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Galaxy clusters are the pinnacle of the
hierarchical formation of structures in the
Universe: 

~ 85% of their total mass consists of Dark
Matter

Their mass function constrains directly
cosmological parameters

Masses tipically   

GALAXY CLUSTERS AS DARK MATTER HALOS

Isac Barranco Llorca - isac.barranco@uv.es GdCC, UV

The Coma galaxy cluster - NASA
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THE HYDROSTATIC MASS BIAS PROBLEM
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Mass is not an observable 

 Observational techniques (X-ray, SZ) to
reconstruct the mass profile require: 
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THE HYDROSTATIC MASS BIAS PROBLEM

Mass is not an observable 

 Observational techniques (X-ray, SZ) to
reconstruct the mass profile require: 

Spherical symmetry 

Ideal gas with constant mean
molecular weight

Thermal pressure 
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Mass is not an observable 

 Observational techniques (X-ray, SZ) to
reconstruct the mass profile require: 

Spherical symmetry 

Ideal gas with constant mean
molecular weight

Thermal pressure 

Hydrostatic equilibrium (baryons)
and virial equilbirum (DM)
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THE HYDROSTATIC MASS BIAS PROBLEM
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THE HYDROSTATIC MASS BIAS PROBLEM
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If any assumption is not met:

A negative bias means HE underestimates the
true mass (DM + baryons) - a direct systematic
error in DM mass inference

On average, HE is expected to underestimate
galaxy cluster masses by ~20% at virial

radius - even in relaxed systems
!

Dynamic and morphological disturbances

Non-thermal contributions to the pressure

Strong merging and accretion events

Why?
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THE HYDROSTATIC MASS BIAS PROBLEM
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Galaxy clusters with 

Merger events with more than 20% of mass rate

Mergers sufficiently isolated  in  time

We focus on the range from z=1.5 to z=0

Magneto-hydrodinamic and N-body AMR
cosmological code (MASCLET)
 flat ΛCDM: Ωm = 0.31,  Ωb = 0.048,  ΩΛ=0.69 and
h = 0.678.
L = 147.5 Mpc with a peak resolution of 9kpc 
Clusters are identified with ASOHF

Simulation details

Sample selection

GdCC, UV

SIMULATING GALAXY CLUSTERS
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We use a integrated relaxedness indicator
presented on Vallés-Perez et al. (2025): 

Centre offset
Virial ratio
Mean radial velocity 
Ellipticity 
Sparsity 
Substructure mass fraction 

Dynamic state indicator

Hydrostatic mass bias evaluated at Rvir as a function of the com-
bined dynamical state indicator, χ, for all the clusters in our sample
at z = 0.  Barranco-Llorca et al. (2026)

GdCC, UV

DYNAMIC STATE AND MASS BIAS

Hydrostatic mass bias as a relaxedness indicator funciton
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Hydrostatic mass bias as a relaxedness indicator funciton

Average bins of hydrostatic mass bias evaluated at Rvir as a
function of the com- bined dynamical state indicator, χ,  at z = 0.  
Barranco-Llorca et al. (2026)

More relaxed galaxy clusters show smaller average
mass bias

Dynamical state alone is insufficient to predict
the bias cluster by cluster. i

GdCC, UV

DYNAMIC STATE AND MASS BIAS
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Evolution of three different prototypical galaxy clusters

Left panels: Hydrostatic mass bias evaluated at the virial radius, b(Rvir ) (purple), and of the dynamical state
indicator, χ (orange). Right panels: Logarithmic mass growth history. Barranco-Llorca et al. (2026)
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MASS BIAS EVOLUTION OVER CLUSTERS LIFETIME
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Standardised evolution of the hydrostatic mass bias, evaluated at several radii for isolated major
merger events.   Barranco-Llorca et al. (2026).

GdCC, UV

Mas bias evolution as a function of time  for different appertures 

THE MERGER SIGNATURE ON THE MASS BIAS
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Standardised evolution of the hydrostatic mass bias, evaluated at several radii
for the sample of isolated major merger events. The colour bar illustrates the
magnitude of the merger mass ratio. Barranco-Llorca et al. (2026).

A consistent trend is present during major
merger events

i
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Mas bias evolution as a funciton of standarised time  

THE MERGER SIGNATURE ON THE MASS BIAS
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Standardised evolution of the hydrostatic mass bias, evaluated at several radii
for the sample of isolated major merger events. The colour bar illustrates the
magnitude of the merger mass ratio. Barranco-Llorca et al. (2026).

