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Overview

Role of neutrinos in modern cosmology
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Role of neutrinos in modern cosmology

Zmy < 0.1 eV

Predicting neutrino/HDM signatures on
non-linear scales through gravitational
clustering

Neutrinos have large thermal velocities
which makes their modelling difficult
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Role of neutrinos in modern cosmology

Predicting neutrino/HDM signatures on
non-linear scales through gravitational
clustering

Neutrinos have large thermal velocities
which makes their modelling difficult
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Outline

Part I: methods

EFasily include the effects of neutrinos in N-body simulations: SuperEasy

Extension to any hot dark matter (HDM): Generalised SuperEasy

Other methods: multi-fluid theory and particle simulations

Part 11: applications

Mixed hot dark matter models: SM neutrinos and axions

Can we distinguish effects of BSM relics from neutrinos on nonlinear scales?



Part I: methods



Linear response for HDM

Relic neutrinos as a nonrelativistic gas of collisionless particles
in an expanding background

Vlasov-Poisson system
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Linear response for HDM

Relic neutrinos as a nonrelativistic gas of collisionless particles
in an expanding background
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Linear response for HDM

Relic neutrinos as a nonrelativistic gas of collisionless particles
in an expanding background

_, Vlasov-Poisson system

Neutrino phase space/'@ | V~ f — a mV~ b - Vﬁf =0

density f(, p, s)
/VQ‘QZ s) —7—[2( ) QO (s ):E’, s)

Superconformal time G I I — Total matter density contrast
- _2 ravitational potentia
S = /a d¢ = febOch + 0L

Bertschinger, 1993

k.7 . B S iE-5 / ® [inearisation Vﬁ\f — f| < \Vﬁ\ﬂ
5f — 5f(31) e m (8—s5i) +lemk - vﬁf/ ds’ CL2 e m (s—s") ® External potential
Si

e Solvingfor 6f = f — f

Homegeneous part Inhomogeneous part
Free-streaming of initial conditions neutrino response to the external potential



HDM: neutrinos
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HDM: neutrinos

2 ’ /2 / _TI/OI‘C(S_S/)_
Integrate over momentum: 0, =~ k ds'a CI)(S — S )F : Integral linear response
s i my _
n 3, F(o\,—iq-B/Ty
\ F(q) — — v /d pf(p)e qu/ ,0
v (5)
SuperEasy linear response: find analytical solutions in large and small & limits ELnegnvlvﬂ(;a%:;/;);g’v\z/g:; 5020
Free-streaming limit k > kgs Clustering limit k << kps
0, (k,s) ~ 26, (k, s) 0y (k,s) >~ dcn(k,s) >~ dm(k, s)

2
Free-streaming scale is

‘integrated’ over Fermi-Dirac

only depends on mass and
time



HDM: neutrinos

2 ’ /2 / _TV,Ok(S — S/)_
Integrate over momentum: 0, =~ k ds'a CI)(S — S )F Integral linear response
™
Si i Z _
My 3, F(o\,—iq-B/Ty
T Flg)=- /d pf(p)e™ TP/ T
v (5)
. s : . : .. Ringwald & Wong, 2004
SuperEasy linear response: find analytical solutions in large and small & limits Chen, Upadhye & Wong, 2020
Free-streaming limit k > kpg Interpolation Clustering limit k < kps
oy (k,s) = ﬁdm(k’, s) 0y (k,s) >~ dcn(k,s) >~ dm(k, s)
Free-streaming scale is - kz —
. A F'S
‘integrated’ over Fermi-Dirac 5,/(]{7, 8) — 5m(k, S)
|k + krs(s)]?
only depends on mass and Note: momentum integration

time comes before interpolation!
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SuperEasy for neutrinos

Neutrino density contrast responding to
CDM density
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SuperEasy for neutrinos

Neutrino density contrast responding to

CDM density
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Total matter density including contributions
from neutrinos
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SuperEasy in N-body simulations

