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

Geometry of momentum conservation axiom
Totally Inelastic “ka-runch’collisions™
Perfectly Elastic “ka-bong” and Center Of Momentum (COM) symmetry*
Comments on idealization in classical models

Geometry of Galilean translation symmetry
45° shift in (V1,V>)-space
Time reversal symmetry
...of COM collisions

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

Numerical details of collision tensor algebra

*Car Collision simulator http://'www.uark.edu/ua/modphys/testing/markup/CMMotion Web.html

*Download Superball Collision Simulator — http.//www.uark.edu/ua/modphys/testing/markup/BounceltWeb.html
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A prOblem lIl Spdce-ﬁme . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision..... After collision... what velocities?
1 mile Perfecﬂy; e Totally .

2999
> elastic’™ inelastic, | /
% ; ca ich!

-1 08 -06 -04 -02 () casd
(b) Jollision! )

-6 sec.

-12 sec.

-24 sec.

6 6
-36 sec. 4 4

-48 sec ="

I minute ( 60 sec.)
|

*Car Collision simulator http://'www.uark.edu/ua/modphys/testing/markup/CMMotion Web. html
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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?
] mile Perfectlyi ) Totally )i -°“’-‘ :
> : : T 2207
108 06 04 02 0 elastic ‘inelastic 0/
case case /ich!
A =1
-6 sec. ” ‘ /E 5 AW
-12 . —— = A0 olLLLSsion:
sec = :é ’G
)
. >
-24 sec. -+ S
O
L ~ 6y 6y
-36 sec. = N s ) } ™
S Conventional solution: Look up the usual
48 see s | momentum and energy formulas/axioms:
1 ~ | XimVi(initial) = XimVi(final)
“ Y | Zim)Z(initial) = Xim V- i(final)
%

kcmd solve... )

*Car Collision simulator http://'www.uark.edu/ua/modphys/testing/markup/CMMotion Web. html
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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?
1 mile Perfectly ) Totally '-"i .
-1 08 -06 -04 -02 () clastic ﬂel"“’cg \ |/
case case /iCh!
A ===
-6 sec. ” ‘ /@ 5 AW
-12 . —— = A0 olLLLSsion:
sec = b ’a
)
. >
-24 sec. = S
O
L ~ 6y 6y
-36 sec. = & e ; . ™ .
S Conventional solution: Look up the usual ...But an UNconventional way
48 see I g momentum and energy formulas/axioms. is quicker and slicker.....
1 — | TmVi(initial) = SmVi(fina) | ... (Just have to draw 2 lines!)
%G Y | XimVZi(initial) = Xim V7 (final)
%
kcmd solve... )

*Car Collision simulator http://'www.uark.edu/ua/modphvs/testing/markup/CMMotion Web. html
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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?
] mile Perfectly Y Totally ::-“ .
> elastic " inelastic’. |
- } } 3 3 e — — |
l -08 -06 -04 -02 () A case  Xadborh e B (/@!
I EE v
-6 sec. isi /@ &4 e
-12 —— = A0 olLLLSsion:
sec. = :é ’G
)
_ >
-24 sec. + S
O
~
-36 sec. = N e A - - A ™
S Conventional solution: Look up the usual
48 see s | momentum and energy formulas/axioms:
1 ~ | XimVi(initial) = XimVi(final)
% | Y | ZimP(initial) = Xim V7 i(final)
% > ¢ and solve...
Velocity-velocity Plot
]00mph
90
80
70
60
V 50mph
VW 40
30
20
10mph 10 Of]N] TTAL
0| 10 20 30 4050’7390}1 70 80 90 100mph

SUV 60mph

*Car Collision simulator http://’www.uark.edu/ua/modphys/testing/markup/CMMotion Web. html
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...But an UNconventional way
is quicker and slicker.....

(Just have to draw 2 lines!)
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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?
] mlle > Pel”fe.ctly?' ) . Totally -'“-‘ .
-1 08 06 -04 -02 () —iig‘zlc ﬁfelamc&\ A
A === ';’
-6 sec. isi /E &4 e
-12 — = A0 olLision!
sec. E :é ’G
QO
_ >
-24 sec. += S
\O
L \;“ cy 6y
J0 sec. mi < (Conventional solution: Look up the usual ...But an UNconventional way
48 soe | § (momentum and enerey formulas/axioms: is quicker and slicker.....
- sec.4 5 0,0 D\
- — | XimVi(initial) = XmVi(final) Y ... (Just have to draw 2 lines!)
% | |y kE,-m V2i(initial) = XimV?i(final)
O«)O,j 7 . . &
j@mpb M SUVVSUVJF VV —constant S Axiom "1
Velocity-velocity Plot
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W 40
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Suv 60mph
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A pI‘Oblem ln Spdce-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision.....

< [ mile > Pel’fecﬂy
-1 08 -06 -04 -02 %
A
-6 sec. Hision! o
-12 sec. = == oLiision!
sec = :é ’G
O
. >
-24 sec. = S
\O
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0 sec. al < (Conventional solution: Look up the usual
48 soe | § (momentum and enerey formulas/axioms:
-48 sec.+ o - \
h — | XimVi(initial) = XimVi(final)
% Y L SimV?i(initial) = Xim V7 (final)
M)
? j@mpb SUVVSUV VV =constant 1S Axiom #1
\Slope =-4
. ) 4 M AV
Velocity-velocity Plot ==
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*Car Collision simulator

After collision.. what velocities?

http..//www.uark.edu/ua/modphys/testing/markup/CMMotion Web.htm!

...But an UNconventional way
is quicker and slicker.....
(Just have to draw 2 lines!)
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Geometry of momentum conservation axiom

——- T010]y Inelastic “ka-runch’collisions*
Perfectly Elastic “ka-bong” and Center Of Momentum (COM) symmetry*
Comments on idealization in classical models
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A pI‘Oblem 1n Spdce-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision..... After collision...what velocities?

e Totally — O—Ri-e

) " 9927
inelastic |
— \ I/
case Ch!

1 mile Perfectly
-1 08 -06 -04 -02 () elastic

K i \/j\/\\

case
-6 sec. A lisi /%ﬁ
-12 sec. =7 :a% ’G oLiision!
O
_ >
-24 sec. + S
\O
B ~ cy 67
-36 sec. = & g : N .
< ( Conventional solution: Look up the usual ...But an UNconventional way
48 soe k- § (momentum and enerey formz‘tlas/axioms: is quicker and slicker....
oSy — | BmVi(initial) = SmVi(final) Y .. (Just have to draw 2 lines!)
% |y |\ Zm VP i(initial) = Xim)V7i(final)
% ~ e —
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. M
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Geometry of momentum conservation axiom

Totally Inelastic “ka-runch’collisions™
— Perfectly Elastic “ka-bong” and Center Of Momentum (COM) symmetry*
Comments on idealization in classical models
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A pI‘Oblem 1n Spdce-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision..... After collision...what velocities?

e Totally — O—Ri-e

) " 9927
inelastic |
— \ I/
case Ch!

1 mile Perfectly
-1 08 -06 -04 -02 () elastic

K i \/j\/\\

case
-6 sec. A lisi /%ﬁ
; + = oLiision!
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0 sec. al < (Conventional solution: Look up the usual
48 soe | § (momentum and enerey formz‘tlas/axioms:
ey — | ZmVi(initial) = SmVi(final)
% |y |\ Zm VP i(initial) = Xim)V7i(final)
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...But an UNconventional way
is quicker and slicker.....
..... (Just have to draw 2 lines!)

Totally Inelastic
(Ka — Runch!)
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A pI‘Oblem ln S pdce-ﬁme . (60mph Cell-faxing 4ton SUV rear-ends 10mph Iton VW)

Before collision.....

After collision...what velocities?
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60mph

...But an UNconventional way
is quicker and slicker.....
..... (Just have to draw 2 lines!)

... (and a circle...)

