
Anisotropic assembly bias
in theory, simulations and data

Andrej Obuljen
University of Waterloo, Waterloo Centre for Astrophysics

with Will Percival & Neal Dalal

LBL Research Progress Meeting, October 15th, 2020

arXiv:1906.11823
arXiv:2004.07240

1

https://arxiv.org/abs/1906.11823
https://arxiv.org/abs/2004.07240


Outline

�

�

�

�

2



Overview
� �

�
�

�

�

�

3



Overview
� �

�

�

�

�

�

3



Overview
� �

�
�

�

�

�

3



Overview
� �

�
�

�

�

�

3



Overview
� �

�
�

�

�

�

3



Overview
� �

�
�

�

�

�

3



Large-scale structure
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Linear bias and redshift-space distortions
Galaxies, halos, voids, 21cm, Ly� forest ... all biased tracers of matter in real space, observed
in redshift-space

� � ( ) = � ( ) () ( ) = 2 ( )

�
�

– massive objects more biased
– objects more biased earlier

�

� ( ; �) = (1 + �2) � ( ) � = k/

� )

� ( ; �) = ( + �2)� ( )

SDSS

5



Linear bias and redshift-space distortions
Galaxies, halos, voids, 21cm, Ly� forest ... all biased tracers of matter in real space, observed
in redshift-space

� � ( ) = � ( ) () ( ) = 2 ( )

�

�

– massive objects more biased
– objects more biased earlier

�

� ( ; �) = (1 + �2) � ( ) � = k/

� )

� ( ; �) = ( + �2)� ( )

SDSS

5



Linear bias and redshift-space distortions
Galaxies, halos, voids, 21cm, Ly� forest ... all biased tracers of matter in real space, observed
in redshift-space

� � ( ) = � ( ) () ( ) = 2 ( )

�
�

– massive objects more biased
– objects more biased earlier

�

� ( ; �) = (1 + �2) � ( ) � = k/

� )

� ( ; �) = ( + �2)� ( )

SDSS

5



Linear bias and redshift-space distortions
Galaxies, halos, voids, 21cm, Ly� forest ... all biased tracers of matter in real space, observed
in redshift-space

� � ( ) = � ( ) () ( ) = 2 ( )

�
�

– massive objects more biased
– objects more biased earlier

�

� ( ; �) = (1 + �2) � ( ) � = k/

� )

� ( ; �) = ( + �2)� ( )

SDSS

5



Linear bias and redshift-space distortions
Galaxies, halos, voids, 21cm, Ly� forest ... all biased tracers of matter in real space, observed
in redshift-space

� � ( ) = � ( ) () ( ) = 2 ( )

�
�

– massive objects more biased
– objects more biased earlier

�

� ( ; �) = (1 + �2) � ( ) � = k/

� )

� ( ; �) = ( + �2)� ( )
SDSS

5



Galaxy power spectrum in redshift-space

� Linear theory: ( ; �) = ( + �2)2 ( )

� Use Legendre expansion into multipoles:
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Galaxy power spectrum in redshift-space
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Growth rate
One of the key parameters

� � ln ( )
ln
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m( )0:55

�
– Testing Gravity
– Constraining neutrino masses
– Testing dark energy models
– ...
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Assembly bias
Bias depends on other properties, for fixed halo mass and redshift

� Formation
history

� Age
� Spin
� Concentration
� Shape ...

Wechsler+, 2018
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Non-scalar bias
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9



Non-scalar bias
� � � ( ) = ( + �2)� ( )

� �

( ) = (r r r�2 � � /3) � ( ) () ( ) = ( / 2 � � /3) � ( )

� ( ) = ( + �2)� ( ) + ( )

�
– projected sizes, velocity dispersion & angular momentum

9



Non-scalar bias
� � � ( ) = ( + �2)� ( )

� �

( ) = (r r r�2 � � /3) � ( ) () ( ) = ( / 2 � � /3) � ( )

� ( ) = ( + �2)� ( ) + ( )

�
– projected sizes, velocity dispersion & angular momentum

9



Non-scalar bias
� � � ( ) = ( + �2)� ( )

� �

( ) = (r r r�2 � � /3) � ( ) () ( ) = ( / 2 � � /3) � ( )

� ( ) = ( + �2)� ( ) + ( )

�
– projected sizes, velocity dispersion & angular momentum

9



How correlated are halos & tidal field?
We use 1000 Quijote N-body sims (Villaescusa-Navarro+, 2019) to measure cross-correlations
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Anisotropic assembly bias (AB)
� = ( + �2)� ) � = ( � /3 + ( + )�2) �

� anisotropic assembly bias
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– Selection independent of halo orientation,
e.g. projected size, velocity dispersion, angular momentum

– if observed tracer and host halo randomly misaligned
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Halo selection based on tensor properties
Selection on radial halo extent & velocity dispersion � in real space

� Real-space 2 = = 0

� 2 6= 0 ! 6= 0

� Halos: � � 1 � 2

� Redshift-space � 0:7
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What about real galaxies?
When split on orientation dependent quantities, do galaxies show different clustering strength?
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What about real galaxies?
When split on orientation dependent quantities, do galaxies show different clustering strength?

� Baryon Oscillation Spectroscopic Survey
BOSS DR12 galaxy sample

� � 106

� 0:15 < < 0:7

� � 2

� � 1013
�/

�
– LOWZ (0:15 < < 0:43)
– CMASS (0:43 < < 0:7)

SDSS 15



How do we look for AB?
Main idea – split on orientation (�?) ! look for differences in anisotropy (� )

� Subsamples matching ( ) have matching
� Subsamples can have different &
� Find subsamples matching 0 & ( )!
� Mismatch 2 ! evidence � 6= 0

�
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Main idea – split on orientation (�?) ! look for differences in anisotropy (� )

� Subsamples matching ( ) have matching
� Subsamples can have different &
� Find subsamples matching 0 & ( )!
� Mismatch 2 ! evidence � 6= 0

� ( )
– Need to account for -evolution
– Work with percentiles
– Compute percentiles in 30 -bins
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– ) matching ( )
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Main idea – split on orientation (�?) ! look for differences in anisotropy (� )

� Subsamples matching ( ) have matching
� Subsamples can have different &
� Find subsamples matching 0 & ( )!
� Mismatch 2 ! evidence � 6= 0
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Main idea – split on orientation (�?) ! look for differences in anisotropy (� )

� Subsamples matching ( ) have matching
� Subsamples can have different &
� Find subsamples matching 0 & ( )!
� Mismatch 2 ! evidence � 6= 0

�
– Grid of 25 (�?; ?) subsamples
– Measure mean amplitude
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Other consequences
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– ... in simulations exhibit strong AB signal in their clustering
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– ... due to HI self-absorption, provided HI aligned with halos
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Summary

�
�

� = ( � /3 + ( + )�2) �

�
– �? ?

0 ) 2

�
� First detection of galaxy assembly bias to exceed 5�!
� Problem for RSD since completely degenerate with !
�

24



Other splits and approaches

� We find no signal when splitting on projected
physical size 0 & ?

– Larger fractional scatter of 0 compared to �?

� Previous works used Fundamental Plane (FP):

0 �?

0
� :

with 0 surface brightness

– Martens+18 marginal signal with ( 0; 0)
– Singh+20 no signal with full FP

� We do FP analysis with ( ; ) grid
� Kaiser model for multipoles assuming = 0

� Results on AB very sensitive to ( ; ) values

– Perhaps explaining previous results...
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