One-line modification to the gravitational potential,
only requires CDM density as a real-time input

l

perfect for PM solvers of an N-body simulation



SuperEasy in N-body simulations

One-line modification to the gravitational potential,
only requires CDM density as a real-time input

l

perfect for PM solvers of an N-body simulation

20k, s) = —(3/2)H2(s)Qen (8)G (K, s)(sib(/; s)

calculated from
cold particles

modification factor
due to neutrinos

No additional memory or runtime
compared to CDM only

Chen, Upadhye & Wong, 2020

One line to run them all: SuperEasy
massive neutrino linear response in
N-body simulations

Joe Zhiyu Chen,” Amol Upadhye,* Yvonne Y. Y. Wong*

2Sydney Consortium for Particle Physics and Cosmology, School of Physics, The University
of New South Wales, Sydney NSW 2052, Australia

E-mail: zhiyu.chen@unsw.edu.au, a.upadhye@unsw.edu.au,
yvonne.y.wong@Qunsw.edu.au

if(ALL.NLR == 1) { // SuperEasy neutrino linear response
double ser mod fac = Nulinear.poisson _mod fac(sqrt(k2), All.Time);

smth *= ser _mod _fac;

}

src/pm/pm periodic.cc

https://github.com/cppccosmo/gadget-4-cppc


http://pm_periodic.cc

SuperEasy for any HDM

Generalised SuperEasy: Interpolation at the momentum level,
before the integration/sum over the momenta

f(k,pg! imka @ ds'al & ol s)
Si



SuperEasy for any HDM

Generalised SuperEasy: Interpolation at the momentum level,
before the integration/sum over the momenta
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SuperEasy for any HDM

Generalised SuperEasy: Interpolation at the momentum level,
before the integration/sum over the momenta

S

1 . u o . | T L no! T .
't (k,p,s)! imka b f ds'a’! e no(s"S) angle average — |1 f "H (k, p, s) u! R ag
Si
K] 1 - ! - LI
I hdm (k1 S) = 6 dp piQ(p) G(k1 P, S) 'm (k’ S)
0
Interpolation function
Momentum dependent _ kés,p
free-streaming scale G(k1 p’S) — k2 + | kkFS + k2
. ' P FS.p
3 ma(s
kesp(9) L D () B2 .
2 P Gklkgsp! 0)! 1 Free-streaming limit

: kfs
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SuperEasy for any HDM

. "N ¥ N different types of HDM, each with a
dp p*#p) Gk, p, s) ! dpp?fp) ! i(p) G(K,S) free-streaming scale and a density
0 i1 O contrast ! ngm:
Generalised SuperEasy
; nN # " $ , C T )
m(kS)! 1+ fn G(kS)" 1+ O(f2) gk, s)
1=1

Gauss-Laguerre binning

N =15
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Generalised SuperEasy in N-body simulations

E20(k,s) = —(3/2)H2(5) Qe (5)G(k, 5)ep (

INi

gk,s)= 1+ fp [G(k,s)! 1] f "

1=1

No additional memory or runtime
compared to CDM only

Only inputs: HDM mass, temperature and any
momentum distribution

—

k,s)

One trick to treat them all:
SuperEasy linear response for any
hot dark matter in N-body
simulations

Giovanni Pierobon,” Markus R. Mosbech,’® Amol Upadhye,*
Yvonne Y. Y. Wong*

?Sydney Consortium for Particle Physics and Cosmology, School of Physics, University of
New South Wales, Sydney NSW 2052, Australia

if(ALL.NLR == 3) § // Generalised SuperEasy linear response
double gse mod_fac = Nulinear.poisson_gen_mod_fac(sqrt(k2), All.Time);

smth *= gse mod_fac;

}

src/pm/pm periodic.cc

https://github.com/cppccosmo/gadget-4-cppc


http://pm_periodic.cc

Multifluid method

Multi-fluid linear response: based on perturbation theory of Dupuy & Bernardeau (2014)
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Multifluid method

Multi-fluid linear response: based on perturbation theory of Dupuy & Bernardeau (2014)
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Multifluid+hybrid

