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Exploding. stars.show vs that.time slows down in
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&—. 50 many people from so many places that we
had to put the places at the end of the paper!

_Hece's the tldr...

For almost 100 years we've known that the Universe is expanding, Our models
of an-expandin g Universe predictithat a veryfar away clock will tick slower
than one right next to us — something called cosmological time dilation, In this
paper we treat-exploding starse like:clocks; using more of these:and at
higher distances than ever before to measure time dilation, Using the most
data~driven-approach so far,we find.:-pretty much what we expected! With
the quality of ‘the data from our collaboration, the Dark Ener gy Survey, this
is the most precise detection of cosmological time dilation yet.

Here's outhe back ground: 3
S ‘-—-d— o Einst What we're looking for in the
Cosm:b:ogucal tu;)-et. lattu:nt.s yet paper isn't a new idea; using

BANRKHISE Pl eI GO Hah. 440 exploding stars, supernovae, as

be traced back to Einstein!

ein! clocks was proposed 85 years ago!
Lots of 'people have vsed these
@ i and.other transient light sources
ime

. to quantify time dilation before...




.. seriously, this is something that
lote of 'emart people have looked at
before!

It's.important to use the most
distant supernovae possible. for
these types of studies, The further
away a supernovaig, the stconger
the time dilation signall This (ets vs
find 'the si gnal amongst the noise,

We want to be really sure about how
much time dilation there is as we
correct for this in cosmolo gical

analyses.
Type la-supernovae are the result To detect time dilation we can
of "white dwarf’ stars.exploding. compare how dif ferent supernovae
These white dwarf stars are the change over time.
super=compact remnant cores of
stars that have shed their outer
layers — kind of like Fhe skeleton Tpe la supernovae get
left over.after we die. Some of u_,_/ Suoly v the duatop XE o
these stars steal extra material \ S P t'
from nearby stars while in their %0 = e need to b
white dwarf.phase. When they carefol uben
steal 50 much matter that they G P
reach a critical mass they them

explode! Since all these similar

stars explode-at this G $
same critical mass, Type la

supernovae all look pretty much o
the-same no matter where they

ace! Day 60
3 = \
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Days since the explosion
This i what our data looks
like! We have light curves’

of 1504 unique supernovae,
in multiple colours
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Colour of light we see

The expanding Universe makes
distant blue.light appear: red to vs —
we call this,‘redshift’, This plot shows
that the colour spectrum of a
supernova that's fac away io
redshifted compared to one that's
close by

Type la supernovae aren tactually as
consistent as |'ve been letting on, but
they doaverage out nicely! Some
supernovae, are intrinsically beighter
than others' and so' they have “wider’
light curves, meaning they ef fectively
explode for.a longer duration. On the
plot to'the left, one of these special
supernovae would be a bit taller and a bit
wider!

This'has the'same effect-as time
dilation .and this makes our. analysis a.bit
trickier, LucKily, the Dack Ener gy
Survey found 90 many supernovae of all
types that we don't need to.correct for
this; it all averages out, Even if it didn't
average ouvt, this af fect is' not as
strong as the time dilation.

\.Jhat data do we have?

The Ym Blanco Telescope
at the Cerro Tololo Inter—
Amecican Observatory
observed thousands of
supennovae for: the Dark
Ener gy Survey. 150
of them'made the
cut-for this paper!
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Galaxy before or Just the
afttersupernova supernova!

Galaxy during
supernova
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A long time ago in Space and time
a galax9 far, far
away..
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So we know that supernovae appear differently depending
on the colour in which we look at them. We also know that
redshift means that when we look ‘at red light from'a'far
away supernova, we re actually lookin g at-intrinsically blue

i ght that's been shifted to the red.as the.light has travelled

to vs.

If we want to compare supernova light.curves. across

dif ferent redshifts; we'need to account for these effects.
We proposed using a mathematical selection function*

to carefully choose light curves at certain redshifts and in
certain colours 5o that we get a sample that should all have

the same shape.

What do *we* do in the paper?
AT o S et g N

If time dilation is real, we should see
that 'supernovae take longer at
higher redshift (from our
perspective).. That means that. if we
stack light curves frrom various
redshifts that should have the same
shape, the higher redshift.ones will
appear wider!

Our method i unique in that we use
*only* the data from the Dark
Ener gy Survey —no.other
supernovae were hurt in the making
of this paper.

This equation essentially says that if
we'want to 'compare with a'supernova
at.a veryhigh cedshift; weneed to

collect light in a cedder filter so that
we're seein g the same type of stoff!

Since we have a finite amount of data,
we can't ‘choose [ight curves that
have exact(y the same shape, but the
sheer.number of supernovae with DES
means that we can pick lots of i ght
curves that are pretty close!

*#For astrophysics, we're kind of
light on the math in this paper!



’} This is what it looks
like when we stack
them...

