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Halo radii and masses are often based on the spherical overdensity mass 
definition,

where the overdensity Δ is either fixed or varies with redshift, and ρref(z) is either 
the critical or matter density of the universe. As the reference density 
decreases with time, RΔ and MΔ increase. We call this spurious evolution 
pseudo-evolution (PE).  

Imagine a halo whose density profile remains static in physical units, such as the 
NFW profile above with M200m=1012 at z=0. Even though the profile is constant, 
the halo radius and mass pseudo-evolve significantly between z=1 and z=0.

What is pseudo-evolution?

Abstract

The observable properties of galaxies such as their stellar content, its growth 
with time, and their sizes, are shaped by the underlying mass of the extended 
dark matter halos surrounding them. Understanding how dark matter halos 
grow with time is important in order to understand the evolution of these 
galaxy properties. Unfortunately, dark matter halos do not have well-defined 
boundaries which makes it difficult to quantify their physical growth. We show 
that the boundaries commonly used to define halos lead to a spurious 
evolution in mass, which we call pseudo-evolution, and investigate how it 
affects various scaling relations.

Now consider the more realistic case where a halo grows through a combination 
of physical accretion and pseudo-evolution (above). The amount of PE depends 
on the exact accretion history of the halo.

Interpretation of the concentration-mass relation

At fixed mass, the concentration of halos (virial 
radius / scale radius) decreases with redshift 
(dashed lines). The assumption that the 
concentration and mass of halos solely 
change through pseudo-evolution predicts 
the evolution of the c-M relation at low 
masses (solid lines). The reason for the 
excellent agreement is that the density profiles 
of low-mass halos are more or less constant 
in physical units, including their scale radii. 
Therefore, the change in the concentration 
can be predicted solely by the change in the 
virial radius due to PE. High-mass halos are 
still physically accreting at low redshifts, 
meaning their concentration is roughly 
constant (Zhao et al. 2009).

Physical accretion vs. pseudo-evolution

PE affects all halos at roughly the same rate, as the mass profiles of halos are 
more or less universal. Thus, the fraction of a halo’s mass evolution which is due 
to PE depends on the amount of physical accretion. The top panels show the 
actual, physical change in the mass profile as a fraction of halo mass at z=0 for 
three mass bins. While galaxy-sized halos (M ≈ 1012 M) have, on average, 
grown by 10% since z=1, cluster-sized halos (M > 1014 M) have grown 
somewhat faster. The bottom panels show the fraction of the total mass 
evolution which is due to PE. While the scatter is large at all masses, pseudo-
evolution is the dominant mode of growth for most galaxy-sized halos.

Impact on cluster scaling relations

Many cluster scaling relations, such as the M-σ relation, are not 
significantly affected by pseudo-evolution because they are satisfied over a 
wide range of radii. In such cases, pseudo-evolving the radius does not influence 
the relation. The left plot below shows the deviations of σ from the expected 
scaling as a function of radius, for halos with Mvir = 1014 M/h. The median profile 
is constant within a few percent in the range normally used to define the virial 
radius (between R2500c and R200m).

Pseudo-evolution does, however, influence the relation between stellar 
fraction (f*) and total mass (M500c). As stellar mass is more concentrated at 
the center than dark matter, shifting the boundary due to PE increases M500c 
faster than stellar mass, thus decreasing f* (right panel; the trajectories show 
upper limits on the PE of nine observed clusters). The resulting trend mimics the 
observed f*-M500c relation, and likely shapes it at masses below ≈1014 M/h. 

Physical processes in galaxies, such as star formation, are thought to be 
connected with the growth of dark matter halo mass. The increase of halo mass 
due to PE, however, does not correspond to the physical accretion of dark 
matter or gas, and thus should not affect the amount of star formation in 
galaxies. 

The figure shows the stellar mass-halo mass relation (SHMR) at z=0.1 and 1.0 
found by Behroozi et al. (2013). The red dashed line shows the prediction for the 
SHMR at z=1 if halos grow only by PE and maintain the same stellar mass as at 
z=0.1. The observed evolution at high masses agrees with the prediction, while 
at low masses the inferred evolution has the opposite sign, which indicates that 
vigorous star formation counteracts the effects of PE. This example illustrates 
that pseudo-evolution must be taken into account when the evolution of 
the M*-M relation is interpreted physically.

The stellar mass-halos mass relation (preliminary)


