy=KE is now defined
and proved a constant under T-Symmetry
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Algebra,Geometry, and Physics of momentum conservation ax

Vector algebra of collisions
Matrix or tensor algebra of collisions
Deriving Energy Conservatiohheorem

=3 Energy Ellipse geometry
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Algebra, Gedmetry, and Physics of Momentum Conservation Axiom

Conservation of momentumline: 5, (...oneof I -many...) Developing
Vée . Conservation-of-Momentum

Momentum Mgy =4 | sope= The keyaxiomof mechanics
Conservation =1 leading to
Axiom Conservation-of-Energy Theorem
plus \N

100 : TN
TSymmery | | A R
Axiom o\ |
(M=MT implied) oo
gives jg : ‘.V COM=(/ Ny FH‘:E‘)/Z

30 |\ | \ T-Symmetry Axiom
Kinetic Energy 201 A i
Conservation R4 | v IN
Theorem ” '

0 30 40 50 60 70 80 90 1)0V%
JUV

i \/ COMwy\[ s/ COM_q,5\/ FINypsa/ IN
i =12V Ny IN=12\/ FINsyiw/ FIN

These are equations for energy conservation dlipse:
KE=%,Mg,V,, 2+ %MV, °

UV - SUV

All lines of gope -Mq /My
...are bisected by the
(slope=1)-COM line

1=V, 2+ V2 =X+ y?

UV A
— 2KE  2KE a’+b?
Msuv I\/va
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Algebra, Gedmetry, and Physics of Momentum Conservation Axiom

Conservation of momentumline: 5, (...oneof ! -many...) Developing
Vére y Conservation-of-Momentum

Momentum mgy=4 | sope=r The keyaxiomof mechanics
Conservation =1 leading to
Axiom Conservation-of-Energy Theorem
plus N It and only ifE
Tommery | | A sl Bl there IST-Symmetry
Axiom “
(M=MT implied) oo |
gives 22 : ‘.V COM=(/ [N/ FH‘:E‘)/Z

30 | \1 | \ T-Symmetry Axiom
Kinetic Energy 201 A i
Conservation 1/ | v IN
Theoram ” '

0 30 40 50 60 70 80 90 1)0V%

i \/ COMwy\[ s/ COM_q,5\/ FINypsa/ IN
i =12V Ny IN=12\/ FINsyiw/ FIN

These are equations for energy conservation dlipse:
KE=%,Mg,V,, 2+ %MV, °

UV - SUV

All lines of gope -Mq /My

...are bisected by the
(slope=1)-COM line

1::\/§A/2 + NQM/Z = %2 + y2

2KE 2KE &+ D7

UV VW
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N\
A\ 110

— /

o
~_ |-120"

Fig.3.1a
inUnit 1

| fjﬁ \ Momentum

PTOtal =250

Fig. 3.1

Developing
Conservation-of-Momentum
The keyaxiomof mechanics

leading to

Conservation-of-Energy Theorem

If and only ifE
there IST-Symmetry
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As usual In physics, oppogite extremes are easier to analyze
than the gener |(er) worldO1n between!

€)) Id_eal ~ (b) Generic (c) Totally
Elastic L\ \elastic  jhayagic inelastic
(Ka-Bong!) (Ka-whump!) / (Ka-Runch!)
/ Fig. 3.2 (thiscase hasBush isi
L oE b —, [2Ewhufnp 24E : g . (This case has Bush era requisite
belastlc_!\/l\/l (2,2 whump - M, bCOM:\/Ml FCOM in Unit 1 SUV mass of the 6 ton CHummerO
| — > e .
| o
: Pass-thru 1
-, | 2Ewhi] a —\/ZéE:
Nwm com ‘M,
| N /A
|\/|1:6 \ IEcom
_\Y =14
M.=1
The X-2
Next pei-
launcher
Here I-Symmetry Here I-Symmetry Here I-Symmetry
IS best IS less IS least
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Numerical details of collision tensor algebra
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General Inertia Tensor M or inertia matrix o2 coefpcientjk for dimensiom=2, 3,...
! L %p ( %Mll M (%y (

W= MMMV, ¢ denoted:P=MiV or:' ' *= 2ok TLox
P2:M21V1+M22V2§ '&sz l&le M,, 3“&\/23c

With 45; diagonalvcoVso: . V7" =V, 1 VEH

Proa = MIVA™Y + MY = MV + MV = MV M + MV EM = Mg vV &M

Wednesday, August 26, 2015
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General Inertia Tensor M or inertia matrix o2 coefpcientjk for dimensiom=2, 3,...