Totally Elastic

(Ka— Bong!)
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A pI‘Oblem ln S pdce-time . (60mph Cell-faxing 4ton SUV rear-ends 10mph Iton VW)

Before collision..... Afier collision...what velocities?
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Velocity-velocity Plot 4 _Ysuv_“vw| DOUBLE
1 00mph ] 00mph
90 20
80 30
70 70
S !
Vo et 5 0mph
a9 Vi
30 30
2 INITIAL 20
10mph =10 Of 10mph 10
01 10 20 30 4050m0 7080 90 100 0 10720750 405 ) 6070 50 90 100w
E mp
SV 60mph VSU V ‘%
60mph

(2.5
2
1.5
1
0.5
-0.5 : 0.5
L 1 114 r e a a1l
Superball
Collision
Simulator

http://'www.uark.edu/ua/modphys/testing/markup/BounceltWeb.htm!

*Download Superball Collision Simulator
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A pI'Oblem 111 Space'time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision
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Perfectly oo & Totally
elastic =~ inelastic
case a-borg! case
_.
"o A
) (ollision!

4 4
(" Conventional solution: Look up the usual
(momentum and eneroy formulas/axioms:

SimVi(initial) = SimVi(final)
Eim V2i(initial) = Xim V7 (final)

...But an UNconventional way
is quicker and slicker.....
(Just have to draw 2 lines!)

My, SUV+ VV —constant 1S Axiom #1
\Slope =-4
]OOmph
o] =MS;]; iiVW “Ka-Runch!”
80 | 1" suv : : -
0 | 2] e [ > (Extreme inelastic collision)
0 60h 7 FL/" FINAL VSUVFIN— 50w
‘ mp T
VVW 40 IVVW_ VSU = VVWFIN — 50mp A
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A ! Vo™ =1 Ompi Fig. 2.1
0| 10 20 30 4050m 070 80 90 IOOmph in Unit 1
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A pI'Oblem 111 Space'time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

Before collision.....

Perfectly?
elastic

case

ollision!

10 Oft per min
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oy

oy

£ 00

(" Conventional solution:
(momentum and enerey formulas:

SimVi(initial) = SimVi(final)
kE,-m V2i(initial) = Xim V7 (final)

%

I Uft perypnin
VVW g

0
0

AL

N

Notice “Ka-Bong™
Figure 2.2 scaling

(ft./min. is more realistic)
“Ka-Bong!” (ldeal elastic collision)
VSUVF]N: 4 Oft per min
VVWF[N :90ﬁper min,

SUVCOM: 505 perm

! VVWCOM — 5 Oft per m

VSUVIN: 60ﬁper n
VVWIN — ] Oﬁ pert

VV =constant 1S Axiom #.l 0] 1020 30 4050ft§90er721i1§0 20 JOOﬁper min
\sope 4 o Fig. 2.2
in Unit 1
]OOmph
ol =]Z1SUV=2?W “Ka-Runch!”
\ w suv . . o
K Soiope | b (Extreme inelastic collision)
Onfjfh 3l Fa FINAL Vi #™=50mpr
Viw a Ve ilsuis V,, v = 50mp
30 line » v =g
o Nl (Vsvr ’”P”)
A ! Vo™ =1 Ompi Fig. 2.1
0| 10 20 30 4050m?)0h 70 80 90 ]00mph in Unit 1
Vr &
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Geometry of momentum conservation axiom

Totally Inelastic “ka-runch’collisions™
Perfectly Elastic “ka-bong” and Center Of Momentum (COM) symmetry*
—) Comments on idealization in classical models

Wednesday, August 26, 2015
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The and ldealized thought experiments

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

50 & o

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

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

or “degrees-of-freedom”

Landscape 1.1 Idealized model for collision model and thought experiments

17



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

\
6 translational
- degrees of freedom
for and

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

\
6 translational
- —3 degrees of freedom
- e $4
V& ~_ Kﬂ\:\ for and
l@ — 2
° \?"}
Rotation (Each body has 3 rotationaldegrees 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
Translation (Each body has 3 translational degrees of freedom) (Intoduced in Units 1 and 2)

) \
6 translational
- —3 degrees of freedom
- e $4
s ——— {ﬂ\:\ for and
l@ = S
° \?"}
Rotation (Each body has 3 rotationaldegrees of freedom) (Intoduced in Units 3 and 7)

6 rotational

degrees of freedom
for and

and system involves
12 rigid-body degrees of freedom

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

N
{ﬁ\?\ introduced in Unit 1 Chapters 10 -12
V 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
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Geometry of Galilean translation symmetry
m—— /5 © shift in (V1,V>)-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 translation (A symmetry transformation)
If you increase your velocity by 50 mph,... (In some direction x,y, or z...)

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

(a) Galileo transforms to COM frame

100 )
1Y £ Eart//
;ﬂl:l:\‘ V 90
VW 80 ) /
70 V4
60 // J
50
17 o) 7 /
0 /
// 0 //
s racting\” garih .
/ 1
. 50,50) |, Fig. 2.5a
-90-80-70-607] » -40-30-20-1 . .
100 90-80 //_50 . 10 20 30/495060 70 80 90 1100 1n Unlt 1
Y 20 / V
// 30 // SUV
/
/ _40 ]COM %
_ 5}1)
g 60
/
770
/ -80
/
— -90
/ )
11U
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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,...

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

(a) Galileo transforms to COM frame

10N

1V ‘pEarzl/
A V 90

VW 80 /
70 4
60| 7
I 50
V4

L7 o) 7
0

/ btracting\” pari

7l 7 (50,50)

_100 -90-80-70-9_%

/
/
/
/
/
/

0

-40-30-20-10°% 10 20 30 40
0 0 75

/
-20 7/

-30 &

060 70 80 901

VSUV
=

in Unit 1

Wednesday, August 26, 2015

(In some direction x,y, or z...)

(b) ... ve or six other reference frames
100 Fo
l art
< @aﬂ Vo Fiyg
/
70 /
/
o ol SUV(F)? :
L cory 7 %
FSUV([) 0 /
I /
F // Farth
V@?/ 1 [VW(I %
_100 -90-80—70—60§ -40-30-20 0 10\ 20 30 4Q5b 60 70 80 90 100
E 0 ad V
i | T SUV
SUV(F)
// _: - ]COM %
=JUOW ]
/ /6/0 SUV(I)
770
] -80
/ VW(E)

I -90
/ 10
~ =10

Fig. 2.5b

in Unit 1
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Geometry of Galilean translation symmetry
45° shift in (V1,V3)-space

——) ] ime reversal symmetry
...of COM collisions

Wednesday, August 26, 2015
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A prOblem 1n Space'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,...

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

(a) Galileo transforms to COM frame
v LIxE

o V)
VW 80 o o VW 80 )
70 / 70 e
60

60 // / /s E/
| 50

hd & SUV(F)

I C()MJy / 1 C(I‘LJ/ >
0 Y F 0 )
~ %o - suv( 0 %
/ I L / [ P
/ f fl”actillg JFarth P / }Zu//‘/h
7l 7 (50,50) F. .- I b

ve or six other reference frames
/

I’
L Eard

L
1 Earid

Final F and Initial 1

trade places...
Time-reversal (F-I)
symmetry pairs
(Four examples)
100 i

4 Eart}z/

F

v

. s Vl'ﬁ\l) VW(I, \/
100 -90-80—70/—11%0 -40-30-20-10°K 1020 30/4950 6070 8090 1p0  _100 -90-80—70—60§ -40-30-2019°10\ 20 30/495b 60 70 80 90 1l
/s =20 « V E / V
Y AN suv ) 7 SUV
SUV(F)
/ r 'jz I(J()M =0 / - j 7 ]('()M %
v ;’% s _,:}6/() Lsuvg
770 7170
/ _80 T _80
) 7 & "y -10
. 100 - 10
Fig. 2.5a Fig. 2.5b
n Unit 1 in Unit 1

