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ACDM cosmology
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(Nearly) Scale invariant
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ACDM cosmology

Wavelength A [h~! Mpc]
1000 100 10

® SDSS galaxies
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Problems on small scales

Oh +11
* Cusp Core

Observations: “CORE”

Simulations: “CUSP”

O IC 2574
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Problems on small scales
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Problems on small scales

* Cusp Core o0y
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stellar dynamics inconsistent with dense subhalos
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Why Ultra-light Axions?

On the hypothesis that cosmological dark matter is composed of ultra-light bosons

Lam Hui*
Department of Physics, Columbia Universilty. New York, NY 10027

Jeremiah P. Ostriker!
Department of Astronomy, Columbia University, New York. NY 10027 and
Department of Astrophysical Sciences, Princeton Universily. Princeton, NJ 08544

Solve CP & Suppress [ Quantum
violation Matter PS effects

Non thermal Very light

species m ~ 107%%eV
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From Schrodinger to Navier-Stokes
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From Schrodinger to Navier-Stokes
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From Schrodinger to Navier-Stokes

KINETIC




From Schrodinger to Navier-Stokes

KINETIC SELF-INTERACTION




Simulating an Ultra-light boson field

Cold and Fuzzy Dark Matter

Linear and z
independent theory

Wayne Hu, Rennan Barkana & Andrei Gruzinov
Institute for Advanced Study, Princeton, NJ 08540
Revised February 1, 2008

Cold dark matter (CDM) models predict small-scale structure in excess of observations of the cores
and abundance of dwarf galaxies. These problems might be solved. and the virtues of CDM models
retained, even without postulating ad hoe dark matter [)}’lfl icle or field interactions. if the dark 1D SImulatlonS
matter is composed of ultra-light scalar particles (m ~ 107"eV), initially in a (cold) Bose-Einstein
condensate, similar to axion dark matter models. The wave properties of the dark matter stabilize

gravitational collapse providing halo cores and sharply suppressing small-scale linear power.




Simulating an Ultra-light boson field

Cold and Fuzzy Dark Matter

Wayne Hu, Rennan Ultra-Light Scalar Fields and the Growth of Structure in the Universe
Institute for Advance
Revised David J. E. Marsh
Cold dark matter (CDM) models predict sm: Rudolf Peierls Centre for Theoretical Physics, Universily of Ozxford, 1 Keble Road, Ozford. OX1 3NP, UK

and abundance of dwarf galaxies. These prob
. . . | > . 1 e
retained, even without postulating ad hoe d Pedro G. Ferreira
' : : ' ) . Yeford DWEB. Keble R , 4 OX1 3R -
matter is composed of ultra-light scalar parti Astrophysics, University of Oxford, DWB, Keble Road, Ozford, OX1 3RH, UK
condensate, similar to axion dark matter moi . ) ) ) 33 < A% wy .
- . Ultra-light scalar fields, with masses of between m = 107" eV and m = 10777 eV, can affect the
gravitational collapse providing halo cores an . L L. . . . ) . .
growth of structure in the Universe. We identify the different regimes in the evolution of ultra-light
scalar fields, how they affect the expansion rate of the universe and how they affect the growth rate
of cosmological perturbations. We find a number of interesting effects, discuss how they might arise
in realistic scenarios of the early universe and comment on how they might be observed.

Linear simulations
Definition on mass range



Simulating an Ultra-light boson field

Cold and Fuzzy Dark Matter

Wayne Hu, Rennan Ultra-Light Scalar Fields and the Growth of Structure in the Universe

Institute for Advance

Revised David J. E. Marsh
Cold dark matter (CDM) models predict sm Rudolf Peierls Centre for Theoretical Physics, University of Ozford, 1 Keble Road, Ozford, OX1 3NP,

CONTRASTING GALAXY FORMATION FROM QUANTUM WAVE DARK MATTER. ¥*DM, WITH ACDM,
USING PLANCK AND HUBBLE DATA Jrford, OX1 3RH, UK

Hsi-Yu ScHive!, TzinonG CHIVER™?, ToMm BROADHURST™, & Kuan-WEI HuaNG!