| %p (% 70
P M11V1 M12V2 ?'7& de’]OtGdjl_j:M‘v or: : Fi éz: M11 M12 ?f:: Vlé
R= MY, + MY, g aRj aMa Mz jgV: ]

With 45 diagonalV oM so; . V7" =V, Ve
PTotaI = MlvllN + M2V2IN — MlvlFIN + szFlN — M1VCOM + MzVCOM — MTOtaIVCOM

A product of total momentumBrots andV “?"  is expressed tynsor quadratic forme¥v ¥u

! H ! H ! #
VOMpP = /OO g (7IN =\ COM g/ FIN =/ COM g (/OO =y COM g/ COM

Wednesday, August 26, 2015
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General Inertia Tensor M or inertia matrix o2 coefpcientjk for dimensiom=2, 3,...

| n 0 0 0
R=MyV, + M.V, H denoBd'I!D:M i\!/ or - ./Opl £:.A) M, M, ,E./()Vl ,E
P,=M,V, + MV, § '& P, ; l& M,, M, ;I&Vz Sk

COM _y\/COM COM
VM =\ CM |y

With 45 diagonalv¢°M so: .

A product of total momentumBrots andV “?"  is expressed tynsor quadratic forme¥v ¥u

- — -« - — -« -

VOMp = OOM N1, vIN = COM | g, FIN = OO 3, /OO =/ COMpp_/COM

Write this out with the numbers used in Fig. 3.1 Whef& =50 (2 pages back)

.!4o$'60$ "4 0 $'40$
50Pr =( 50 5o)|#0 e 106%(50 5o)|#0 LBl # o0 8= 50M1yy50=12500

= 100'125 = 100'125 =50'250
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General Inertia Tensor M or inertia matrix o2 coefpcientjk for dimensiom=2, 3,...

| n 0 0 0
R=MyV, + M.V, H denoBd'I!D:M i\!/ or - .A)Pl £:.A) M, M, ,E./()Vl ,E
P,=M,V, + MV, § '& P, y l& M,, M, ;I&Vz Sk

COM _ \,COM com
V.o =V v

With 45; diagonalv*“Mso:. V,

_ IN IN _ FIN FIN _ coM coMm _ coM
Prowi = MyVi +MoVo " =My + MV =M,V + M,V =My

A product of total momentumroa andV <> is expressed tansor quadratic forme¥M ¥u
! s ! F ! s
VEMp = vOOM M IN = yOOM g yFIN = yCOM g yCOM =/ COM -/ COM
Write this out with the numbers used in Fig. 3.1 whéf¥ =50 (2 pages back)

| 4 05! 609 ! ! _ _
S50R = ( 50 50 ) | éo 0 @O ( 50 50 )I# | 4 @O—SOMTotaJSO—ILSOO

= 100'125
ow useT-symmetry:v M =(vN+vNy/2

Prota=250 IS the same dt\; FIN, andCO
H H

VFIN+VIN " VFIN+VIN I\'}I \#/#FIN VFIN+\!/IN . " . VFIN+VIN

vEOMp - iMivN= iM i
Total 2 2 2 2

=50"250
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General Inertia Tensor M or inertia matrix o2 coefpcientjk for dimensiom=2, 3,...

N

P I\/Ill\/l-l_ M12V2 l ’ . I R Mll M12 Vl
> denoed:P=M1I1V or: =
P2 — M21V1 + M22V2 P2 M21 M22 V2

J

VCOI\/l . VCOI\/l — VCOI\/l

With 45 diagonalv¢°M so: .

A product of total momentumroa andV <> is expressed tansor quadratic forme¥M ¥u
! # ! 7+ ! 7
VEMp = VEOM M WIN = YEM g yFIN — yCOM g yCOM _COM -/ COM
Write this out with the numbers used in Fig. 3.1 whéf¥ =50 (2 pages back)

14 08! 409
| =50M
% 90 &

_ ta 03! 60
50PT0taJ—(50 50)I#O 1% 10%(50 SO)I#O 1

= 100'125

Prota=250 IS the same dt\; FIN, andCO

50=12,500

Total

=50'250

ow useT—symmetry:\'/COM =(v™N+v N2

! H H
FIN IN m FIN IN n FIN IN n FIN IN
yeorp = v 2V MV = v 2V MV = v ;V M 2+V
FIN; ’ . #]N | IN ’ . #IN | FIN - ) . #F]N | IN | : #IN | FIN ) : #FIN
Jcom v iMivY VIV iMiV VINiMiV _VNimMivh vVimiv

Toua 2 ) 2 ) 2 ) 4 4
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Subtracting:
VEN ypov IV
2

LR Rvaail
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General Inertia Tensor M or inertia matrix o2 coefpcientjk for dimensiom=2, 3,...

