
Which Dark Matter Halo properties effect 
the size of the resulting galaxy?

In a nutshell: 

Sun, Jiang and Wang wrote this!

This is a preprint of the article, meaning it is not published yet!

In China!

In simulations galaxies are formed in different sizes depending 
on the mass of the dark matter halo they are born in, but what 
other properties of these haloes affect the size? The authors 
use code to test how different galaxies look if they change the 
spin, concentration, and inner density profile of the halo as well 
as how much ordinary matter there is. They quantify this effect 
using various statistical tools to find that concentration is the 
second most important impactor to size. 

Background:
Early in the universe, small 
fluctuations caused regions 
of more dense dark matter 
to occur. These regions 
grew and became the birth 
place of galaxies. 

Higher Halo Mass = Larger 
galaxy size

At lower halo masses though 
the galaxies can have a wide 
range of morphologies.

And we don’t know exactly 
which parameters, besides 
mass, would cause all these 
different shapes and 
structures…

Even literature gives 
contradicting results L



How they did it:

Even different simulations 
give different results! 

A lot of these simulations 
use the dark matter 
properties of when the host 
halo is born not when the 
galaxy is born. However, it 
is hard to define a host halo 
formation time or even when 
exactly should be the time 
when the galaxy itself is 
formed within the halo. 
Normally a mass threshold is 
used but this isn’t the most 
physically motivated. 
This makes accurate 
measures of density etc. 
hard! 

They do this at the mass 
that they see interesting 
structures to try and 
understand what causes 
these morphology 
differences

In this work they use isolated 
galaxy simulations to test 
four key host halo properties. 

time

They use a fixed halo mass of 
100 billion times that of our 
sun! Though that is considered 
small for haloes!

They Vary:
Halo Concentration -
How tight the dark matter 
is packed in the Halo

Simulation: GIZMO
Galaxy prescription: FIRE-3



Halo spin -
The angular momentum 
of the halo

Inner density slope-
How the amount of dark 
matter changes towards 
the center

Baryonic fraction-
Amount of normal matter 
in comparison to the total 
amount (normal + dark 
matter)

These are the actual values 
they use for each parameter:

They use a range of typical 
values for these four 
parameters, so the results 
make sense.

And they end up with 132 
distinct combinations!

If you want to know how they 
initialized the particles in 
the simulation and the 
assumptions they put on the 
gas, metallicity, 
temperatures etc. you can 
look here.

Once galaxies reach a 
steady state then the 
galaxy sizes are measured. 



What did they find:

GIZMO is a gravity plus 
hydrodynamics code that 
develops the dark matter 
halos and how they evolve.

FIRE-3 models the galaxies 
on top of these haloes and 
includes stellar evolution, 
heating, metals, feedback, 
gas cooling and heating as 
well as when stars are born 
and when supernova occur.

To quantify the effect of 
each parameter they use 
something called a response 
surface model which 
determines how sensitive an 
output is to its inputs

When varying one 
parameter the other three 
are set at a best guess 
value

Higher Halo spin = galaxy 
size growth
However not linearly! This 
agrees with some literature. 

Higher Halo concentration = 
smaller galaxy disks
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Circles used to compare how 
much mass or radius is within a 
certain region. 
This shows us that the mass is 
spreading out!
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Galaxy size decreases as gas 
falls deeper into the potential 
well!Galaxy sizes remain the 

same with inner density slope 
unless towards the edge of 
the parameter range where 
it greatly reduces.

Baryon fraction regulates 
where star formation can 
occur which shapes 
morphology and size. 

Baryon fraction controls how 
sensitive the size is to the 
other parameters.
However, these results could 
be biased by the instantaneous 
nature of the baryonic gas. 
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Mostly the same until the bottom row, where the 
outer most ring shrinks dramatically!

This outer ring corresponds to the radius that 
contains half the mass of the gas and stars.
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Some reduction in size here!

Back to quantifying the effects!

They first check how linear 
the relationship is between 
the parameter they change 
and the resulting galaxy size 
using the Pearson correlation 
statistic.

They also use that 
response model mentioned 
earlier and compare it 
against the model without 
that parameter included at 
all to see the effects.



Let’s Discuss:

These are the 
quantitative results:
Bigger number 
(regardless of sign) 
means bigger effect. 

The Halo concentration, inner 
density slope, and halo spin 
all show linear behavior on 
the next page so they think 
that their parameters are 
additive. 
The baryonic fraction 
displays a different kind of 
behavior which led the 
authors to link baryonic 
fraction to the other 
parameters as a sensitivity 
controlling parameter. 

They also verified their 
results by using machine 
learning!

Rank of parameter importance:
1. Concentration
2. Spin
3. Slope
Though some of their metrics 
contradict!

One thing that they do is 
compare the galaxy sizes 
they get from varying 
different parameters, to 
literature that believe that 
the sizes are governed by 
those parameters.

Mo et al. 1998 under-
predicts galaxy sizes 
compared to simulations by 
a factor of 5 under the 
assumption that galaxy size 
scales with spin. 
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Here is the plots for the Pearson statistic which 
tests for a linear relationship:

This doesn’t 
always capture 
the underlying 

behavior

Jiang et al. 2019 instead 
uses a halo concentration 
scaling model.

The results here show similar 
dependence on concentration, 
suggesting that the 
dependence must come from 
internal dynamics and galaxy 
formation physics.



Key Takeaways:

Since there is so much scatter 
in the plots on the next page, 
the authors conclude that 
considering all the parameters 
together is pretty important. 

This plot helps to see how the halo spin, 
concentration and inner density slope 
are connected parameters, whereas 
the baryon fraction is a more 
separate parameter that affects how 
sensitive size is to the other 
parameters.

Inner density 
slope

Halo 
Concentration

Halo Spin

Halo 
Spin

Inner 
density 
slope

Baryon 
Fraction

Galaxy sizes are not always 
defined the same in models or 
simulations! Something to 
consider…



Thankyou to these 
people and places

Radius from Mo
(spin dominate)

Radius from Mo
(concentration dominate)

Radius from Mo
(simple spin dominate)
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Offset
Huge Scatter!

This is a big summary of 
everything you just read

Biggest predictor of galaxy 
size:
1. Concentration
2. Halo Spin
3. Inner density slope

Baryon Fraction plays a 
different role: Modulates 
how sensitively galaxy sizes 
respond to halo structural 
parameters

The large scatter between 
these results and single 
parameter dependent size 
relations indicates that all 
parameters are important 
contributors to galaxy size.



All the smart people they built 
their ideas off:

If you want to know more about 
certain parts of the method, you 
will probably find more details 
here. 

People have been building the puzzle 
pieces of this paper since 1974!

Galaxy size based on stars 
only or stars + gold gas, can 
change the results. Though 
there is a lot of scatter so 
who knows!



Want to know the nitty gritty about…

This is how they fitted the 
response function and the 
ways they quantified the 
effects of each parameter.

This is details behind their 
machine learning techniques



They use four different 
“importance” estimators in 
the machine learning 
approach

The methods they used to match 
the Mo et al. 1998 galaxy size 
results.



(Jayde Willingham aka me!)

The methods they used to 
match the Mo et al. 1998 
galaxy size results part 2 
electric boogaloo.