Wednesday, August 26, 2015

D

/

/
L.,

 -90-80-70-605 5060 70 80 90 100
F 1%
SUV
! =
L sy
1
v -160
Time-reversal means flip t to -t...
(Run a movie backwards)
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A prOblem 1n Space'tlme . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW) Final F and Initial [
Geometry of Galilean translation (A symmetry transformation) trade places e
If you increase your velocity by 50 mph,...
...the rest of the world appears to be 50 mph slower Time-reversal (F-1)
symmetry pairs
. _ (Four examples)
(a) Galileo transforms to COM frame (b) ... and tgAflve or six other reference frames o I ,
- 10 / /
& ot d ol F e 1pU T Earg?
VVW 80 o/ /’ VVW 80 ivi =)= V F
70 Va 70 /
F C()sz]) . // ' Fvcmj?i ES/UV(F) / '
0 / v/
// 0/ I // FSUV(I) g / //
7 tracting\Lzin 7l B
b s 1 (50,50) |, FV%\F)/ ‘K 1 ],,W(] L .
_100 —90—80—70-1;_%0 -40-30-20-1 0 10 20 30 4950 60 70 80 9()100 _100 —90—80—70—60§ -40-30-20 0 10\ 20 30 4Q5b 60 70 80 90100 //
/7 -20 jad V E Yo x/// V s
P 2\ 7 Suv Pz ! T suy /7
/ i 40 1 com =0 v - T ('().w;S e % [/E/a ;th
P \ 2 v b
80 1,80 -90-80-70-6
/// [ [/ N1, o _100 90 80F1 05 060 70 80 901
100 10 // V
Fig. 2.5a Fig. 2.5b p SUV
in Unit 1 in Unit 1 e oo
/
J
e ’Lsuva
80
Ji -90
0
=1 UV
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00

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

That means you flip Velocity V to -V ...

(Everything goes backwards)
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Geometry of Galilean translation symmetry
45° shift in (V1,V3)-space
Time reversal symmetry

> ...of COM collisions

Wednesday, August 26, 2015
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A prOblem 1n Space'time . (60mph Cell-faxing 4ton SUV rear-ends 10mph 1ton VW)

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

...the rest of the world appears to be 50 mph slpwer COM Time-r ever sal
symmetry pair
(Just 1 case)
(a) Galileo transforms to COM frame (b) ... and tgAflve or six other reference frames - .
10 / 10 s 110N /
100 S 7 EaY L Farin 1UU £ Earth”
SV, s Fé\ Eo UV M Fuy
o o VW 80
o0, 4 0| SUV(F) / 4
F (.'()Mjgo { F 1E(‘(7:L5;0Y // 70 ///
// // suv( // 60 // .
4 o/md ng Iﬁu{m it : [ﬁm/-/h | A S/Y FS UV(F) .7
// 1 (50,50) Y FV@F 1 1 IVW(I N 1 CcO J/ /
_100 —90—80—70—1;_03-0 -40-30-20-1 A 10 20 30 4950 60 70 80 9()]00 _100 —90-80—70—6(%‘ -40-30-20 A 10\ 20 30 4Q5b 60 70 80 90100 F ]@0 //
pd 20 e V FE Yo Xg/ V sy o d
A ol \ 7 Suv P | T Suv / e
/7 jfm Loou = /7 _j 7 ]<'(M:U/(F/ % 2 [ﬁﬁ'{th
/ - g/(o) Y \9 //_‘;/0 Tsovm F VV?F)// ] [ il
e -80 i =80 -90-80-70-602K, -40-30- f /xJ
// oo 1 Ol _100 90-80-70 605 40-30-20 f 10\ 20 30 ft/050 60 70 80 90100
-.101, -10 E/ Yo 1 V
Fig. 2.5a Fig. 2.5b 7 } ”]SUWF SUV
in Unit 1 in Unit 1 S 44 O ) o
/ /T
/ :;550 7L sy
There is just one velocity frame I 779
in which the time-reversed collision Iy "
looks just like the original collision - -100
That is th Time-reversal means flip t to -t...
atis the (Run a movie backwards)
Center-of-Momentum

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

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

=] ctor algebra of collisions
Matrix or tensor algebra of collisions
Deriving Energy Conservation Theorem
Energy Ellipse geometry

Wednesday, August 26, 2015
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Algebra, Gebmetry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:

COM— IN. — FIN. FIN
(MSUV+M VW) V A_MSUVVSUV +M VWVVW _MSUVVSUV +M VWVVW
\ M
I Msuv
A%UV_4 \Sﬂwe_*WW
mVW=
..
Wow! This is constant! Vi
. 100
(Says the axiom) 00 V [FIN
80
70
60
50 s ML o L INL w  ITIAL
40 v L/UlVl:(V 11V+\/ 1 11\’)/1
30
20
10 \ V IN
10 20 30 40 50 60\ 70 80 90 100 V%

Wednesday, August 26, 2015

Developing
Conservation-of-Momentum
The key axiom of mechanics
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Algebra, Gebmetry, and Physics of Momentum Conservation Axiom Deve lopin g
Conservation of momentum line: C ) M
COM— IN. _ FIN. FIN -0f-
(MSUV+M VVI) V A_MSUVVSUV +M VWVVW | _MSUVVSUV M VWVVW onservathn 0 oment%lm
\ N The key axiom of mechanics
MSUV:4 \ SlOpe ZWSVIZ/;/
mVW=
Wow! This is constant! V Define velocity vector points
100
Savs the axiom FIN FIN coM IN

( y ) 20 l FIN _ SUV COM _ VSUV IN _ VSUV
50 Vo= FIN |’ Vo= com |’ Vo= IN
70 Vow Vow Viow
60
30 N COM=r%7 1’17\vr+ N7
0 V COM=yNFV HYy72
30
20
10 \ V IN

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

Suv

Wednesday, August 26, 2015



Conservation of momentum line:

Algebra, Gebmetry, and Physics of Momentum Conservation Axiom

Wednesday, August 26, 2015

COM— IN. — FIN. FIN
(MSUV+M VVI) V A_MSUVVSUV +M VWVVW _MSUVVSUV +M VWVVW
\ B
Moy =4 slove =,
mVW=
..
Wow! This is constant! Vi
. 100
(Says the axiom) 00 V [FIN
80
70
60
50 e ML e I o I7IA -
40 v L/UlVl:(V 11V+\/ 1 11\’)/1
30
20
10 \ V IN
10 20 30 40 50 60\70 80 90 1l00 V%
Suv

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN . com
FIN SUV comM SUV IN
Vo= PN , Vv = ycom Vo=
VW VW

Points of vectors
V% and V° and V»

all lie on

momentum - conservation line
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Algebra, Gebmetry, and Physics of Momentum Conservation Axiom
Conservation of momentum line: 3.
M, M, )V =M V. NMm Y, N=M Vo NM )y N

suv suv: SuUv ywe vw suv: Suv ywe vw
Mass weighted average velocity at anytime iy Center of Mass velocity V ¢OM:

const.=VCOM=pf 7 INypg o \IN=pg 7 FINyppg o FIN

suv: Suv vwo Vvw suv:- Suv Vyvwo vyw
(MSU V+MVVJ (MSU V +MV W)
.
Wow! This is constant! Vi
. 100
(Says the axiom) 00 V [FIN
80
70
60
50 xT COM—=—r¢r 1’17\vr+' NN
" V EOM=y [Ny Yy
30
20
10 \ V IN
10 20 30 40 50 60\70 80 90 1|00 V%
SUV

Wednesday, August 26, 2015

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM
VFIN_ NS VCOM _ N A% IN _
VFIN ’ VCOM ’
VW VW

Points of vectors
V% and V° and V»

all lie on

momentum - conservation line
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Algebra, Gebmetry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:
COM— IN. _ FIN. FIN
(MSUV+M VVI) V _MSUVVSUV +M VWVVW _MSUVVSUV M VWVVW
Mass weighted average velocity at anytime iy Center of Mass velocity V ¢OM:

const.=VCOM=pg 7 INppr o \INmpg 7 FINypg 7 FIN

Suv: SuUvV ywo Vw suv: Suv ywe vVw
(MSUV—FMVVJ (MSU V +MV lfl)
Express this using velocity vectors: V
VF[N: NS — FIN
Vi [ 90 ) 90 A%

IN
VS uv

IN
VVW

60
10

st

v COM:(V COM):VCOM(]) 451(0) vV E V{=(V NV FH‘V’)/Z
VCOM ] 30
20
10 \ v N
10 20 30 40 50 60\70 80 90 100 V%
SUvV

Wednesday, August 26, 2015

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
VF]N ’ VCOM ’ VIN

144 144 Vw

Points of vectors
V% and V° and V»

all lie on

momentum - conservation line
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Conservation of momentum line:
M, M, )V =M V. N+MV