I T 0 0 0
P M11V1 M12V2 ':7;7'f denoBd-l!’:Mi\!f or - ./0 R £:.A) Mn M12 g.A)V1 ,E
P2: M21V1 Mzzvz g '& Pz ; l& le Mzz yl&vz Sk

comM com comMm
YoM —ycomn —y

With 45 diagonalv¢°M so: .
Protal = MV + MoV, = MV + MoV = MV EM 4 MoV EM = Mg v &
A product of total momentuBroa andV ““” is expressed tansor quadratic forme¥v ¥u
veMp — VEOM i M VIN = VEOM & api VFIN = yCOM i ppi WEOM _\/COM MgV SO
Write this out with the numbers used in Fig. 3.1 whéf& =50 (2 pages back)

! $ ! $
0fui=(50 50 )15 5§ g g0 g( %0 %04 g ]

= 100'125 =

Prota=250 IS the same dt\; FIN, andCO

! $ ! $
4 0., 40 50=12,500

=50M
90 @0 Total

=50'250

ow user-symmetry: <M =cv N4y Ny 2

3 3 - o 5 5 - - | $
VCOI\/I 5 _ VF|N+V|N .M.‘—’]”\] _ VF|N+V|N .M.VHN _ VF|N+V|N .M.VFIN+VIN #ISJbvﬁcti#g; 4
Total o) 7 9 9 ﬁ\'/FINiMiVIN g
- - - - - — - - - - - . # 2 &
VCOMP VFIN.M.VIN _VIN°M°VIN _VFINOMOVFIN _VINOMOVIN +VFIN°M-VFIN ﬁ \!/[N”\-}”\iﬁF[Ng
Total * - - = _ g
2 2 2 4 4 2
—_ : : . . ! FIN: : 7:FIN ! IN : . 7:FFIN
Transpose symmet(¥ljx =My;) of theM-matrix implies:v™imMiVv = vINiMiV
' $ ! $ ' $ ! $
4 0 60 4 40
| |
(4090)#01%105%(6010)#016% # 90 &
= 100'105 = 100'105 =10,500
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\7FIN M \7[N — \7[N |\7| \7FIN

Transpose symmet(¥jx =Myj) of theM -matrix implies:
4 0%' 609 4 08! 403
(40 90)#o 1 &7 106%(60 10)#o 1 %% o0 &
= 100'105 = 100'105 =10,500

With (M12 =0=M2y) kinetic energyE,_ . =;V-M«V is the samé=at'N andv=VFN,

\VARLN YV ESVAL VAL VIRvAL VFIN G N o FIN
\/CCMAF%maI - = ::|<EEHas'
2 2 2 o
4 0% 60 % "4 0N 40 %
60 10 40 90
so0 )80 18108 (©9)80 100k
12500 | = = KEg oy
2 2 2 &
12500 ! 5250 = 7,250 = 7,250
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i i G

Transpose symmet(¥jx =Myj) of theM -matrix implies:
403! 6093 403! 403
(4090)'#0 1 &7 106%(6010)'#0 1 6% 00 &
= 100'105 = 100'105 =10,500

With (M12 =0=M2y) kinetic energye,, . = 1V| MiV  is the samé=at™ andV=V/N.

! + ! ! F
cOM | viNimivi?h o vINiMi V™ ~ viNimi v ~
\% Pl'otal : 2 - 2 - 2 - KEEIastic
.4 0% 60 4 0% 40
L TR N 90)%1& 0 &
12500 ! = =KE.__.
! 2 2 Elastic
12500 ! 5250 = 7,250 = 7,250
Consider kinetic energ§Einclasi=IE whenV=V oM |t is reduced by ,000from 7,250t0 6,250
! F ! il ! il ! id ! id
covp o VUMV 1 VEOiMiver  vNiMivh o vINiMiv?h g VINiMivHy
KE[nelastlc PT otal =5V PT otal - + " Elastic +
2 2 2 4 4 2 4
12,500 ! 12500 _ 6,250 = 6,250 = 3625 + 2625 =IJE
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I

