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ABSTRACT

Massive neutrinos have non-negligible impact on the formation of large-scale structures. We investigate the impact of massive
neutrinos on the halo assembly bias effect, measured by the relative halo bias b as a function of the curvature of the initial density
peak §, neutrino excess €,,, or halo concentration ¢, using a large suite of XM,,=0.0 eV and 0.4 eV simulations with the same
initial conditions. By tracing dark matter haloes back to their initial density peaks, we construct a catalogue of halo “twins”
that collapsed from the same peaks but evolved separately with and without massive neutrinos, thereby isolating any effect of
neutrinos on halo formation. We detect a 2% weakening of the halo assembly bias as measured by b (e, ) in the presence of massive
neutrinos. As there exists a significant correlation between § and €, (r..=0.319), the impact of neutrinos persists at a reduced
level (0.1%) in the halo assembly bias measured by b(§). However, we do not detect any neutrino-induced impact on b(¢),
consistent with earlier studies and the lack of correlation between ¢ and €, (r..=0.087). We also discover an analogous assembly
bias effect for the “neutrino haloes”, whose concentrations are anti-correlated with the large-scale clustering of neutrinos.
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1 INTRODUCTION

Massive neutrinos play a key role in the formation of large-scale
structures (LSS) of the Universe (Lesgourgues & Pastor 2006; Wong
2011). Their lack of clustering on scales below the free-streaming
length induces a scale-dependent growth of the LSS, which enables
stringent constraints of the sum of neutrino masses £ M, with cosmo-
logical probes (Cuesta et al. 2016; Vagnozzi et al. 2017; Brinckmann
etal. 2019; Dvorkin et al. 2019; Giusarma et al. 2016; Planck Collab-
oration et al. 2020; Alam et al. 2017; Ivanov et al. 2020; Palanque-
Delabrouille et al. 2020; Di Valentino et al. 2021). Another important
effect caused by the massive neutrinos is the differential growth of
dark matter haloes between environments of different neutrino-to-
dark matter density ratios (Yu et al. 2017). Through this effect, the
presence of massive neutrinos may cause an impact on the so-called
“halo assembly bias” (hereafter referred to as HAB; Gao & White
2007), potentially opening a new avenue for measuring XM, with
LSS observations. However, such impact can only be weak at best,
as it has so far evaded detections in the simulations (Lazeyras et al.
2021). In this paper, we focus on the “twin” haloes collapsed from
the same initial density peaks but evolved separately with and with-
out massive neutrinos, aiming to elucidate the impact of massive
neutrinos on the assembly bias of massive haloes.

HAB has been robustly predicted by the hierarchical structure for-
mation of A+cold dark matter (CDM) simulations (Sheth & Tormen
2004; Gao et al. 2005; Wechsler et al. 2006; Harker et al. 2006; Jing

* E-mail: yingzu@sjtu.edu.cn

© 2023 The Authors

et al. 2007; Li et al. 2008). It has increasingly been referred to as
the “secondary bias” (Salcedo et al. 2018; Mao et al. 2018; Chue
et al. 2018; Montero-Dorta et al. 2020; Contreras et al. 2021; Lin
etal. 2022; Lazeyras et al. 2023; Wang et al. 2023) — the large-scale
bias of haloes depends not only on halo mass, but also on other halo
properties such as concentration, formation time, and spin. At any
given halo mass My, the strength of HAB is often characterised by
the relative halo bias b as a function of some “indicator” property x,

b(x|My) = b(x|Mp) / (b|Mp), 1

where b(x|My,) is the bias of haloes with x and (b|M},) is the overall
bias at Mj,. Contreras et al. (2021) found that HAB is independent
of cosmological parameters in the ACDM, at least for the high-mass
haloes that we focus on in this paper. Such an independence on
cosmology could be useful for measuring £M,,, if HAB turns out to
be sensitive to massive neutrinos.