SuvV Suv:- Suv ywe vw

const.=V COM=pr |

Algebra, Gebmetry, and Physics of Momentum Conservation Axiom

=M TV F1N+M 14 FIN

suv: Suv
Mass weighted average velocity at anytime iy Center of Mass velocity V ¢OM:

[N+M v IN:M v

Ywe vw

FINypg 1 FIN

suv: Suv yvwo Vw suv: Suv Vyvw" VW
(MSU V+MVVJ (MSU 14 +MV W)
Express this using velocity vectors: V
VFIN VW
VF[N: N% :[ 40 ) 100 FIN
Vi 90 90 A%
80
V[N= VSII]JVV _ 60 70
vag 10 60
COM 50 N COM=rxINTxFV
v com—|V —pcom(1 20 \ =(V[7FV )L
y oM 1 30
— 7 COMyy Define funny-unit vector:| [ | #°
u= ] 10 \ V IN
10 20 30 40 50 60\70 80 90 100 V%
N4

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
VF]N ’ VCOM ’ VIN

144 144 Vw

Points of vectors
V% and V° and V»
all lie on

momentum - conservation line

Define funny-unit vector . u=

NN

Wednesday, August 26, 2015

Vector V<Y is along 45° line
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Algebra, Geometry, and Physics of momentum conservation axiom

Vector algebra of collisions

atrix or tensor algebra of collisions
Deriving Energy Conservation Theorem
Energy Ellipse geometry

Wednesday, August 26, 2015
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Conservation of momentum line:
M, M, )V =M V. N+MV

SuvV Suv:- Suv ywe vw

const.=V COM=pr |

Algebra, Gebmetry, and Physics of Momentum Conservation Axiom

=M TV F1N+M 14 FIN

suv: Suv
Mass weighted average velocity at anytime iy Center of Mass velocity V ¢OM:

[N+M v IN:M v

Ywe vw

FINypg 1 FIN

suv: Suv yvwo Vw suv: Suv Vyvw" VW
(MSU V+MVVJ (MSU 14 +MV W)
Express this using velocity vectors: V
VFIN VW
VF[N: N% :[ 40 ) 100 FIN
Vi 90 90 A%
80
V[N= VSII]JVV _ 60 70
vag 10 60
COM 50 N COM=rxINTxFV
v com—|V —pcom(1 20 \ =(V[7FV )L
y oM 1 30
— 7 COMyy Define funny-unit vector:| [ | #°
u= ] 10 \ V IN
10 20 30 40 50 60\70 80 90 100 V%
N4

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
VF]N ’ VCOM ’ VIN

144 144 Vw

Points of vectors
V% and V° and V»
all lie on

momentum - conservation line

Define funny-unit vector . u=

NN

Wednesday, August 26, 2015

Vector V<Y is along 45° line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:
=M TV F1N+M 14 FIN

COM— IN.
(MSUV+M VW) V =My, V. M,V suv” suy vw' vw
VCOM..

suv: SuUv ywe vw
Mass weighted average velocity at anytime i§ Center of Mass velocity

— 17 COM— IN. IN— FIN. FIN
const.=V MSUVVSUV +M VWVVW MSUVVSUV M VWVVW

(M. +M (M o TM W/

N4 VVI)

Express this using velocity vectors: V
VFIN VW
N

40

{E e
st

90 A%

FIN
VVW
IN

VS uv

IN
VVW

60
10

COM 50 o N AR
v com—|V _pcom|1 40 =V[FV )2
7 COM ] 20 TIime-Reversal
Symmetry Axiom
=) COMy  Define funny-unit vector:| | 20
...and matrix operators. u=|; 10 \ vV IN
M= My, 0 10 20 30 40 50 60\70 80 90 100 V%
0o M, | Suv

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
VFIN ’ VCOM ’ VIN

144 144 Vw

Points of vectors
V% and V° and V»
all lie on

momentum - conservation line

...that give momentum vector:

PS uv =€“ZSUVVSUV)
PV w VWVVW |

Define funny-unit vector . u=

NN

Wednesday, August 26, 2015

Vector V<Y is along 45° line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:
=M TV F1N+M 14 FIN

COM— IN.
(MSUV+M VW) V =My, V. M,V suv” suy vw' vw

suv: SuUv ywe vw
Mass weighted average velocity at anytime i§ Center of Mass velocity

_ 17 COM_
const.=V M SUVVSUV

(M. +M

N4 VVI)

ywe Vvw N4

(MSUV—i_MVW)

rweVw

Express this using velocity vectors: V
VFIN VW
N

40

[N+M v IN:M v F]N+M v FIN

VCOM..

{E e
st

90 A%

FIN
VVW
IN

VS uv

IN
VVW

60
10

COM 50 o N AR
v com—|V _pcom|1 40 =V[FV )2
7 COM ] 20 TIime-Reversal
Symmetry Axiom
=) COMy  Define funny-unit vector:| | 20
...and matrix operators. u=|; 10 \ vV IN
M= My, 0 10 20 30 40 50 60\70 80 90 100 V%
0o M, Suv

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
VFIN ’ VCOM ’ VIN

144 144 Vw

Points of vectors
V" and V9 and V7
all lie on

momentum - conservation line

7

N4

VVW

...that give momentum vector: P=MeV= P

whose sum of components is constant.
u\(by ue product)

)

const.=ueP=P_ +P =M_ V.  +M, V, =ueMeV=ueMeV ¥
=ueMeV N
: : 1
Define funny-unit vector : = ;

Wednesday, August 26, 2015

SUrl = SUVVSUV
P i
w VWVVW

Vector V<Y is along 45° line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservationco momentum line:
M— IN. _ FIN. FIN
M, +M, )V =M_ V M, v, =M,V MV

suv suv: SuUv ywe vw
Mass weighted average velocity at anytime iy Center of Mass velocity V ¢OM:

— 17 COM— IN. IN— FIN. FIN
const.=V MSUVVSUV +M VWVVW MSUVVSUV M VWVVW

(M +MVVI) (MS U V+MVVI)

suv
Express this using velocity vectors:

FIN
VSUV

VVW

40

90

{E e
st

FIN
VVW
IN

VS uv

IN
VVW

60
10

I e

VCOM: VCOM =VCOM 1 40 "11V+V111V)/Z
7 COM ] 20 eversal
Symmetry Axiom
=) COMy  Define funny-unit vector:| | 20
...and matrix operators. u=| ; 10 \ vV IN
M= Mg, 0 10 20 30 40 50 60\ 70 80 90 1j00 V%
0o M, suv

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN V COM V IN
VFIN_ N % VCOM _ N A% IN _ SUv
- FIN | - com |’ - IN

Points of vectors
V% and V° and V»
all lie on

momentum - conservation line

7

N4

...that give momentum vector: P=MeV= %
rw

whose sum of components is constant.
u\(by ue product)

const. =“°P=P5UV +PV

)

PS uv =€ZSUVVSUV)
PV w VWVVW ]

=M_ V. +M_V =usMeV=usMeV ¥

rwe vw

w suv: suv

—ueMeV N

Denote Center of Momentum VCOM
with engineer’s centering symbol

Wednesday, August 26, 2015

Vector V<Y is along 45° line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:
=M TV F1N+M 14 FIN

COM— IN.
(MSUV+M VW) V =My, V. M,V suv” suy vw' vw
VCOM..

suv: SuUv ywe vw
Mass weighted average velocity at anytime i§ Center of Mass velocity
const.=V OM=M v INM LV \N=M Vo HINM Y EIN

N4 ywe Vvw N4 rweVw

(M. +M (M o TM W/

N4 VVI)

Express this using velocity vectors:

VVW

FIN

VN = VSUV _ [ 40 ] 100
Vi 90 90 V)
80
V&= VSIIZJVV _ 60 70
Vi 10 60
50 e AL s JTTAL o
V COM= VCOM :VCOM ] 40 V1=(V INFV uv)/z
y coM ] 20 Time-Reversal
_ oMy, 20 Symmetry Axiom
...and matrix operators. 10 \ vV IN
M= My, 0 10 20 30 40 50 60\70 80 90 100 V%
0 M, suv