Transpose symmet(ik =My;) of theM-matrix implies:  v™m.v™ = VAR VRAVARL
] |
4 0%' 609 4 08! 403
(40 90)#o 1 &7 106%(60 10)#o 1 %% 90 %
= 100'105 = 100'105 =10,500
With (M12 =0=M21) kinetic energyE,,_...=5 LViMiV IS the sameé=at'™ andV=VF~},
\7FIN.|\‘/’|.\7[N \71N.|\7|.\71N \7FIN.|\7|.\7FIN
VCOMPTotal ! 2 = 2 = 2 = KEElastic
4 0% s0 % "4 0N 40 %
60 10 40 90
so0 9080 1eBi0e (0 )80 1kBe0k
12, 500 I > - 2 2 Elastic
12500 ! 5250 = 7,250 = 7,250
Consider kinetic energ§Einclasi=IE whenV=V oM |t is reduced by ,000from 7,250t0 6,250
! +# ! i ! 7
E _\/COM VMV e _1ycoup \/COMj M/ COM V'N|M|V'N VF'NiMiV'N:lKE _+VF'Ni|v|iv'N
Inelastic Tota] 2 9) Total 2 4 4 2 Elastic 4
12,500 ! 1200~ 6250 = 6,250 = 3,625 + 2,625 =IE

#
1\, COM coM 1 4 0 50
KE paasi=3 VM IMIVEM =3 50 50 )i ( o ] ( i ]:6,250
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Transpose symmet(lix =My;) of theM-matrix implies: v ™imiv™ - VINiM iV
14 0 |.| 60 |_ .| 4 0 |.| 40
(40 90)[0 1]'( 10]_( o0 10)'[0 1]'( 90]
= 100-105 = 100-105 =10,500

With (M12 =0=M21) kinetic energwEElam.C:%\!/i MiV  is the samé=at™ andV=V/N.

VAN MY VNI Mi VN VAN M v
= = KEElaaic

VCOMPI'Otal! 2 = 2 ~ 2
4 0% 60 4 0% 40
(GOlo)ﬁo 1&%10&(40 90)%0 18 N&_ o

12,500 | 10’500 = > Elastic
12500 ! 5250 = 7,250 = 7,250
Consider kinetic energ§Einclasi=IE whenV=V oM |t is reduced by ,000from 7,250t0 6,250
E _\/COM \'/COMi M i/ CO _ 1 coup \/COMj M/ COM V'N|M|V'N \!/F'NiMi\qf'N Lo +\!/F'NiMi\7'N
Inelagtic Total 2 2 Total 2 4 4 2 Elastic 4
12500 _ 6250 = 6,250 = 3625 + 2,625 =IE

12500 |
. . 4 08! 508
_1,7C _ 4 50
KEppgaac™s VXMV = (50 50 ) o %% 50 8 0

The difference is inelastic OcrunchO enéfyE or, for elastic cases, potential energy of compressi

! H ! H
| _VviiMivy viPimivy
KEElastic ) KElnelastic o 4 ; 4
1,000 = 3,625 ! 2,625 = KE! IE
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Transpose symmet(ilx =My) of theM-matrix implies: ~ vFfimiv™ = VNIV
403! 6093 403! 403
(4090)'#0 1 &7 106%(6010)'#0 1 6% 00 &
= 100'105 = 100'105 =10,500

With (M12 =0=M231) kinetic energyEe, .= 1V| MiV s the samé=at'~ andV=\VFN,

! + ! ! +
cOM viNimi v VNI Mi VN viNimivHh
V Pl'otal — 5 = 5 = 2 = KEElastic
4 0 60 4 0 40
10,500 (6010)[0 1)[10)(4090)[0 1)[90)
12,500 — 5 = 5 = 5 = KEgasic
12500 - 5250 = 7,250 = 7,250
Consider kinetic energ§Einclasi=IE whenV=V oM |t is reduced by ,000from 7,250t0 6,250
! # ! 7 ! 7 ! 7 ! 7
cov p o VEIMIVERT 1y VEMiMiveer vNimiv® o vIimivit g VAR VIV
KE[nelastlc PT otal =5V PT otal - + - _KEElastic+
2 2 2 4 4 2 4
12,500 ! 12500 _ 6250 = 6,250 = 3625 + 2625 =IE
| " H 4
KE i3 VEMIMIVEM =1 (150 50 )i ( ) (1) ] ( 28 ]:6,250

The difference is inelastic OcrunchO enéfyE or, for elastic cases, potential energy of compressi
\71N.|\7|.\7]N \7FIN0|\7|°\7[N

KEElastic - KElnelastic = 4 4
1,000 = 3,625 — 2,625 = KE-IE
This difference is the same in all reference frames including COM frame Whgesi=IE Is zero.
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Fig. 3.4 Galilean Frame Views of collision like Fig. 2.5 or Fig. 3.1 with Bush (6 1) SUV.

(a) Earth frame view
(c) COM frame view
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(b) Initial VW frame (VW initially pxed)
(d) Final VW frame (VW ends up bxed)

Fig. 3.5 Momentum (P=const.)-lines and energy (KE=const.)-ellipses
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