Observationally, HAB at the high mass end has been at the brink
of detection recently (Yang et al. 2006; Lin et al. 2016; Miyatake
etal. 2016; Zu et al. 2017; Lin et al. 2022; Zu et al. 2021; Sunayama
et al. 2022; Zu et al. 2022). Using cluster weak lensing, Zu et al.
(2021) found that the stellar mass of the central galaxies is a good
observational proxy for concentration. Combining with the b mea-
surements from cluster-galaxy cross-correlations, Zu et al. (2022)
detected a possible evidence of the cluster assembly bias, thereby
demonstrating a viable path to accurate HAB measurements using
future cluster surveys. In particular, ACDM simulations predict that
the cluster-mass haloes with higher concentrations have a lower bias
than their low-concentration counterparts. Dalal et al. (2008, here-
after referred to as D08) explained this phenomenon using the peak
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formalism (Kaiser 1984; Bardeen et al. 1986; Sheth & Tormen 1999),
which predicts that the curvature of initial density peaks is correlated
with the large-scale overdensity at fixed peak height. Using simu-
lations, DO8 demonstrated that the rare peaks with steep curvatures
are more likely to collapse into clusters with high concentrations
in low-density environments, and vice versa for those with shallow
curvatures. In this paper, we follow DOS to trace haloes back to
their initial density peaks and employ their peak curvature as a key
indicator of HAB.

Although the presence of massive neutrinos delays the collapse of
initial density peaks into haloes, the collapse time remains accurately
predicted by the excursion set theory (Press & Schechter 1974; Bond
et al. 1991) if the variance of the CDM (assuming baryons follow
the CDM) rather than the total mass field is considered (Ichiki &
Takada 2012). Therefore, it is perhaps unsurprising that Lazeyras
et al. (2021) did not find any impact of neutrinos on HAB. However,
Yu et al. (2017) discovered that the mass of haloes in neutrino-
rich environments tends to be systematically higher than those in
neutrino-poor regions, probably due to the higher capturing rate of
the slow-moving neutrinos in neutrino-rich environments. If halo
assembly histories are coherently modulated by neutrinos across dif-
ferent environments, it is reasonable to expect such a modulation to
leave some discernible imprint on the HAB in simulations. To isolate
the impact of neutrinos, we construct a catalogue of “twin” haloes
that originated from the same initial density peaks but evolved sepa-
rately in massless vs. massive neutrino cosmologies. Therefore, any
difference of HAB between the two twin samples would provide a
smoking gun evidence of the impact of neutrinos on HAB.

This paper is organized as follows. We describe the construction of
our peak-based twin halo catalogue in Section 2 and present the HAB
comparison using different indicators in Section 3. We summarize
our results and look to the future in Section 4. Throughout this paper,
we adopt a spherical overdensity-based halo definition so that the
inner overdensity within halo radius rqq,, is 200 times the mean
density of the Universe, and the halo mass M, is defined as the total
mass enclosed by 700,

2 PEAK-BASED TWIN HALO CATALOGUE

We compare the HAB effects with and without massive neutrinos
using the Qui jote simulations (Villaescusa-Navarro et al. 2020), the
same suite used by Lazeyras et al. (2021). Among the vast Quijote
ensemble, we select one “Fiducial” set of 40 ACDM simulations
with £M,,=0.0eV, and another “M;}**” set of 40 massive neutrino
simulations with XM,,=0.4 eV, hereafter referred to as the v0.0 and
v0.4 simulations, respectively. The v0.4 simulations bear the highest
XM, within the Qui jote suite, so that any possible neutrino-induced
HAB would exhibit the strongest signal. Both the CDM and neutrinos
are particle-based, with 5123 CDM particles in a comoving volume
of 1h‘3Gpc3 of each simulation and an additional 5123 neutrino
particles for each v0.4 run. The two sets of simulations have the same
cosmological parameters, with Q,,=0.3175, Q;=0.049, h=0.6711,
ns=0.9624, og = 0.834, and w=-1. More important, identical CDM
initial conditions (with the same phases) at z=127 are shared by
each of the 40 pair of v0.0 and v0.4 simulations, so that the haloes
found at z=0 can always be mapped back to the initial density peaks
in the z=127 snapshots. We identify dark matter haloes in the z=0
outputs of the 40 pairs of simulations using ROCKSTAR (Behroozi
et al. 2013). We calculate halo concentration ¢ using the maximum
circular velocity method (Prada et al. 2012), and use the relative
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Figure 1. Distribution of 1000 haloes randomly drawn from the twin halo cat-
alogue on the CDM Lagrangian overdensity ¢ (linearly extrapolated to z=0)
vs. halo mass M}, plane, colour-coded by their peak curvature s according to
the colourbar on the right.