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
- FIN |’ - com |’ - IN

Viw Viw Viw

Points of vectors
V% and V° and V»
all lie on

momentum - conservation line

7

N4

P

SUrl = SUVVSU
P

w VWVVW

...that give momentum vector: P=MeV=

)

: |4
whose sum of components is constant. vw
u\f(by l{? product)
_ _ _ _ _ IN
const. —u0P—PSUV +PVW—M SUVVSUV +M VWVVW—wM'V—u'M'V

—yeMeV FIN
Then: V COM=] COMy, gives. uM-v

\Y COM‘M'V COM:V COM.M.V IN:V COM‘M'V FIN

Vector V<Y is along 45° line

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

Vector algebra of collisions

Matrix or tensor algebra of collisions
= Deriving Energy Conservation Theorem

Energy Ellipse geometry

Wednesday, August 26, 2015
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:
COM_ IN _ FIN. FIN
M, +M, )V =M_ V. M, v, =M,V MV

suv: SuUv ywe vw
Mass weighted average velocity at anytime i§ Center of Mass velocity

_ 17 COM_
const.=V M SUVVSUV

(M. +M

N4 VVI)

ywe Vvw N4

(M. +M

N4 VW)

rweVw

[N+M v IN:M v F]N+M v FIN

VCOM..

Express this using velocity vectors: V
yFIN Vw
VN suv =[ 40 ] 100
Vi 90 90 \4
80
V1N= VSIIZJVV — 60 70
VV’{; 10 60
50 ) el IN v I7IAL i
V COM: VCOM :VCOM ] 40 v \./uu/l:(v uv+v 1 11V)/Z
Jy coM 1 30 Symmetry Axiom
=V COMu. 20 /l
...and matrix operators: 10 \ v IV
M= My, 0 10 20 30 40 50 60\ 70 80 90 100 V%
0o M, Suv

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN coMm IN
V. V.
FIN _ SUV COM __ SUV IN _ SUv
V= yEN , V — ycom ’ - VN
VW VW VW
Points of vectors

V™ and VY and V"
all lie on

momentum - conservation line

UVO P

...that give momentum vector: P=MeV= Ms VSUV
o M, )\V,

whose sum of components is constant.
u\(by ue product)

const. =u-P=PSUV +PV

=M_ V. +M, V, =usMeV=usMeV

w suv: Suv ywe vw
. —ueMeV FIN
Then: V COM=y COMy gijyeg:

Vv COM.M.V COM:V COM.M.V IN:V COM‘M‘V FIN

By T-Symmetry Axiom: V OV=1,(V N4y FIN),

Wednesday, August 26, 2015

SUrl = SUVVSU
P
w VWVVW

Vector V<Y is along 45° line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:
=M

COM— IN.
(MSUV+M VW) V =My, V. M,V suv” suy vw' vw

suv: SuUv ywe vw
Mass weighted average velocity at anytime i§ Center of Mass velocity

const.=V COM=pr |

N4 ywe Vvw N4 rweVw

14 F1N+M 14 FIN
v COM..
[N+M v IN:M v F]N+M v FIN

(M. +M

N4 VVI)

Express this using velocity vectors:

(MS uv +MV W)
VVW

FIN

VSUV

40

{E e
st

90 A%

FIN
VVW
IN

VS uv

IN
VVW

60
10

M-symmetry M=M”

%

N4

VVW

P

SU

P

...that give momentum vector: P=MeV=
whose S%OM])OF!BHIS Is constant.

MSUV 0
0 M,
(by ue product)

const.=weP=P_ +P =M_ V.  +M, 6V =usMeV=usMeV IN

suv: Suv ywe vw
. —ueMeV FIN
Then: V COM=y COMy gijyeg:

Vv COM.M.V COM:V COM.M.V IN:V COM‘M’V FIN

By T-Symmetry Axiom: V OV=1,(V N4y FIN),

Wednesday, August 26, 2015

vV COM_ VCOM _y coml1 451(0) V1:(V Ny FL"V’) Yo%
y COM 1 30 \ =Symmetry Axiom
_ 7 COMy, 20 y
...and matrix operators. 10 \ vV IN
_ (ZWSUVO _N[Transpose 10 20 30 40 50 60\70 80 90 100 V%
0o M, SUV

4 =C:jSUV SU
w VWVVW

I

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
VFIN ’ VCOM ’ VIN

144 144 Vw

Points of vectors
V% and V° and V»

all lie on

momentum - conservation line
Vector V<Y is along 45° line
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Algebra, Geometry, and Physics of Momentum Conservation Axiom
Conservation of momentum line:
=M TV F1N+M 14 FIN

COM— IN.
(MSUV+M VW) V =My, V. M,V suv” suy vw' vw
VCOM..

suv: SuUv ywe vw
Mass weighted average velocity at anytime i§ Center of Mass velocity
const.=V OM=M v INM LV \N=M Vo HINM Y EIN

N4 ywe Vvw N4 rweVw

(M. +M (M o TM W/

N4 VVI)

Express this using velocity vectors:

FIN VVW

VSUV

40

{E e
st

90 A%

FIN
VVW
IN

VS uv

IN
VVW

60
10

vV COM_ VCOM _y coml1 451(0) V1:(V Ny FL"V’) Yo%
y COM 1 30 \ =Symmetry Axiom
_ 7 COMy, 20 y
...and matrix operators. 10 \ vV IN
_ (ZWSUVO _N[Transpose 10 20 30 40 50 60\70 80 90 100 V%
0o M, SUV

M-symmetry M=M”

%

N4

VVW

_(P

...that give momentum vector: P=MeV=
whose S%OM])OF!BHIS Is constant.

(MSUV 0 V)( suv =€“ZSUVVSU
0 M P |4
(by ue product) g . S

const.=ueP=P_ +P =M_ V.  +M V, =ueMeV=ueMeV ¥
—ueMeV N

V)
Then: V COM=y COMy gijyeg:

Vv COM.M.V COM:V COM.M.V IN:V COM‘M’V FIN

By T-Symmetry Axiom: V COV=1,(V N+V IV Substituting:

Vv COM‘M'V COM:I/Z(V IN_|_V F]N).M.V 1N:]/2(V IN_|_V F]N).M.V FIN |

Developing
Conservation-of-Momentum
The key axiom of mechanics

Define velocity vector points

FIN VCOM VIN
VF]N_ SUV VCOM _ SUV IN _ SUv
VFIN ’ VCOM ’ VIN

144 144 Vw

Points of vectors
V% and V° and V»

all lie on

momentum - conservation line
Vector V<Y is along 45° line

Wednesday, August 26, 2015
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Algebra, Geometry, and Physics of Momentum Conservation Axiom Develo D in g
Conservation of momentum line: )
COM— IN. _ FIN. FIN -0f-
(MSUV+M VW) V _MSUVVSUV +M VWVVW _MSUVVSUV M VWVVW Conservathn 0 Momentym
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 SUVVSUV +M VWVVW _MSUVVSUV +M VWVVW
(MSUV—FMVVJ (MSU V —I_MV W)
Express this MSingH\;’elOCily veclors: V Define velocity vector points
V
V IN= ( oy ) N V. VAR ycom VAl
Viw 20 FIN SUV com SUV N SUvV
| o0 V= FIN |’ A - coMm |’ Vo= IN
V FIN_— ( SUVFHC/) 70 VVW VVW VVW
V 60
w
50 . /“’f)/{/f e JAL o = TJAL s
V COM— VCOM :VCOM ] 40 V \/uwl:(v INFV uv)/z
7 COM ] 20 =Symmetry Axiom
_ 7 COMy, 20 l
...and matrix operators: 10 \ v IV
Me M, 0 \ _N[Transpose 10 20 30 40 50 60\70 80 90 100 V%
0o M, suv
M-symmetry M=MT B)| M-symmetry M=MIl: V FiNeMeoV N=V NeNoV FIN
...that give momentum vector: P=MoV=(A;[SUV 0 W)(ZSUV = 1]ZSUV =€“ZSUVVSUV) this becomes:
whose sum of components is constant. M yw V | COMoqmiey COM FINgM eV IN
u\f(by f product) V N S \ M-V 1]\_/ 12V e M-V Iy v
const.=usP=P +P =M _ V. +M_V =usMeV =12V oMoV =12V e MeV
Then: V COM=y COMy gijyeg:
Vv COM.M.V COM:V COM.M.V IN:V COM‘M‘V FIN
By T-Symmetry Axiom: V COV=1,(V N+V IV Substituting:
Vv COM‘M'V COM:I/Z(V IN_|_V F]N).M.V IN:]/Z(V IN_|_V F]N).M.V FIN |
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Algebra, Geometry, and Physics of momentum conservation axiom