S

And this is what it
looks like when we
measure and
correct for time
dilation

How bright the supernova is

—

Days since the explosion

When we take orange light from
redshift 0.2 supernovae, red light
from redshift 0.5 supernovae, and
infrared-light from-redshift-0.75
supernovae, the light curves should
look -the same! But the top:plot
shows. that the redder light, curves
(from higher redshifts!) are
*wider¥. Thig 15 time'dilation'in
action!

This part.of.the paper describes
oné way that we can numecically
measure time dilation. If we squish
the light curves along the time axis
by.a certain amount 5o that all of
the dif ferent colours line up, we've
got our time dilation measurement!

The error in matching
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How much time dilation there is

(lower values of error.is better!)

What we did on the left column was
just for one individual ‘center’
redshift valve (in that case, trying
to match the shape of a'red (ight
curve-at-redshift.0.5). We cando
this for all of the 1504 DES center;
redshifts and find the time dilation
value that best matches up all of
the colours.

We fit a factor of time dilation of
(1+2)°, where zis the pedshift value
and.b.is, just some number; b=0
means no time dilation and b=l is the
time 'dilation-we expect in our
expanding universe. The plot.at.the
top of this column shows that when
we fit for all'of thelight curves,
we find b=I matches up best,
Cosmology can rest easy! For now...



Another way that we can find time
dilation is to find the 'width of
each individual supernova light
curve,

We can make the 'stacked’ light
curve (corrected for time
dilation using the result from
before) and fit an individual light
curve to it to find how wide it is.

—

Each black dot
is an individual
supernova that
we have [ight
curves for

All light curve redshifts
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How bright the supernova

- Our stacked curve
® The raw data for this supernova

® The raw data now fit to the
stacked curve

This is what we expect
the data to follow

Days since the explosion

This is how we choose what [ight curves
go into the stacked light curve —no
math needed here. Wherever the black
dots intersect the coloured bands, we
can take those light curves observed in
that colour and put them in the stacked
curve! These [ight curves should all
have the same shape.
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Here's one of the unedited plots from the paper now that we what's going on!



Looks
good!
7

3

We need to check that our method works for
all the observation colours available to vs.

No need to stress because this plot shows that
it does work!

Looks Looke
good! good!

r 3

This is ve describing the math.and.code that we
vsed to find the widths of the light curves, We
don't use a particularly difficult oradvanced
method, but it's accurate for our purposes. and
runs quickly on a personal computer.



A

=== Qur line of best fit

Each dot on the plot is our
estimated width for an
individual supernova light curve

This is what we do see with time —t
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Width of the supernova light curve

This is what we'd see with no
time dilation '/

-

Redshift of a supernova

Remember that we're trying to find time dilation of the form
(+z)" where'b =0 means no time dilation and b =l is the time

dilation we expect.

With our method we find... *drumeoll* ...

= 1003+0.015.

This'means that our data s consistent with what we expect from

theory.

In.science we.usually-cannever.claim.a
perfectly precise result and need to
discuss our-uncertainty in our model
fito; this is where that 'plus.or minve’
0.015, or £0.015, came f.rom in our
result. This'means that we would
normally expect the 'true’ result
(that we're trying to find) to be

We mentioned before that we already
corcected for.time dilation.in our
stacked light cucves. To be sure that
we'renot just 'getting the result that
we. put.in, wedo it all again laten
without coccrecting beforehand,
Spoiler: it's only possible to ‘get a real
si gnal when we-correct for it-in-our

somewhere in that range of our found stacked light curve!

result. ,

g - :
0.988. 4 1.003 1.O18

Probably not

ovemjhere, Or here?

ls the true value here?

Now let’s talk about what we found

(on the next page)
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Redlight width

Weneed to check to-make sure that
we re-finding rou ghly the same width
in.all.of the dif ferent colours we look
at each supernova.in. On average, we
do!

You might expect that we see
preferentially brighter ob jects when
looking very far away ~imagine your
firiend shining a flashlight at you as
they walk away. Eventually, when they
make good'distance, you won't be able
to see them anymore unless they get
a:brighter flashlight!
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Interestingly, the Dark Ener gy
Survey Typelasupernova sample
avoids this bias quite a lot! Even if
this bias were present in our data, it
would-only contribute <15% to the light
curve widths which is very small
compared to the >100% effect of
time dilation at hi gh-redshif't.; At
worst this would skew our fit, but we
would still clearly see some non—zero
time dilation signal.