concentration ¢, defined as
¢ = {c|Mp)
T¢ (Mh) ’

as an indicator of HAB, where (c|M},) and o (M},) are the average
concentration-mass relation and its 1—o scatter in either the v0.0 or
v0.4 simulations.

To construct a high-purity twin halo catalogue from the paired
simulations, we proceed step by step as follows. For each halo with
My >10" h=1Mq at z=0 in the v0.0 simulations, we collect all its
CDM particles within ryq,,,, retrieve their initial positions at z=127,
and compute the barycentre of those particles in the initial density
field. We then identify the highest peak within a search radius of
Fpk = 200!/ 31200m about the barycentre as the true density peak
that collapsed into that halo. The peak identification is performed
over the smoothed density field derived with Nbodykit (Hand et al.
2018). Since the exact density peak also exists in the initial condi-
tion of the paired v0.4 simulation, we collect all the CDM particles
within rpi about the peak in the initial condition, and identify its
matched counterpart as the halo that inherited the highest fraction
of those particles at z=0 in the v0.4 simulation. To make sure the
matches are unique, we repeat the above procedures but start from
the haloes in the v0.4 simulations. We only keep the 97% twins that
are reproduced during the reversed search in our final twin catalogue,
leaving 3458747 unique halo twins with M;,>101* h~1 Mg from the
40 paired simulations.

For the density peak associated with each twins pair, we charac-
terise its peak height by the halo mass My, at z=0 in the v0.0 sim-
ulation to avoid any confusion in the notations (as v is reserved for
neutrinos rather than peak height). The peak curvature s is computed
as

¢ =

(@3]

ogM
where A6cgn, is the CDM overdensity difference between 0.75rp and
rpk»> and Alog M is the logarithmic differences between the enclosed
CDM masses within the two radii. Note that our curvature definition
differs from that of D08 in two aspects: 1) we compute s using the
gradient of the profile of initial density peaks at z=127, instead of
the main branch of the halo merger trees used by DOS; 2) Unlike
D08, our curvature definition has an extra minus sign so that steeper
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Figure 2. Distributions of the initial CDM overdensity 62;1 (leftmost), current-day CDM density (2nd from left), neutrino density (2nd from right), and

m

neutrino-to-CDM density ratio p, /0cdm (normalised by Q,, /Qcqm; rightmost) around two pairs of twin haloes with the same peak height, one collapsed from
a shallow (§=—0.51; top) density peak and the other steep (§=0.40; bottom). Each panel shows a slice of dimension 30 2~ 'Mpcx30 2~ "Mpex 12 h~"Mpc
centred on the peak/halo, with the key halo/peak properties annotated in the bottom left corner and the simulation/redshift information in the top left. The maps
are colour-coded according to the respective colourbars on top. The inset panel in each of the leftmost panels shows the radial profiles of the CDM overdensity
around the two peaks, with the solid curve corresponding to the 6;‘1; distribution shown in the main panel. The inner lime and outer orange circles on the rest

of the panels denote the scale radii and rqq,,, of the haloes, respectively.

peaks have larger positive values of s. As a sanity check, Figure 1
shows the distribution of 1000 randomly selected haloes on the M},
vs. d plane, colour-coded by s according to the colourbar on the right,
where § is the linear theory-extrapolated Lagrangian overdensity at
z= 0. Similar to the Fig. 1 in D08, while the overall distribution
of ¢ centred around the critical overdensity d.=1.68, steeper peaks
generally collapsed earlier and have higher values of ¢ than the
shallower ones. To remove the average halo mass dependence of s in
our analysis, we introduce the relative peak curvature § as an HAB
indicator, defined as

§=s5—(s| Mp), (C))

where (s|M},) is the average curvature as a function of halo mass.

