15 15
TIME DILATION

"

/magine a clock as follows: A /lgH source in a
container moves up and down, and after

each rounaHrilp you increment ime by | unit

Now suppose you board a rocket shilp and
zoom Ipas* me with this clock, and | have a

C/OCk O'F my own, as deluic*ec/ be/ow

Because ofyour sic/eways motion, your

/igH travels a /onger distance than

mine, shown below.

, N,
Naxxy s Clock: o "é
L] ‘ .
My C/oc/e~ . 6
r':r\,/l—szc/
Where: ¢ = dilated time
{ = stationary time
¥ = velocty
¢ = speed of light

Since the speed of /igH is constant in all reference frames,
Naxxy's 'rouerilps' must take more time. Thus, according fo me
on Earth, fime ac*ua//y ficks slower on your moving rocket! THIS

IS NOT AN ILLUSION, IT IS REAL. However, we do not really

notice this because time dilation doesn't become alnlnaremt until you

move sufﬁcienﬁy close o the speed of /igH (relativistic speeds).



2 RELATIVISTIC CHOCOLATE CHIP 2

COOKIES P1
Now you know a bit about re/aﬁvhty, let's solve the fo//owing Prob/emf

Pro/o/em-’

Suppose we are *rying fo cut cookie a/oughs using an industrial cutter.
That is, a cookie sheet moves a/ong a conveyor belt at relativistic speea/s
( na*um//y), and the die (circular in shaf)e in the fac*ory's r.f), comes down
and cuts the cookies from the sheet. It looks a little like this:

Die moves up and down fo

cut the cookies

What is the shaf)e of the cookies

after the conveyer belt slows down
foa sfop? Are fhey circular, e//ipﬁca/,

Sheet moves in one direction with sqluare?

IDOIFOIGIOX.?

This is qluhte a fric/ey Prob/em, because in the factories rf,

relativistic Ve/ochty

the cookies should come out in an oval shape, since a/fhough
the die cuts circles, the cookie sheet is /engH) contracted It &

would seem that more of the cookie was cut in one a/irecfion,

so the cookies are e//ipses, stretched a/ong the sheet!

o However, in the cookie sheet's rf, the die is e//ipﬁca/

':" /oer/oem’icu/ar fo the sheet, so the cookies would be stretched in
F the o/o/poshte direction fo the cookies when viewed in the

fac%ory's F‘F/

How can this be Possib/e? Is this some sort of Pama/ox?
s re/aﬁvi*y broken?!
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HELICITY

The previous page was s/igH/y mis/eaa/ing. When we refer to spin-//z
Ipamtic/es, like an electron, we are ca%egorizing them by the magnhtua/e of
their spin. However, spin is ac*ua//y a vector - a mathematical oljemt that
has both magni*ua/e and direction. Now, consider a Ipamtic/e that has a spin
in a certain direction, but it's momentum vector is Ipoinﬁng in another
direction, like so: The spin vector is denoted with an orange, dashed

arrow, while the momentum vector is denoted with

a black, solid one.

Consider the fo//owing armngemen%s of slpin and momentum. How would

we differentfiate between them?

@ & @

For this purpose, we created the conceImL of he/ichty. /'/e/ichLy is defined to

be 7%2 IDF?]@C%/OH O'F 7%2 SIDiVl vec*or OVHLO 7%2 MOMQH%M}’V! vec*or. WhOHL

does a Iprojecﬁ'on mean?

yOOF!

ExacHy/ Projecﬁng the slpin vector onfo the momentum

vector p is the same as %a/eing the vector that has

comlponen%s in the direction of p of s. The a/iagmm fo

the rigH fo is there fo he/lp you understand it . : P
If His Iposhtve (rigH-hana/ea/), then the direction of motion is equa/ fo the

direction of spin. Else, H is negmtive (left-handed).
He/ichty is ac*ua//y a/elpena/en% on the reference frame H]rough which the

measurement of momentum is taken. What is the he/ichty of a massless
Ipamtic/e? Well massless Ipamtic/es travel at ¢, no matter the rf. Thus,

he/ichty for massless Ipamtic/es Is ac*ua”y constant!
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EXTRA DIMENSIONS?

6 WOOF?

Whmts 7L0 say 7%&% 7%2 ex%m GIIVVIQHSIOHS are re leve /arge? GremL

quesﬁon/ The answer is .. we don't rea// know! They m;gH ac*ua// be
very small, or Planck scale. There are a/ifferen% %ylpes of s*ring %heories
that are curren%/y suggesﬁng the use of extra dimensions. For examlu/e,
Bosonic S*ring Theory, Sulpers%ring Theory, and M-Theory require 26, 10

and Il extra dimensions fo our b-d spaceﬁme respecﬁ've/y
Naxxy suppose you were a Quan%um Iuarﬁc/e movmg aong

a Cer/ Wth IS 7%2 bes% Wa 7L0 a/escrlbe your OSI%IOH? UOOF
Elgh?tl The SO/l,ﬂLIOH 7L0 7%2 Schroa/mger EQMG%IOH yle/a/s a crrcu/ar s%oma/mg

wave, where the Ipea/es reluresen% a higher Iprobabi/i*y of you being at that
location, while the %roughs relpresen% a lower Iprobabi/ht

Source: ZAP Physics

If the radius of the circle is small enough
the amount of energy for Naxxy fo access
the next lowest enerqgy level is huge/ Thus,

ex*ra spacm/ GIIVVIQHSIOHS may eXIS7L/

The caveat is that *hey need to ex*reme/ small. Let's consider the
blgges% Iuarﬁc/e accelerator ever built - the Large Hadron Collider (LHC).
The LHC accelerates Iurmtons to about | miles short of the speea/ of /igH.

Their KE is alulproxima%e/y equa/ fo a f/ying mosqui*o. The %echno/ogy

requirea/ fo be able fo see the extra dimensions, however, needs to give

Iprmtons the KE of a Boeing 131 cruising./
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GRAVITATIONAL WAVES PY

STOCHASTIC

Astronomers hypoﬂ;esize that the number of sources for continuous or
binary inspim/ gmvi*aﬁ'om/ waves is very few so that detectors like LIGO
do not expec* there to be mu/%ilu/e passing the Earth at the same fime.
However, we do know that there are fons of sources of small gmvi*a%iom/
waves all across the universe, and that %hey are Iprobab/y combined intfo a
'noisy' signa/ when detected at Earth. These combined waves make up a
Stochastic Sigm/, since the waves can be ana/yzea/ s*aﬁsﬁca//y but cannot
be Iprea/ic*ea/. Parts of this signa/ are believed to origina%e from the Big
Bamg itself!

Example Stochastic Gravitational Wave
T

Gravitational Wave Signal
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Source: LIGO Collaboration

BURST
We don't rea//y know what this %ylue of gmvi*aﬁ'om/ wave looks like or

how it is formed. Sometimes, Inhysicis%s do not know enough about the
Iphysics of a sys*em to know how fo model the gmvi*aﬁ'ona/ waves, and
thus, we have named these burst gmvi*a*iom/ waves. The search for burst
gmvi*aﬁ'om/ waves is especia//y difficult because we rea//y don't know
what we are /oo/eing forl De%ecﬁng burst gmvi*aﬁ'ona/ waves may reveal
information that we have not ye% discovered about the universe, which

makes them high/y imlpor%anf