A consistent trend is present during major
merger events:

i

Mas bias evolution as a funciton of standarised time  

THE MERGER SIGNATURE ON THE MASS BIAS

Infall phase : a negative dip in the bias
occur as the secondary halo aproaches
the host

GdCC, UV

Merger induced dip 
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GdCC, UV

Standardised evolution of the hydrostatic mass bias, evaluated at several radii
for the sample of isolated major merger events. The colour bar illustrates the
magnitude of the merger mass ratio. Barranco-Llorca et al. (2026).

A consistent trend is present during major
merger events:

i

Mas bias evolution as a funciton of standarised time  

THE MERGER SIGNATURE ON THE MASS BIAS

Infall phase : a negative dip in the bias
occur as the secondary halo aproaches
the host

Merger assimilation: the bias peaks as
the infalling halo passes through the
pericentre 

Post merger peak
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GdCC, UV

Standardised evolution of the hydrostatic mass bias, evaluated at several radii
for the sample of isolated major merger events. The colour bar illustrates the
magnitude of the merger mass ratio. Barranco-Llorca et al. (2026).

A consistent trend is present during major
merger events:

i

Mas bias evolution as a funciton of standarised time  

THE MERGER SIGNATURE ON THE MASS BIAS

Infall phase : a negative dip in the bias
occur as the secondary halo aproaches
the host

Merger assimilation: the bias peaks as
the infalling halo passes through the
pericentre 

Relaxation phase: The bias decreases to
pre-merger levels

Back to normal
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Hydrostatic mass bias fit for one oscillation

Sinusoidal fit (red) over the average mass bias trend evolution evaluated
at Rvir during major mergers (blue), with the corresponding 1σ shadowed
area. Barranco-Llorca et al. (2026)

Texto

The trend can be fitted within one mass bias
oscilation as a simple functional form: 

GdCC, UV

MASS BIAS ESTIMATION AS A TIME FUCNTION
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Texto

The trend can be fitted within one mass
bias oscilation as a simple functional form: 

A

The fit parameters show that the effect
of the merger propagates outwards,
varying radially as we approach the
outskirts

Radial variation of the parameters of the sinusoidal fit for the  bias
oscillation.  Barranco-Llorca et al. (2026)

GdCC, UV

B

C

D

Radial varition of the mass bas fit parameters

MASS BIAS ESTIMATION AS A TIME FUCNTION

i
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Thermal and density contributions to the hydrostatic mass estimation during a merger

GdCC, UV

MAIN DRIVER OF THE MERGER EFFECT ON THE BIAS

12

Temporal evolution of a merging event between two galaxy clusters with q=0.5. Top panels represent pressure maps, bottom panels
represent different mass radial profiles.  Barranco-Llorca et al. (2026).
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CONCLUSIONS
Major mergers induce a predictable track on the bias: a sharp drop , a positive overshoot
post-collision, and final stabilization.

Merger impacts expands radially toward the outskirts. The core is shielded, but a residual
bias persists at the virial radius  for gigayears.

The bias evolution during major mergers is dominated by the geometric and morphological
deformation of gas density profile, not by purely thermal changes.

 Tracking the merging stage allows using a sinusoidal/step-wise model to mitigate  errors
and recover the true Dark Matter mass.
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THANK YOU!THANK YOU!

Barranco-Llorca et al. (2026)

isac.barranco@uv.es

 CIACIF/2023/466

https://www.uv.es/gcc/
https://www.aanda.org/articles/aa/full_html/2026/01/aa56598-25/aa56598-25.html


ADDITIONAL SLIDES
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GdCC, UV16

Temporal evolution of the relaxedness indicator as a function of time.
Barranco-Llorca et al. (2026)

Variation of the relaxedness indicator during major mergers

VARIATION OF THE DYNAMIC STATE DURING MERGERS

Isac Barranco Llorca - isac.barranco@uv.es 



GdCC, UV17

Temporal evolution of the mass bias, the position of the infalling halo
centre and the dynamic state.  Barranco-Llorca et al. (2026)

Variation of the relaxedness indicator during major mergers

TRACKING THE INFALLING HALO
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GdCC, UV18

Variation of the mass ratio between host and infalling halo and the impact parameter (initial relative angle of the infall trajectory).  Barranco-
Llorca et al. (2026)

Variationg of the mass ratio and the impact parameter in a toy model merger

MOCK TEST OF A MAJOR MERGER
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GdCC, UV19

Temporal evolution of the hydrostatic mass bias and the gamma
funciton (temporal derivative of mass).  Barranco-Llorca et al. (2026)

Bias and mass variation with cumulative merger effects

NON ISOLATED MAJOR MERGERS
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