Inspired by neutrino differential condensation discovered in Yu
etal. (2017), we measure the neutrino-to-CDM ratio f,, for each halo
in the v0.4 simulations. In particular, we define f, as

Q, Pedm (7) r=5—12Mpc/h '

where Q.4 () is the average CDM (neutrino) density of the sim-
ulation, and pqm (pv) is the local CDM (neutrino) density averaged
between r=5—12h~'Mpc around each halo. The minimum aper-
ture of 5k~ !'Mpc is for excluding the halo region; We have tested
different maximum apertures between 10-20 2~ 'Mpc and verified
that the impact on our results is neglible. The radial range is set so
that it is below the neutrino free-streaming length Ag, (=20 2~ 'Mpc
for XM, =0.4eV) and the distance scales that we adopt for calcu-
lating halo bias. The average neutrino-to-CDM ratio {f,|M},) de-
ceases slightly with increasing halo mass (black dashed curve), with
a mass-dependent scatter oy, (Mp) (gray shaded band). Similar to

Equation 4, we define the neutrino excess parameter €, as another
indicator of the HAB, so that

S = | Mp)
op, (Mp)

Our peak-based twin halo catalogue has a unique advantage for
isolating the subtle effect of massive neutrinos on HAB. Since each
twins pair is tied to the same density peak in the initial condition of
both v0.0 and v0.4 simulations, we regard them as the same physical
object that merely exhibits different behaviors with the massive neu-
trinos on and off. Therefore, if we measure two separate HAB signals
using the relative peak curvature § as the indicator in both v0.0 and
v0.4 simulations, the difference between b(§[v0.0) and b(3|v0.4)
can only be induced by massive neutrinos. More important, we can
now measure b(e,|v0.0), which is the HAB of haloes in the v0.0
simulations, but using their €, in the v0.4 simulations as the HAB
indicator. By comparing this HAB signal with that measured directly
from the v0.4 simulations b (e, |v0.4), we will be able to ascertain
the direct impact of massive neutrinos on HAB.

The left column of Figure 2 shows the initial CDM overdensity
(5ic‘éim at z=127 surrounding two representative density peaks with
equal peak height, one with a shallow (§=—0.51; top) curvature and
the other steep (§=0.40; bottom). In each inset panel, we compare
the 1D overdensity profiles of the two peaks, with the profile of that
shown in the main panel indicated by the solid curve. Each peak sub-
sequently collapsed into the twin haloes in the v0.0 (second column)
and v0.4 (third column) simulations, with their halo radii r,qg,,, and
characteristic scales rs indicated by the outer orange and inner lime
circles, respectively. The distributions of CDM particles (black dots)
are very similar between the two simulations, and the neutrino den-

(6)

€y
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Figure 3. 3D cross-correlation functions between haloes and CDM &, (left), haloes and neutrinos &, (middle), and the ratio between the two correlation
functions &, / &nm (right), for haloes divided into four quartiles by their relative peak curvature § (listed in the top right corner of the left panel). Solid and dashed
curves show the measurements from the v0.0 and v0.4 simulations, respectively. The bottom panels show the ratio between profiles of the individual quartiles
to that of the overall population. The inset panels in the bottom left panel provide a zoom-in view of the difference between the v0.0 and v0.4 measurements

above 15 h™'Mpc.

