
Galaxies point at each other and mess up measurements of the Universe

We measure how the orientations of galaxies correlate with large 
structures of matter in the Universe. DESI is surveying galaxies, but 

there is a bias in the orientations of galaxies they choose to observe. We 
also estimate this bias, and explore how these two effects combine to 

mess up DESI’s measurements of how matter is distributed on large scales 
(don’t worry if this effect isn’t immediately obvious!).

The Universe is like old milk. It 
started out smooth and uniform, 
but gets clumpier over time.

By measuring the structure of mass 
clumps and how it changes, we learn 
about the components which create it 
-i.e. gravity and dark energy.

DESI is doing this by mapping out 
40 MILLION galaxies. To make the best 
use of all this data and get the most 
accurate measurements possible, we 

need to understand even the smallest

sources of error.



This figure explains the key idea of the paper and what we’re trying to measure.

A bias in the 
orientations of galaxies 

we choose to observe

Galaxy orientation 
correlated with large 
structures of matter

A bias in how we 
measure the large 

structures of matter
=+

One way we can measure how fast the 
structure grows is through an effect 
called RSD (Redshift Space Distortions). 
The bias we’re studying creates a 
‘fake’ RSD signal.

This is the first paper which has 
made a quantitative prediction of 
this “fake RSD”. We hope to use it 
to correct DESI’s measurements.

DESI is in the middle of its survey and 
hasn’t measured the distances to all our 
galaxies yet. But we have pictures of 
them! Therefore we have the data we 
need: information about the shapes and 
colors of millions of galaxies.

We choose galaxies 
based on how much 
of their light in is 
an aperture (circle 

on the sky)

Less light 
in circle

More light 
in circle

Galaxy in valley of density 
points to density peaks

Galaxy in peak is aligned 
along the density ‘ridge’ 

Galaxy map 
without RSD

RSD causes the 
structure to looked 

more ‘squished’



Generally, the redder a galaxy is, the 
further away it is. Since DESI has measured 
the distances to some galaxies already, we 
can calibrate a distance vs color relationship 
and use it to guess the distances to the 
galaxies which haven’t yet been measured.

This figure is a visualization of how we connect 
the colors of two galaxies to the probability that 
they are the same distance away from Earth.

We treat every picture of a 
galaxy as an oval. This section 
describes how we use math to 
represent:

1. The shape of each galaxy

2. How much that galaxy points 
towards other galaxies

Even though we don’t know 
the distances to these 
galaxies (yet), we can use 
their colors and try to only 
make measurements of 
galaxies which are actually 
close to each other.

Just because two galaxies are in the 
same place in the sky, doesn’t mean 
they’re actually close to each other! 

Galaxies that are the same 
color are more likely to be 
close to each other

Wow, those birds sure 
are close to the Sun. I 
hope they don’t burn up.



Lensing: it makes JWST images pretty
but it makes our data pretty messy.

We’re trying to measure the REAL 
shapes of galaxies. But gravity can 
act like a cosmic lens and distort light. 
This means that the actual shapes we 
see in a telescope are slightly warped.

In the second part of 
this section, we lay out 
the theory for how we 
can predict what effect 
lensing will have on our 
signal.

In the first part of this section, we 
explain a neat way we can use galaxy 
colors to separate the signal caused 
by real galaxy shapes from the signal 
caused by lensed galaxy shapes.

real galaxy shape

warped galaxy shape

gravity
lens



Galaxy shape 
correlations which are 
caused just by lensing. 

The ‘real’ signal. The closer a galaxy is 
to a cluster of other galaxies, the more 
likely it is to point at that cluster.

Our prediction for what the lensing 
signal should be based on theory

This section is all about how we reproduced our measurements of real galaxies 
with a simulation. This is tricky because the simulation only includes dark matter, 
so we’re comparing big blobs of invisible matter to tiny bits of visible matter.

The dark matter blobs, or “halos” are better representatives of 
what the large cosmic structure is actually like. Galaxy shapes are 
more random. Dark matter halos are also much rounder than 
galaxies, so we need to account for this too. 

Distance of galaxy from dense region

Galaxies tend to point 
towards dense regions

Galaxies tend to point 
away from dense regions

The measurements described in the last section – how we separate the signal 
of real galaxy shapes from the signal of shapes which have been distorted by 
gravitational lensing.