Vector algebra of collisions
Matrix or tensor algebra of collisions

=3 Completing derivation of Energy Conservation Theorem
Energy Ellipse geometry
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Algebra, Geometry, and Physics of Momentum Conservation Axiom Deve lOpi ng
Conservation of momentum line: C . M.
COM_ IN _ FIN FIN -0f-
(MSUV+M VW) 4 MoV s ™ MgV N =My Vo "MV, onservathn a omentqm
Mass weighted average velocity at anytime i§ Center of Mass velocity V ¢OM: The key axiom of mechanics
— 17 COM— IN. IN— FIN. FIN /
const.=V MoV s MV o "M Ve ™ MV leadi ng lo

M, +M,) M,,,+M,)

N4 N4

Conservation-of-Energy Theorem

Express this usmg A;)eloczly vectors: % Define velocity vector points
4 00
V IN= ( oy ) 190 v VAR ycom VAl
VVW 50 VFIN= Suv VCOM — SUV VIN — SUV
FIN |’ com |’ IN
70 Vow Vow Viow

FI
\]FIN= ( VSUV N)
FIN
VVW

v COM:(V COM)_V

f\/{/f -7l JIAN . w > LTAN /-~
UlVl:(V 11V+v 1 llV)/Z

ycom| =Symmetry Axiom
=V COMu
...and matrix operators: v IN
_ Mg, 0 _ 10 20 30 40 5 \70 80 90 100  , igteh
0o M, VSUV
By M-symmetry M=MT : 'V NeMey IN=y NeMey FIN
..that give momentum vector: P=M.V=(MSUV 0 W)( SUV | = PSUV = SUVVSUV this becomes:
0 MV W PVVV VWVVW | V COMeN oy COM _ ;57 FINeNoY N

whose sum of components is constant.
u\f(by l{? product)
P=M_ V. +M V =

w suv: Suv rwe vw

const.=ueP=pP_ eMeV =12V INeMeV IN=] 5\ FINeNJoy FIN

Then: V COM=y COMy gijyex:
V COMaNoy COM—yy SOMgNoy IN=y COMoNfoy FIN | These are equations for energy conservation ellipse:
const. = 1/2MSUVVSUV ’ * 1/2MVWVVW ’
. . v COM_ INyy FIN DTS
By I-Symmetry Axiom: V 12(V Y+ V P Substituting: .y ZMSUVVSUV2 Y ZMVWVVW2
V COMeMoY COM=}/3(V N4V FINYoMoV N=/2(V IN4V FINye MoV IV =Kinetic Energy=KE is now defined

and proved a constant under T-Symmetry
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Algebra, Geometry, and Physics of momentum conservation axiom

Vector algebra of collisions
Matrix or tensor algebra of collisions
Deriving Energy Conservation Theorem

=3 Fnergy Ellipse geometry
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N,

Algebra, Geometry, and Physics of Momentum Conservation Axiom

Conservation of momentum line: _| ..one of co-many;... Developing
—>>
yels Conservation-of-Momentum
Momentum Mg, - The key axiom of mechanics
Conservation leading to
Axiom Conservation-of-Energy Theorem
plus
100 TN
I-Symmetry | |N i ) |
Axiom Lo
(M=MTi plied) 60
gives jg V CO}V{:(V J]\”_'_V IPIIIAV,) /Z
” | T-Symmetry Axiom
Kinetic Energy ¢
Conservation R v N
Theorem ) 60 70 80 90 100 V%
Suv
‘7(XﬂM;Dd.\zCINM;LQ‘/IUNQDG.\zLN
=12V VoMoV V=12V FINeMoV FIN
, These are equations for energy conservation ellipse:
All lines of s , ,
...are bisecte KE=1".M, Vs, ~+1M,V,,
(slope=1)-C
= »KE  2KE a°+b°
MSUV MVW
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Algebra, Geametry, and Physics of Momentum Conservation Axiom :
Conservation of momentum line: _Ly, ~ (...one of co-many...) Developing
ye's Conservation-of-Momentum
Momentum My o The key axiom of mechanics
Conservation leading to
Axiom Conservation-of-Energy Theorem
plus \ If and only if...
FIN o T
TSymmery | | A 7 there is T-Symmetry
Axiom I
(M=MTi plied) 60
50 yaray Vs AT il 0 N

. V L/UlVl:(V JlV_l_V 1 IIV)/Z

ives 40 .
s 30 \ I-Symmetry Axiom
Kinetic Energy ¢o
Conservation R VN
Theorem ) 60 70 80 90 100 V%

N4

‘7(XﬂM;Dd.\zCINM;LQ‘/IUNQDG.\zLN
=12V NeMeV N=y v FINeoY FIN

These are equations for energy conservation ellipse:

All lines of s , ,
KE - 1/2MSUVVSUV + ]/2MVWVVW

...are bisecte
(slope=1)-C

2 2 _ .2 2

V&UV T Lﬂw/ —F +_2L

== 2-KE 22KE a° +b°
MSUV MVW
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I/
Vow |
e | 110
) V4 _GL}]OG \\ \\Final “Ka-Bong”-point\
90
"~ [2KE|Y
Ny |7
=120.42 0
5
Elastic || ;‘0
Kinetic| | 2
| J2KE 60:10)
Ener ( — M., .., \Initial—point
) =60.21 77| 10 20 30 4045 60 70 30 90
ellipse {\ 10 50/ v
(KE=7,250) jg | SUV
| |\ ==
SO M
\ 0 50//‘ Momentum
-70 — plotal —
\\ _80 ///)lyyy:/ P 250
\\ _90 /// line
\ /
\\\\ﬂa///
~__ |-1207
Fig. 3.1 a
in Unit 1
Fig. 3.1

Developing
Conservation-of-Momentum
The key axiom of mechanics
leading to
Conservation-of-Energy Theorem

If and only if...
there is T-Symmetry
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viv | |
e |10 \ elastic
// —& lf/;lg \\ \\Final“Ka-Bong”-poim‘\ FIN
/ 80 inlastic
2-:KE
=\ | 70 .
=120 4r2n W6 ,, {A is .
| 5 , & Veoy poin
Elastic || / Inelastic |
30 L
Kinetic // |2 50.10) Kinetic
Energj/ A=NM. . \Initial-point Energj/

V _

— [ -20 S —
(KE=7250) gy uv| (IE=6,250)

=50 —

\ 40
_/“\7_/\ r Ty T
60 SUV /‘ Momentum
\ 7 // = Plotal=)5
[ir

| -80 Myw=1
4
X 90 // e
/

\
N\
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|
Tlimse {\ =6021 9P 10203 4050/7 7078090 | ellipse
/

110/
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\\\
\‘\

Fig.3.1b

Fig.3.1a in Unit 1
in Unit 1

Fig. 3.1
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As usual in physics, oppogsite extremes are easier to analyze

r l(er) world

than the generi

“in between!