sity 1 + ¢, roughly follows the CDM distribution on large scales in
the v0.4 simulation. The rightmost column shows the neutrino-to-
CDM density ratio o/ pcgm (normalised by Q,, /Q 4, surrounding
the halos formed in the v0.4 simulation. Each panel of Figure 2 cor-
responds to a region of 30 1~ 'Mpcx30 i~ "Mpc size centred on the
peak/halo, projected along a 12 h‘lMpc length in the z-direction.
All the distributions are colour-coded according to the respective
colourbars on top. As expected, the steep peak collapsed into haloes
with higher concentration than the shallow one. The concentrations
of haloes in the v0.4 simulation is in general higher than those in the
v0.0 one (Brandbyge et al. 2010; Villaescusa-Navarro et al. 2013;
Lazeyras et al. 2021). This overall concentration difference is re-
moved from the HAB comparison by using ¢. In the third column,
the two haloes in the v0.4 simulation share very similar neutrino
content within the halo radii (orange circles), but differ significantly
in their §,, distributions in the outside. However, the two py /pcdm
distributions shown in the fourth column are very similar on scales
below 5 h‘lMpc, while exhibiting strong discrepancies on scales
above 5 h’lMpC. Therefore, within the v0.4 simulation, the halo
formed from the high-§ peak has a larger €,,=0.57 than that from the
low-§ one (—0.75). This signals the existence of a positive correlation
between § and ¢,,, hence a potential neutrino-induced HAB.

3 RESULTS

To ascertain the correlation between § and €,, we show the 3D
cross-correlation functions between haloes and CDM (&ppy; left),
haloes and massive neutrinos (&y,,; middle), and the ratio between the
two (&, /Enm; right), for haloes in different quartiles of § in Figure 3.
In each panel, the top main panel shows the profile comparison
between four quartiles in §, while the bottom sub-panel highlights
their differences using the ratio between each quartile and the overall
profile of that mass bin. The uncertainty bands are computed by
Jackknife resampling over the 40 independent simulations. Note that
we have combined the results from all halo masses above log M}, >14
in Figure 3, and we have carefully checked that any trend with halo
mass has been removed by our adoption of the relative quantities.
In the left panel of Figure 3, solid and dashed curves are the &,
measurements from the v0.0 and v0.4 simulations, respectively. The
éhm profiles exhibit the typical one- and two-halo components that
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can be described using the combination of NFW (Navarro et al. 1997)
profiles and biased versions of the matter-matter auto-correlation
function &y (Hayashi & White 2008; Zu et al. 2014). A strong
HAB effect is present in both simulations, as shown by the bottom
subpanel, where haloes collapsed from steep peaks (red and brown)
are more concentrated within the halo radius and have lower rel-
ative clustering amplitude on scales above 154~ 'Mpc than their
shallow-peak counterparts (blue and green). However, the HAB in
the v0.4 (dashed) simulations is slightly weaker than that in the v0.0
ones (solid), in that the relative clustering on scales above 15 A~ !Mpc
of the steepest (shallowest) quartile is lower (higher) in v0.4 than in
v0.0 simulations. This weakening of §-indicated HAB in the v0.4
simulations, albeit very small in amplitude, is robustly detected at
~1-0 level across all radial bins above 15 2~ "Mpc (see the zoom-
in inset panels). This suggests that the HAB is likely modified by
the presence of massive neutrinos. The middle panel of Figure 3 is
similar to the left, but for the &}, profiles measured from the v0.4
simulations. Consistent with the results from LoVerde & Zaldarriaga
(2014), the profiles of the “neutrino haloes” are shallower than that of
the CDM haloes. Interestingly, the &, profiles exhibit its own HAB
phenomenon analogous to the CDM version the steep density
peaks attract more concentrated “neutrino haloes” that exhibit lower
relative clustering of neutrinos on large scales than the shallow ones.
This to our knowledge is the first detection of the “neutrino halo”
assembly bias effect in simulations.