At this point, we’ve measured how the 
shapes of galaxies correlate with the 
large, underlying structure of matter. 
But how exactly is this measurement 
connected with the galaxy statistics 
that DESI cares about? 

Using a basic* model, we get this relation:

The “fake” 
RSD signal

How much the shapes of 
galaxies correlate with 
large-scale structure

How much galaxies in the 
survey tend to be 

pointed towards Earth
∝ x

* Do NOT let this word fool you. It was the simplest model 
we could use, but oohhh man was it a pain to figure out. 

i.e.- the more galaxy correlation we see, and the more bias 
there is in galaxy shapes, the bigger problem we have.



…well, there’s a VERY small 
tendency for galaxies to be 
pointing at us. And it’s only in 
the sample of galaxies that 
DESI has chosen to observe. 

This is the effect shown in the first part of Figure 1. Galaxies 
which ‘point’ at Earth, i.e. their longest axis is oriented 
towards us, are more likely to be chosen. This is because their 
light is more concentrated on the sky, and more light in a 
smaller area = better chance that we can get good 
measurements of it.

We estimate this by creating LOTS and 
LOTS of fake galaxies  (like, millions), 
taking care to give them realistic 3D 
shapes and realistic light profiles.

Then we push them through the 
same process that DESI uses to 
choose targets and measure the 
average orientation of the 3D 
shapes which pass the cut.  

2D picture of 
galaxy

generate 3D shape 
which matched the 

picture

see if the galaxy 
would pass selection if 
it was viewed from a 

different angle

measure the orientation of 
the galaxy if it passed

repeat several 
million times



Just how big is this orientation bias? 

We call the tendency for galaxies to be pointing at Earth “εzz ”. 

εzz =  0

εzz =  1

εzz =  0.009

Galaxy total brightness
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orientations

If galaxies were sticks 
that all pointed at Earth

What we measure

the cut



After shoving all our measurements 
through the equations in the “math” 
section, we have a result!

We predict that DESI’s measurements 
of RSD will be lowered by about 0.5%

But how can we be sure that our 
equations are spitting out the 
right answer? One way to do a 
reality check is with the 
simulated universe from before.

We use the simulation to create 
fake data, then measure the RSD 
signal before and after we apply 
the target selection which biases 
orientations. 

We also compare this to what 
our equations predict would be 
the RSD bias for this fake data 
(result in plot on next page).

RSD signal without bias 

RSD signal with bias 

Results from reproducing our 
measurements with a simulation

Soooooo all of this work for a 
bias that’s only….. 0.5%.

What’s the big deal??

We’re so close to figuring 
out the question…

It sort of is a big deal. The reason DESI 
is surveying so many galaxies is so we 
can get verrry precise measurements 
of the Universe’s structure. 



What our theory predicted

What we measured

Believe it or not, 0.5% could make the 
difference between competing models 
of dark energy. They call it “precision 
cosmology” for a reason!

In the conclusion, we’re also very careful 
to explain assumptions we made. The 
point of this paper is mainly to get an 
estimate of how big this effect will be 
for DESI. 

Now that we know it’s important, 
there are many ways we can 
refine the estimate and use it 
to calibrate DESI’s measurement.

The best way we can improve it is by 
using the real distances to galaxies, 
which DESI is gathering right now!

It takes many individuals, 
institutions, and funding 
agencies to make a project 
like DESI happen!

This project is built upon the 
work and ideas of others, and is 
part of an ongoing scientific 
conversation



To learn more about DESI, 
check out desi.lbl.gov

?

If you’ve gotten this far, CONGRATULATIONS! 
I hope my notes made it easier to digest this 
paper. If you’re a scientist, I would love to 
read similar notes on one of your papers :)

I made this in power point using the XKCD font: 
https://github.com/ipython/xkcd-font

https://www.desi.lbl.gov/
https://github.com/ipython/xkcd-font


Welcome to the part of my 
paper I’m most proud of. 

Turns out, projecting a triaxial 
ellipsoid (i.e. figuring out what 
shape a 3D galaxy will have on the 
sky) is NOT as simple as you may 
think.

I found a great reference in 
a geology paper from 1981! 
They needed to know what 
shape a 3D rock would have 
when you cut through it.

We adapted their method for galaxies, and
present it here in a very clean way (I hope)!



Alright, this is actually the end.  