Multi-fluid linear response: based on perturbation theory of Dupuy & Bernardeau (2014)

Hybrid method: convert perturbations of
slowest flows into new set of particles

particles

AN

perturbations

107° ' —— Flows 1-2
1 = Flows 3-4
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: Flows 11-14

-------- Poisson noise
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Multifluid+hybrid

Multi-fluid linear response: based on perturbation theory of Dupuy & Bernardeau (2014)

10°+

Hybrid method: convert perturbations of 10 1
slowest flows into new set of particles
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Hybrid simulations

Vi = 48 km/s
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Hybrid simulations

Vi = 48 km/s




Part |I: applications



Mixed HDM

Consider a collection of fluids, each with mass, temperature and internal dofs
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Mixed HDM

Consider a collection of fluids, each with mass, temperature and internal dofs

Free-streaming is a kinematic effect

1 N ! — Lagrangian velocity
! X,S) = M, QO d3 f(p) X, D,s
ram (%5) (2#a)® o, TP %.b:9) fP (K pg)! fV(kV,s9)
1 " | 3 (V) | | !N!
— (2#3_)3 ; d vV F (X, \/, S) F (V) (k, V, S) — m!4 O f!(v) (k, V, S)

1 =1



Mixed HDM

Consider a collection of fluids, each with mass, temperature and internal dofs

N Free-streaming is a kinematic effect
| (5'( S) — 1 A m; g ! d3pf (p) (5'( b S) — Lagrangian velocity
. ’ - ! ! ] )
hdm (2#8.)3 - IR ) | f!(p) (k, b, S) | f!(v) (k, v S)
: " e N,
— (2#3_)3 ; d vV F (X, \/, S) F (V) (k, V, S) — m!4 O f!(v) (k, V, S)

1 =1

Mhdm Tigm 0
| d*q Fl9(%, b, s

g! (Mndm/Thdmo)vV=(mMi /T o)



Mixed HDM

3 L
Mhdm Tham o

3 () [y
EE : d°qgF'*" (%, 4, 9.

! hdm (S(’ S) =

Single fluid defined by
{Mnam» Tham 0. F (X, b,9)

|

Input for N-body simulations



Mixed HDM models

E1: Normally-ordered SM neutrinos at minimum

allowed masses
M3 241 =50,9 0 meV
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Mgy = 0.23 eV QCD axion
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Mixed HDM models

E1: Normally-ordered SM neutrinos at minimum

allowed masses
M3 241 =50,9 0 meV

_|_
m,; = 0.23 eV QCD axion

E2: Normally-ordered SM neutrinos with
masses such that the linear total matter power
spectrum on small scales matches that of E1
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Mixed HDM models

E1: Normally-ordered SM neutrinos at minimum
allowed masses
M3, 1 =950,9 0 meV
+
m,; = 0.23 eV QCD axion

E2: Normally-ordered SM neutrinos with
masses such that the linear total matter power
spectrum on small scales matches that of E1

E3: Normally-ordered SM neutrinos at minimum
allowed masses
M321 = 50, 9,0 meV
+
m, = 0.23 eV boson

: Normally-ordered SM neutrinos with
masses such that the linear total matter power
spectrum on small scales matches that of E3
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q°F2(q)

Mixed HDM models
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Mixed HDM models

Linear response streams F1: Mpdm =48 meV, Thgmo=1.88K
F2: Mpdm = 54 meV, Thdm 0= 1.95 K

F3: Mpgm = 74 meV, Thom 0= 1.88 K
Mpgm = 105 meV, Tngm 0= 1.95 K

15 Gauss-Laguerre bins
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Convergence plots
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Summary

An updated version of a SuperEasy method to include
HDM in non-linear modelling

For small, unconstrained HDM masses it works reliably

Potential to discern between neutrinos and
BSM non-cold dark matter

Public code
https://github.com/cppccosmo/gadget-4-cppc






Multifluid vs SuperEasy
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