The right panel of Figure 3 shows the ratio profiles between &,
and &y, in the v0.4 simulations. Within (g, the ratio profile rises
sharply as ~r3/2 but levels off as ~r2/3 beyond 73¢0,,- Though
not shown here, the ratio profile should reach a plateau of unity at
scales 1220 h~!Mpc where neutrinos follow CDM. More im-
portant, the bottom panel reveals that § indeed correlates with the
neutrino-to-CDM ratio on quasi-linear scales. In particular, haloes
collapsed from the steepest (shallowest) quartile exhibit a ~10% en-
hancement (deficit) in their neutrino-to-CDM ratio between rygq;,
and A¢g compared to the average population. Therefore, we expect a
positive correlation between § and the previously defined neutrino
excess parameter €,,. Given that massive neutrinos seem to cause an
impact on the §-indicated HAB (left panel of Figure 3), such a §-¢,
correlation implies that the impact on the €, -indicated HAB would
likely be greater.

While being theoretically informative, neither § nor €, is an ob-
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Figure 4. Pairwise correlations between €, §, and ¢. In each panel, circles represent 1000 randomly selected haloes from the twin halo catalogue on the axis
plane defined by two parameters, colour-coded by their values of the third parameter. Blue, gold, and red curves show the mean relations between the two axis
parameters for haloes within the three mass bins listed in the top right corner, while the overall Pearson’s correlation coefficient 7 and its 1 — o~ uncertainty are

listed in bottom right.

servable quantity. As of now, concentration remains one of the most
promising observable indicators of HAB (Zu et al. 2021), and it
is thus imperative that we explore the neutrino impact on the ¢-
indicated HAB. Figure 4 presents the pairwise correlations between
the three HAB indicators. For each panel of x vs. y, circles repre-
sent the x and y values of 1000 individual haloes randomly drawn
from the twin halo catalogue in the v0.4 simulation, each colour-
coded by the value of the third indicator according to the colourbar
on top. The three coloured curves are the mean relations (y|x) cal-
culated for the three halo mass bins listed in the legend, while the
overall cross-correlation coefficient r.. is annotated in the bottom
right with its 1—o uncertainty. Overall, the three indicators all cor-
relate with one another, with little dependence on halo mass. The
correlation between § and ¢ (middle panel) is the strongest among
the three pairs with 7¢=0.319. The correlation between § and €,
are reasonably strong with r.=0.220, consistent with our expecta-
tion from the right panel of Figure 3. Meanwhile, the correlation
between €, and ¢ is significantly detected but with a weak strength
of r¢=0.087+0.004. Although the intrinsic correlation between €,
and ¢ ought to be higher, because the measurement of ¢ is subject
to shot noise (see Wang et al. 2023, for potential improvements), the
measurement error in real observations can only be larger (Zu et al.
2017).

Finally, we show the impact of massive neutrinos on the HABs
indicated by neutrino excess €, (left), relative peak curvature § (mid-
dle), and relative halo concentration ¢ (right) in Figure 5, the key
result of this paper. In each panel of indicator x (divided into sex-
tiles), the main panel compares the HABs as measured by b(x|M},)
between the v0.0 (solid curves) and v0.4 (dashed curves) simula-
tions, in three different mass bins of log My =[14.0, 14.3] (blue),
[14.3,14.6] (gold), and [14.6,15.2] (red). The halo bias b is
measured from &py/Emm on scales between 15 h‘lMpc and
30 h~"Mpc (see the left panel of Figure 3), with Jackknife error-
bars estimated from the 40 simulations. The discrepancy between
the two sets of HABs is more clearly seen in the bottom subpanel,
which shows Ab(x|My,) = b(x|Mp)vo.4 — b(x|Mp)v0.0-

When €, is used as the indicator (left panel of Figure 5), the
HAB strength is significantly weakened in the presence of massive
neutrinos. Note that even in zero-neutrino mass simulations, we still

detect an HAB signal associated with €,,. This phenomenon can be at-
tributed primarily to the apparent anti-correlation between ¢,, and the
large-scale dark matter overdensity. Combining the three halo mass
bins, the relative bias of the least neutrino-rich sextile of haloes is
reduced by 0.033+0.003, while that of the most neutrino-rich sextile
of haloes is enhanced by 0.028+0.001. The neutrino effect decreases
by an order of magnitude when § is used as the HAB indicator (mid-
dle panel), in which case the Ab of the steepest (shallowest) sextile
of density peaks becomes —0.00105+0.00194 (0.00207+0.00072).
Unfortunately, these 0.1-2 per-cent level differences are currently
only detectable in simulations, especially given that the upper bound
on XM, is well below 0.4 eV (Di Valentino et al. 2021).