id m = 10™*? eV, can affect the
Draft version January 20, 2016

s in the evolution of ultra-light

g - how they affect the growth rate
ABSTRACT . = .

s, discuss how they might arise

The newly established luminosity functions of high-z galaxies at 4 < 2 < 10 can provide a stringent f¥ might be observed.

check on dark matter models that aim to explain the core properties of dwarf galaxies. The cores
of dwarf spheroidal galaxies are understood to be too large to be accounted for by free streaming of
warm dark matter without overly suppressing the formation of such galaxies. Here we demonstrate
with cosmological simulations that wave dark matter, {»DM, appropriate for light bosons such as
axions, does not suffer this problem, given a boson mass of my > 1.2 x 107%*%¢eV (2¢). In this
case, the halo mass function is suppressed below ~ 10'° M at a level that is consistent with the
high-z luminosity functions, while simultaneously generating the kpc-scale cores in dwarf galaxies
arising from the solitonic ground state in ¥YDM. We demonstrate that the reionization history in
this scenario is consistent with the Thomson optical depth recently reported by Planck, assuming a
reasonable ionizing photon production rate. We predict that the luminosity function should turn over
slowly around an intrinsic UV luminosity of Myy 2 —16 at 2z 2 4. We also show that for galaxies
magnified >10x in the Hubble Frontier Fields, ¥"DM predicts an  order of magnitude fewer detections
than cold dark matter at 0 down to Myy ~ —15, allowing us to distinguish between these very
different interpretations for tlu observed coldness of dark matter.

Non linear simulations
Full wave solvers
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USING PLANCK AND HUBBLE DATA Drford, OX1 3RH, UK
Hsi-Yu Scuive!, TzinonG CHIven™??* Tom BroapaHursT™®, & Kuan-WEel Huana!

. o id m = 10™*? eV, can affect the
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Numerical solution of the non-linear Schrodinger equation using smoothed-particle
The newly established lun hydrodynamics
check on dark matter mode
of dwarf spheroidal galaxies Philip Mocz"
Wi.ll'lll dark ln;l.tt(‘l' \.\'lthU"[. Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
with cosmological simulatio

axions, does not suffer this ' .
Sauro Succl

Istituto per le Applicazioni del Calcolo, CNR. Viale del Policlinico 137, 1-00161, Roma, [taly
Institute of Applied Compulational Science, Harvard School of Engineering and Applied Sciences,
Northwest B162, 52 Ozxford Street, Cambridge. MA 02138, USA
(Dated: November 9, 2016)

case, the halo mass functio
high-z luminosity functions
arising from the solitonic g
this scenario is consistent w
reasonable ionizing photon j
slowly around an intrinsic [ We formulate a smoothed-particle hydrodynamics numerical method. traditionally used for the
magnified >10x in the Hubl Euler equations for fluid dynamics in the context of astrophysical simulations, to solve the non-linear
than cold dark matter at z . Schrodinger equation in the Madelung formulation. The probability density of the wavefunction is
different internretations for discretized into moving particles, whose properties are smoothed by a kernel function. The tradi-
tional fluid pressure is replaced by a quantum pressure tensor, for which a novel, robust discretization
is found. We demonstrate our numerical method on a variety of numerical test problems involving
the simple harmonic oscillator, soliton-soliton collision, Bose-Einstein condensates, collapsing sin-
gularities, and dark matter halos governed by the Gross-Pitaevskii-Poisson equation. Our method
is conservative, applicable to unbounded domains, and is automatically adaptive in its resolution,

making it well suited to study problems with collapsing solutions.
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AX-Gadget

Nori M., Baldi M., in prep

wrt full-wave solvers (SPH)
* Whatever self-interaction possible through P(p)
* Multiple DM and mixed DM species allowed

* All the cool stuff Gadget3 can do are inherited
(Modified Gravity, Dark Energy, Baryonic Physics)



SPH implementation
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SPH implementation

—— analytical
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SPH implementation
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SPH implementation

Vp; = zmﬁwﬁ Analytical equivalence
j

V2p; = ijVZWij Numerical equivalence
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SPH implementation
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SPH implementation
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SPH implementation
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/hang et al, arXiv:1611.00892

—  Gravity
===+ Quantum pressure
—— Total

Vi =M/p; isnot constant!