We also looked at another, more
advanced method: that would mean that
we #wouldn t* need to correct for
time dilation in the stacked light
curve before fitting for light curve
widthe. We found that this wasn't
practical as we'd need even more data
than werhave; remember that DES has
givenus the largest sample of data
at this high a distance, so we'd need a
truly huge dataset to do this,



The uncertainty in our time dilation It takes a *lot* of funding for a lot
signal from our data can be precisely ' ¢ people to allow s to do these Kind
constrained, but thene are other of 'studies. Even thou'gh the light from
(physical) ef fects happening that make  tpage supernovae is ~aining down

it & bit'harder tonail down. Therefore everywhere on Earth, it takes o huge

we need.to make our.errorbarsa little 4 expensive telescope to' collect it all
bit bigger with something called

. ; reliably! prenigel diin g 4

systematic’ uncertainty. . 4 e .
1:

The take home messa ge:

We:ve-done all of  this.work: and

ef fectively shown what we alceady knew

and'expected, We did this mainly for

theee reasons: TN S NOJ! L

.. we're in an era of coemology where 7 -

it's more important than'ever to have a * ; . .

solid grasp of the fundamental building '~ .

blocks
2. it's a'good idea to periodically check +.loooooots of funding froma
up on'old results with newand shing data " | ¢ o different governments

3.it's really just super cool that we.can - pad institutions.
see time dilation from exploding stars!

Time dilation i .a real thing that we see Vil /— (2 /7
in the Universe, and we've shown it with f = -5=7
the'most precise method and data 90

far

Want to trg it yourself?

All of the data is:now publicly available
0.you.can.go.and try. to reproduce

our (or other people’s) results!
And now for thanks!

Dealingwith this much data is only
possible with programming! The code
we wrote vses popular and well tested
packages



The code we wrote is also publicly

available, 90 you can take a look at my

spaghetti code if you'd like! There's
aleo.s0me bonus, plots .on.our GitHub
repository that we didn't include in
the paper.

Whose Work_did we build on?

Everynew piece of science builds
on-the:shoulders:of ‘giants, We're
continuously improving, refining,
finding new.resulte based on the
work that other smart people have
published. For this paper we had to
read a'bunch of other papers to
learn more about what's been done
in the past; intricacies about
supernovae, and.the Dark Ener gy
Survey data!

It's great to live in a time when so
many are. given the opportunity to
study.the Universe and shace what
they find

Now for some bonus content!

N -
T

While we were writing the paper
we came 'across an interesting
study that suggests that
supernova light cucves really.are
somewhat *intrinsically* wider at
high redshift. We don't yet know
why this is, but as with any good
science 'we can'model it!

We found that this effect isn't
noticeable in the Dark Ener gy
Survey dataset, not becavse it
doesn't exist but probably 'just
becauvse of how we take our data:
Ccunching the numbers, shows, that
this ‘redshift deift” i the width
of dight curves would only change
our signal by ~3% if, we did see it!
Like'before, this isn't make—or=
break: for detecting time dilation,
but it is important. to consider
with a result as precise as our's.


https://github.com/ryanwhite1/DES-Time-Dilation
https://github.com/ryanwhite1/DES-Time-Dilation

These plots show what we'd
expect to happen toour
data with-the redshift drift,
and back .up.-our.claim that we
don't really see it with the
DES dataset.
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+ e What we'd expect
=
52 with no redshift drift
m ’
-f) o & What we d
G expect if our data
o / had redshift drift
=
<+
2
= S
Redshift of a supernova
Clearly a.very small effect!
Bonus content 2: electric boo galoo
[N NN iy

| was a little bit silly and
repeatedly messed.up this mathiin
the early stages of the project. |
wrote it out'here 'so that
everyone could see.my.attempt
and correct me if | got it wrong!
(thank god for peer reviewers
and my supervisor), It's always
good to remind ourselves that
we're not infallible and talking to
others helps us improve our work!



Bonus content 3: it's the last from me!
W

This is.where we describe how badly
things mess. Up. when we don't correct
for time dilation in the stacked (i ght
curves, See the next page to see it.in
action (it might help to compare with
the analogous plot a few pages back).

| think space'is cool

A

~) ”Ehmk space is cool

| think space is cool

/i

| think space isicool

You.gaw on the first.pagehow many people contributed to this
work and the Dark Ener gy Survey. This is (roughly) where every
author ‘s institution for this paper is!



By our definition we need
the light curve width to
X e equal to | at the f ar‘§
left of these plots. You
can see that they never
?« match up: there's chaos
when we don't use the

/ method properly! )
t x

E 4

Light curve width

L >

Redshift

Congratulations on making it to the end! We've put a lot of effort
into making the paper readable to astrophysicists, but | hope
these notes were readable regardless of your back ground!

Mhese scribbles were inspired by the Want to read more about the?“
wonderful work of Claire Lamman and Dark Ener gy Survey? There's
Sydney Vach (who was also inspired by a lot of cool science happening!
Claire!) Please go check out their \&d‘arkener qudurvey.orq

annotated papers here and here.

| used PowerPoint to write over the paper
text and plots by hand, using the XKCD
font for the text (you don't want to see
my handwriting!). You can download the
font at github.com/ipython/xkcd—f ong

(Ryon Whide, n-&‘\


https://cmlamman.github.io/
https://sydvach.github.io/
https://cmlamman.github.io/research.html
https://sydvach.github.io/#research
https://github.com/ipython/xkcd-font
https://www.darkenergysurvey.org/
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