(a) Ideal ~(b) Generic
Elastic LENNelastic ;. 010stic
(Ka-Bong!) (Ka-whump!) whimp
(*/36)
/
_.|2E b = ‘:Ewhu
belastic_\/ﬁ] (2,2) whump M,
S |- — _
Al \ i
|
I : Pass-thru
: a = | 2Ewhyr
_ PDE whump N pf | )
aelazstic_\/jv2 (3.4 / 2 : [
_ |
i : M1_6 N whump
|8 M= — =23.33
The X-2
Next: pen-
launcher

Here T-Symmetry
is best

Here T-Symmetry
is less
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(c) Totally
inelastic
(Ka-Runch!)
| &
com M, COM
~ = = L
\ [\
|
_J2IE]
Qeom <\t. b7
IE cop
=14

Here T-Symmetry
is least

Flg 3 2 (This case has Bush era requisite

in Unit

1 SUV mass of the 6 ton “Hummer”)
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Numerical details of collision tensor algebra
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General Inertia Tensor M or inertia matrix of n? coefficients M for dimension n=2, 3,....
]

}3 — jk{ilpq_k ]L1&217£ = v X ] 1? jvfil ]v[i2 Lq
> denoted :P=M+V or: —
'l; — jhiélpq_k jv[éZIZé 'l) ]L[él jv{é2 L/

2 2

J

With 45° diagonal VCO go: . V" =V =yt

IN IN FIN FIN coM coM coM
Prow = M\Vi + MOV, =MV +M,V, " =MV +M,V = MoV

Wednesday, August 26, 2015

56



General Inertia Tensor M or inertia matrix of n? coefficients Mj; for dimension n=2, 3,....

}2 — jv{ilpq_k ]L1&217£ = v X ] 1? jvfil ]v[i2 Lq
> denoted :P=M+V or: —
'l; — jviélpq_k jv[éZIZé 'l) ]viél jv{é2 L/

2 2

J

With 45° diagonal VCO go: . V" =V =yt

IN IN FIN FIN coM coM coM
Prow = M\Vi + MOV, =MV +M,V, " =MV +M,V = MoV

A product of total momentum Pz and V" is expressed by fensor quadratic forms veMeu

> > «>

VCOMPTotal _ VCOM °M°VIN _ VCOM .M.VFIN _ VCOM .M.VCOM _ VCOMMTotalVCOM
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General Inertia Tensor M or inertia matrix of n? coefficients Mj; for dimension n=2, 3,....

}2 — jv{ilpq_k ]L1&217£ = v X ] 1? jvfil ]v[i2 Lq
> denoted :P=M+V or: =
'l; — jviélpq_k jv[éZIZé 'l; ]viél jv{é2 125

J

With 45° diagonal VO™ go; . VM =V 2 =y
IN IN FIN FIN coM coM coM
Prowi =M\Vi" + MOV, =M Vi + MV, ™ =M,V +M,V =M1V

COM -
V

A product of total momentum Pr and is expressed by tensor quadratic forms veMeu

> > «>

VCOMPTotal _ VCOM °M°VIN _ VCOM .M.VFIN _ VCOM .M.VCOM _ VCOMMTotalVCOM

Write this out with the numbers used in Fig. 3.1 where 17““" =50 . (2 pages back)

4 0 60 4 0 40
50P, . = . . = . . =50M_ ,50=12,500

= 100-125 = 100-125 =50-250
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58



General Inertia Tensor M or inertia matrix of n? coefficients Mj; for dimension n=2, 3,....

13 — jv{&lpq_k ]L1&217£ ~ v X ] 1? jvfil ]V1i2 Lq
> denoted :P=M+V or: —
‘ZZ — jviélpq_k jv{éZIZé ‘Z) ]viél jv{é2 L/

2 2

J

With 45° diagonal VCO go: . V" =V =yt
IN IN FIN FIN coM CoOM cCoM
FProj =M Vi~ +MyVy =MV + MV, ™ =MV + M,V = Mzo1a1V

A product of total momentum Pz and V" is expressed by fensor quadratic forms veMeu

> > «>

VCOMPTotal _ VCOM .M.VIN _ VCOM .M.VFIN _ VCOM .M.VCOM _ VCOMMTotalVCOM

Write this out with the numbers used in Fig. 3.1 where 17““" =50 . (2 pages back)

0= 50 50 J{ & 019 J-(0 50 ) &

= 100-125
P1oia1 =250 1s the same at IN; FIN, and COM.-

40

o ] =50M,,_,50=12,500

=50-250

ow use T-symmetry: VO =V v y/2

< FIN , <IN < FIN | IN < FIN <IN < FIN | < IN
VNN o VNIV VNIV g N,y
y COM p — M.V = eM. VIV = M-

Total 2 9) 9) 9
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N

General Inertia Tensor M or inertia matrix of n? coefficients Mj; for dimension n=2, 3,

Pl — MIII/I T MIZI/Z ~ v X ] Pl Mll M12 I/1
> denoted :P=M+V or: —
I)Z — M2II/1 + M221/2 ) I)Z M21 M22 I/Z

With 45° diagonal V9 so: .

y/CoM _ y,COM _ ,COM
1 - 2 -
IN IN FIN FIN COM COM COM
Pro =MV + MOV, =MV + M,V =MV +M,V =M ppV

A product of total momentum Py and V< ;

> >

VCOMPTotal _ VCOM .M.VIN _ VCOM .M.VFIN _ VCOM .M.VCOM _ VCOMMTotalVCOM

Write this out with the numbers used in Fig. 3.1 where 17““" =50 . (2 pages back)
4 0

w3 ) e o

100-125
P1oia1 =250 1s the same at IN; FIN, and COM.-

50P

Total ~—

60
10

4 0
0

40

o ] =50M,,_,50=12,500

=50-250

ow use T-symmetry: VO =V v y/2

{]FIN_I_{/IN
VCOMP

o VN, GIN VNIV FIN 7 IN
Total = > OMOVIN: 7 OMOVF[N: 5 M- )
conr VN MV VIV oM. vV VN oM VI VN M.V VN oMy
V PTotal - 7 = ) - 2 B 4 i 4
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is expressed by tensor quadratic forms veMeu

Subtracting:
VEN ypov IV
2
VN Ve FIN
T2
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General Inertia Tensor M or inertia matrix of n? coefficients M, for dimension n=2, 3

N

Pl — MIII/I T MIZI/Z ~ v X ] Pl Mll M12 I/1
> denoted :P=M+V or: —
I)Z — M2II/1 + M221/2 ) I)Z M21 M22 I/Z

With 45° diagonal V9 so: .

CoOM CoOM COM
VM =V =y

IN IN FIN FIN COM COM COM
Prow = M\Vi + MOV, =MV +M,V, " =MV +M,V = MoV

A product of total momentum Py and V< ;

> >

VCOMPTotal _ VCOM .M.VIN _ VCOM .M.VFIN _ VCOM .M.VCOM _ VCOMMTotalVCOM

Write this out with the numbers used in Fig. 3.1 where 17““" =50 . (2 pages back)

50F,, =( 50 50 )¢ [ g (1) )( fg ]=( 50 50 )( g O .| 29 ] SOM,

90
= 100-125

=50-250

Proa =250 is the same at IN; FIN, and COM~ Now use T-symmetry: V<" =V 1v¥y/2

20=12,500

cou - VFIN+VIN e {ZFIN+{]]N - {/FIN_l_{]lN R VFIN_l_V[N
VT Bl = 5 ‘M.V" = 5 ‘M- 5 M- 5

cou {]FIN.M.V]N {IIN .M.V[N VF]N .M.VF]N V]N .M.V[N {]F[N .M.VF[N
S T } 2 R 4

Transpose symmetry (Mj. =Myj) of the M-matrix implies: V™"+M-V V

(140 90 )[ g (1) ]( fg ]:( 60 10 )[ 3 (1) )(

= 100-105
Wednesday, August 26, 2015

is expressed by tensor quadratic forms veMeu

Subtracting:

V FIN.M.V IN

2

V [N.M.V FIN

40
90

2

=10,500
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— -

Transpose symmetry (Mjr =Mjy;) of the M-matrix implies: VMLV = VA N VI
40 ][ 60 |_ 4 0] 40
(40 90)[0 1](10] (60 10)[0 1](90]
= 100-105 - 100-105 ~10,500

With (M2 =0=M>;) kinetic energy KE,, . =3 VsM-Vis the same at V=V'N and V=VFN,

cou VFIN.M.VIN VIN .M.VIN VFIN .M.VFIN
V PT otal 2 = 9) = ) = KEElastic
4 0 60 4 0 40
60 10 ) . 40 90 ) .
10,500 ( )[01)[10)( )£01)[90]
12’500 - 2 = 2 = ) =K Elastic
12,500 — 5,250 = 7,250 = 7,250
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— -

VFIN.M.VIN — V[N.M.VF]N

Transpose symmetry (Mjx =M;) of the M-matrix implies:
(140 90 )[ 3 (1) ]( fg ]=( 60 10 )[ g (1) ]( 38 ]
= 100-105 - 100-105 — 10,500