When ¢ is adopted for HAB detection (right panel of Figure 5),
the effect of massive neutrinos completely diminishes, with Ab con-
sistent with zero across all sextiles of relative concentration. This
is somewhat expected given that ¢ barely correlates with €,,, which
by definition is the sole underlying driver of neutrino-induced HAB.
This null detection of neutrino effects is also consistent with the re-
sult of Lazeyras et al. (2021), despite the difference in concentration
measurement and halo catalogues. Therefore, Figure 5 elucidates
the impact of massive neutrinos on concentration-indicated HAB —
massive neutrinos are able to modify the HAB signal predicted by
massless neutrino simulations, as long as haloes are divided by their
local neutrino-to-CDM ratio or the curvature of their initial density
peaks.

4 CONCLUSION

In this paper, we elucidate the impact of massive neutrinos on the
halo assembly bias (HAB) using a large suite of massless and mas-
sive neutrino (XM, =0.4 eV) simulations from Quijote. By tracing
haloes back to their density peaks in the initial condition shared by
both types of simulations, we construct a twin halo catalogue where
each twins pair is characterised by their relative concentration &,
relative peak curvature §, and relative neutrino-to-CDM ratio €,,.
Using the relative halo bias b to quantify the strength of HAB,
we demonstrate that the massive neutrinos could cause a two per
cent-level impact on the HAB effect compared to that predicted
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Figure 5. HAB comparison between the v0.0 (solid curves) and v0.4 (dashed curve) simulations, using the neutrino excess €, relative peak curvature §, relative
concentration ¢ as indicators in the left, middle, and right panel, respectively. The HAB is characterised by the relative bias b as a function of the indicator
divided into six sextiles. Blue, gold, and red curves indicate the results from the three halo mass bin of log M},=[14.0, 14.3], [14.3, 14.6], and [14.6, 15.2],
respectively. Each bottom subpanel shows the difference between the two sets of b functions in the v0.0 and v0.4 simulations. All errorbars are jackknife

uncertainties from the 40 independent simulations.

by the massless neutrino simulations, if €, is used as the HAB
indicator. Since § is strongly correlated with €,,, the neutrino-induced
HAB remains discernible at the 0.1-per cent level when § is used as
the indicator. However, the minuscule correlation between ¢ and €,
renders the ¢-indicated HABs indistinguishable between the massless
and massive neutrino simulations — a null effect consistent with
previous works (e.g., Lazeyras et al. 2021).

An observational detection of such a massive neutrino effect on
HAB is highly unlikely within the near future. We plan to explore if
there exist halo observables that can potentially correlate better with
€, than ¢, thereby yielding potentially detectable neutrino-induced
HAB signals, at least in the simulations. Although extremely chal-
lenging, an observational detection of the neutrino-induced HAB
with next-generation galaxy surveys, including the Dark Energy
Spectroscopic Instrument (DESI; DESI Collaboration et al. 2022),
Prime Focus Spectrograph (PFS; Takada et al. 2006), Jiaotong Uni-
versity Spectroscopic Telescope (JUST; JUST Team et al. 2024), Ro-
man Space Telescope (Roman; Spergel et al. 2015), EUCLID (Lau-
reijs et al. 2011), and the Chinese Survey Space Telescope (CSST;
Gong et al. 2019), would provide an independent path to measur-
ing XM, using the LSS information beyond the linear power spec-
trum (Bayer et al. 2022),
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