In SPH what is constant is:

M = p;V;

A=1.4 kpc
m, ~ 10~

—

Vi

5Q = 7 (‘72@)



Quantum Jeans length
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Quantum Jeans length

Ao ~ 88Kpc (z + 1)/*/ymy,



Quantum Jeans length

Ao ~ 88Kpc (z + 1)V/*/ym;,

Schive +16
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Simulation
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Simulation
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Initial Conditions

“It is appropriate to use simulations of collisionless particles
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with FDM initial power spectra to approximate real FDM simulations



Initial Conditions

“It is appropriate to use simulations of collisionless particles

Schive+16 ] e i . . . )
with FDM initial power spectra to approximate real FDM simulations

Cosmological particle-in-cell simulations with ultralight axion dark matter

Jan Veltmaat and Jens C. Niemeyer
Institut fiir Astrophysik
Universital Gollingen
(Dated: January 3, 2017)

We study cosmological structure formation with ultralight axion dark matter, or “fuzzy dark
matter” (FDM), using a particle-mesh scheme to account for the quantum pressure arising in the
Madelung formulation of the Schrodinger-Poisson equations. Subpercent-level energy conservation
and correct linear behavior are demonstrated. Whereas the code gives rise to the same core-halo
profiles as direct simulations of the Schrodinger equation, it does not reproduce the detailed in-
terference patterns. In cosmological simulations with FDM initial conditions, we find a maximum
relative difference of O(10%) in the power spectrum near the quantum Jeans length compared to
using a standard N-body code with identical initial conditions. This shows that the effect of quan-
tum pressure during nonlinear structure formation cannot be neglected for precision constraints on
a dark matter component consisting of ultralight axions.

Veltmaat +16
Particle — Mesh scheme code
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Initial Conditions

“It is appropriate to use sim
with FDM initial power spectra to
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Jan Veltmaat and Jens C. Nien
Institut fir Astrophysik
Universitat Gollingen
(Dated: January 3, 2017)




Initial Conditions

“It is appropriate to use simulations of collisionless particles

Schive+16 . L . . :
with FDM initial power spectra to approximate real FDM simulations”
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Initial Conditions

* Strategy 1:
* Dynamics: QP
* Initial Conditions: CDM

* Strategy 2: FDM IC QP
* Dynamics: NO QP
* Initial Conditions: FDM

CDM IC No QP

* Dynamics: QP
* Initial Conditions: FDM

CDM CDM+QP FDM
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Lyman-Alpha Forest
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Lyman-Alpha Forest

Attempt to constrain on a linear level m,,
with the 1D power spectrum

darker color : BOSS
lighter color : XQ100

Zhang +17



Lyman-Alpha Forest

Attempt to constrain on a linear level m,,

3¢ C.L. (Lyman-u forest)

with the 1D power spectrum 20 C. L. (Lyman-a forest)

"solution” to missing satellite

Kobayashi +17



Lyman-Alpha Forest

Attempt to constrain on a linear level m,,

3¢ C.L. (Lyman-u forest)

with the 1D power spectrum 20 C. L. (Lyman-a forest)

"solution” to missing satellite

Full hydrodynamic simulation with
Cooling and Star Formation mechanisms
(Nori M., Murgia R., Baldi M., Viel M. in prep)

Kobayashi +17



y [Mpc/h]

Dark Matter
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Stars
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12

10

o
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Conclusions

AX-Gadget (Nori M., Baldi M., in prep.) module

implemented through for FDM models

QP is relevant in FDM models,

at least for scales under ~1 Mpc

Good agreement with predictions from full wave-solvers
in suppressing small scales, Lyman-Alpha constraint soon!

(Nori M., Murgia R., Baldi M., Viel M., in prep.)

Better performances!

One loop over N more wrt hydro-simulations with Gadget3



Thank you
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