With (M2 =0=M>;) kinetic energy KE,, . =3 VsM-Vis the same at V=V'N and V=VFN,

VCOMP B VF]N.M.V[N - V]N .M. V]N - {ZFIN .M.VF[N _KE
Total 2 — 2 o o) _ Elastic
4 0 60 4 0 40
60 10 | . 40 90 |- .
10,500 ( )[01)[10}( )£01j[90]
12,500 - ) = 7 - 7 =K Elastic
12,500 — 5,250 = 7,250 = 7,250
Consider kinetic energy K FEineiasic=IE when V=VOM 1t is reduced by 7,000 from 7,250 to 6.250.
8y y

cou i}(lﬂw;]§1.§7C(m4 1 cou i}CINM;]§10§7CKM4 {}HV(Na.i7ﬂV i}FﬁV(Nh}i}LV-_ 1 Ii}FﬂV(Nh}i}ﬂV

KE[nelastic: PT otal ==V PT otal = * - _KEElastic '
2 2 2 4 4 2 4
12
;000 = 6,250 = 6,250 = 3,625 + 2,625 = IE

12,500 - =
2
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— -

VFIN.M.VIN — V[N.M.VF]N

Transpose symmetry (Mjx =M;) of the M-matrix implies:
(140 90 )[ 3 (1) ]( fg ]=( 60 10 )[ g (1) ]( 38 ]
= 100-105 - 100-105 — 10,500

With (M2 =0=M>;) kinetic energy KE,, . =3 VsM-Vis the same at V=V'N and V=VFN,

VCOMP B VF]N.M.V[N - V]N .M. V]N - {ZFIN .M.VF[N _KE
Total 2 — 2 o o) _ Elastic
4 0 60 4 0 40
60 10 | . 40 90 |- .
10,500 ( )[01)[10}( )£01j[90]
12,500 - ) = 7 - 7 =K Elastic
12,500 — 5,250 = 7,250 = 7,250
Consider kinetic energy K FEineiasic=IE when V=VOM 1t is reduced by 7,000 from 7,250 to 6.250.
8y y

cou i}(lﬂw;]§1.§7C(m4 1 cou i}CIHM;]§10§7CKM4 {}HV{Na.i7ﬂV {}Fﬁviﬁaki}ﬂv-_ 1 Ii}FﬂV(Nh}i}ﬂV

KE[nelastic: PT otal ==V PT otal = * - _KEElastic '
2 2 2 4 4 2 4
12
;000 = 6,250 = 6,250 = 3,625 + 2,625 = IE

12,500 - =
2

< com o 4 0 ) [ 50
_% VCOM.M.VCOM :%( 50 50 )o( O 1 ]o( 50 ]:6,250

Inelastic
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— -

Transpose symmetry (Mjr =Mjy;) of the M-matrix implies: VMLV = VA N VI
40 ][ 60 |_ 4 0] 40
(40 90)[0 1](10] (60 10)[0 1](90]
= 100-105 - 100-105 ~10,500

With (M2 =0=M>;) kinetic energy KE,, . =3 VsM-Vis the same at V=V'N and V=VFN,

VCOMP B VFIN.M.VIN - VIN .M. V[N - {ZFIN .M.VFIN _KE
Total 2 o 2 o o) o Elastic
4 0 60 4 0 40
60 10 e . 40 90 ) .
10,500 ( )[01)[10}( )£01j[90]
12,500 - ) = 7 - 7 =K Elastic
12,500 — 5,250 = 7,250 = 7,250
Consider kinetic energy KEinciusic=IE when V=V OM 1t is reduced by 7,000 from 7,250 to 6,250.
. - C(m4}) __i?(lﬂw;]il.in(M4 __J;L,C6m41) _-i?(XNM;]§1.§7CKM4._-ikﬂv(Na.i7LV i}FﬁV‘Na}i}EV-_-ljzl; Ii}FﬂV(Na}i?HV
Inelastic™ Total o Total o * o Elastic '
2 2 2 4 4 2 4
12,500
12,500 - ’2 = 6,250 = 6,250 = 3,625 + 2,625 = I[E
KE, =L VOOV =L (50 50 )o] 4 O | 20 |=6,250
Inelastic 2 2 ( ) 0 1 50
The difference 1s inelastic “crunch” energy KFE-/E or, for elastic cases, potential energy of compression.
VY oMVEY VIV MV
KEElastic - KElnelastic = 4 - 4
1,000 = 3,625 — 2,625 = KE—-IE
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— -

Transpose symmetry (Mjr =Mjy;) of the M-matrix implies: VMLV = VA N VI
40 ][ 60 |_ 4 0] 40
(40 90)[0 1](10] (60 10)[0 1](90]
= 100-105 - 100-105 ~10,500

With (M2 =0=M>;) kinetic energy KE,, . =3 VsM-Vis the same at V=V'N and V=VFN,

VCOMP B VF]N.M.V[N - VIN .M.V]N - {ZFIN .M.VFIN _KE
Total 2 _ 2 T o) o Elastic
4 0 60 4 0 40
60 10 J° . 40 90 ) .
10,500 ( )[01)[10)( )£01)[90]
12’500 - 2 = 2 = ) =K Elastic
12,500 — 5,250 = 7,250 = 7,250
Consider kinetic energy KEinciusic=IE when V=V OM 1t is reduced by 7,000 from 7,250 to 6,250.
. - Ccm4}) __i?(lﬂw;]il.§7ctm4 __J;LIC(m4}D ~ {}CIHM;]§1.§7CCM4._-iyLV.PQ[.i7ﬁV +_i}FWV(Nh}i}ﬁV-_-l}(Z; | i}FﬁV(Na}i?LV
Inelastic™ Total _ Total - _ Elastic '
2 2 2 4 4 2 4
12

12,500 - ’2500 = 6,250 = 6,250 = 3625 + 2,625 =IF

- - o 4 0 50
KE i =3 VO MV =1 (50 50 )( 0 1 ]( 50 ]:6’250

The difference 1s inelastic “crunch” energy KFE-/E or, for elastic cases, potential energy of compression.
VY oMV VN Vo VY
KEElastic - KElnelastic = 4 - 4
1,000 = 3,625 — 2,625 = KE—-IE

This difference 1s the same 1n all reference frames including COM frame where KEiciusic=IE 1s zero.
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Note “crunch” energy ciusicKE-ieiasiclE = 0.21

1s the same 1n all frames including com-frame.—

(d) Final VW
Frame View | E

V, - (a) Earth
FINAL| &8 Frame View
F+ 6" // '
0.7m/s 1 1.4dm/s |
/
/
/
bang!
/
0| » /
6 /
’,? c 0.9m/s! 0, 2m/s

- -1.0

02717 6o &%
4
F L’ V“"’r/().é’m/s
'0. // () /
: //é/[ |
1.0 ()6/ N V%
L0806 [\-0.4] \ro.2 0X | 04\ 062038 suv
Vi t 5.7 +0-6—110)
0.8,
0.2 Dy
aaa b /
104 ‘ 0.5m/s 1.2m/s
7/
—— Iﬁf;,: / P
0.6 !
2 1() bc;hg.’
7
é@.Mtframe
,’wj -0.1m/s : +0,6m/s 0. 7m/s 0 Om/s
CC)M | 04 : /
ling ) 51 | peorl o, 6ms
bang! —
R iy (b) Initial VW
7. | FrameView
-U.0
+0.1m/s : -0.6m/s
' (c) COM
| .
promi=() Frame View

A"

|

Fig. 34 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 fixed)
(d) Final VW frame (VW ends up fixed)

Flastic KE(Joule)
2.45

2.24

\-:‘
0. 77\-g.
\-g.

WL

_ ---Wﬂ" ~

il

N

RS

-

)

1.0

0.2]

—fnelastic KEf

0/

Vl

COM Frame

+0). Im/s
.6m/s

h'al =

V( OM= 0

<
I| i)

Totally Inelastic
COM final point

Fig.3.5 Momentum (P=const.)-lines and energy (KE=const.)-ellipses
appropriate for Fig. 3. 4.

'OM
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