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CDM Framework
• Gas cooling and star formation within DM halos is the standard
    paradigm for the origin of galaxies 

• Numerical simulations of DM halos highlight a universal profile
(NFW pivotal paper), with a “cuspy” halo 

Self-Interacting Dark Matter                 Luca Visinelli, 2017-08-04

White&Rees (1978)

Friday, August 4, 17



CDM Framework
• Gas cooling and star formation within DM halos is the standard
    paradigm for the origin of galaxies 

• Numerical simulations of DM halos highlight a universal profile
(NFW pivotal paper), with a “cuspy” halo 

• Over-prediction of DM core density

•            overabundance of small satellites compare to MW

Self-Interacting Dark Matter                 Luca Visinelli, 2017-08-04

O(10)

Dubinski&Carlberg (1991); Moore et al. (1998)

Moore et al. (1999); Klypin et al. (1999)

White&Rees (1978)

Friday, August 4, 17



CDM Framework
• Gas cooling and star formation within DM halos is the standard
    paradigm for the origin of galaxies 

• Numerical simulations of DM halos highlight a universal profile
(NFW pivotal paper), with a “cuspy” halo 

• Over-prediction of DM core density

•            overabundance of small satellites compare to MW

  Alleviated by cutoff of                at

Self-Interacting Dark Matter                 Luca Visinelli, 2017-08-04

O(10)

k ⇠ 4.5hMpc�1PCDM(k)
Kamionkowski&Liddle (1999)

Dubinski&Carlberg (1991); Moore et al. (1998)

Moore et al. (1999); Klypin et al. (1999)

White&Rees (1978)

Friday, August 4, 17



• deBroglie wavelength 

• For an object of size 

Possible explanation: FDM
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Power spectrum

Possible explanation: FDM
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Possible explanation: FDM
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Figure 1: Comparison of cosmological large-scale structures formed by standard CDM and by wave-
like dark matter, ψDM. Panel (a) shows the structure created by evolving a single coherent wave function
for ΛψDM calculated on AMR grids. Panel (b) is the structure simulated with a standard ΛCDM N-body
code GADGET-212 for the same cosmological parameters, with the high-k modes of the linear power spec-
trum intentionally suppressed in a way similar to the ψDMmodel to highlight the comparison of large-scale
features. This comparison clearly demonstrates that the large scale distribution of filaments and voids is in-
distinguishable between these two completely different calculations, as desired given the success of ΛCDM
in describing the observed large scale structure. ψDM arises from the low momentum state of the conden-
sate so that it is equivalent to collisionless CDM well above the Jeans scale.

CDM, including the surprising uniformity of their
central masses,M(< 300 pc)≃ 107 M⊙, and shallow
density profiles1–4. In contrast, galaxies predicted by
CDM extend to much lower masses, well below the
observed dwarf galaxies, with steeper, singular mass
profiles5–7. Adjustments to standard CDM address-
ing these difficulties consider particle collisions16, or
warm dark matter (WDM)17. WDM can be tuned to
suppress small scale structures, but does not provide
large enough flat cores18, 19. Collisional CDM can
be adjusted to generate flat cores, but cannot sup-
press low mass galaxies without resorting to other
baryonic physics20. Better agreement is expected
for ψDM because the uncertainty principle coun-
ters gravity below a Jeans scale, simultaneously sup-
pressing small scale structures and limiting the cen-
tral density of collapsed haloes8, 9.

Detailed examination of structure formation
with ψDM is therefore highly desirable, but, un-
like the extensive N-body investigation of standard

CDM, no sufficiently high resolution simulations of
ψDM have been attempted. The wave mechanics
of ψDM can be described by Schrödinger’s equa-
tion, coupled to gravity via Poisson’s equation13
with negligible microscopic self-interaction. The dy-
namics here differs from collisionless particle CDM
by a new form of stress tensor from quantum un-
certainty, giving rise to a comoving Jeans length,
λJ ∝ (1+ z)1/4m−1/2

B , during the matter-dominated
epoch15. The insensitivity of λJ to redshift, z, gener-
ates a sharp cutoff mass below which structures are
suppressed. Cosmological simulations in this con-
text turn out to be much more challenging than stan-
dard N-body simulations as the highest frequency
oscillations, ω , given approximately by the matter
wave dispersion relation, ω ∝ m−1

B λ−2, occur on the
smallest scales, requiring very fine temporal resolu-
tion even for moderate spatial resolution (see Sup-
plementary Fig. S1). In this work, we optimise
an adaptive-mesh-refinement (AMR) scheme, with

2

Figure 2: A slice of density field of ψDM simulation on various scales at zzz=== 000...111. This scaled sequence
(each of thickness 60 pc) shows how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to the granular structure inside the
haloes. Distinct solitonic cores with radius ∼ 0.3− 1.6 kpc are found within each collapsed halo. The
density shown here spans over nine orders of magnitude, from 10−1 to 108 (normalized to the cosmic mean
density). The color map scales logarithmically, with cyan corresponding to density ! 10.

graphic processing unit acceleration, improving per-
formance by almost two orders of magnitude21 (see
Supplementary Section 1 for details).

Fig. 1 demonstrates that despite the completely
different calculations employed, the pattern of fil-
aments and voids generated by a conventional N-
body particle ΛCDM simulation is remarkably in-
distinguishable from the wavelike ΛψDM for the
same linear power spectrum (see Supplementary Fig.
S2). Here Λ represents the cosmological constant.
This agreement is desirable given the success of stan-
dard ΛCDM in describing the statistics of large scale
structure. To examine the wave nature that distin-
guishes ψDM from CDM on small scales, we res-
imulate with a very high maximum resolution of
60 pc for a 2 Mpc comoving box, so that the dens-
est objects formed of " 300 pc size are well re-
solved with ∼ 103 grids. A slice through this box
is shown in Fig. 2, revealing fine interference fringes
defining long filaments, with tangential fringes near

the boundaries of virialized objects, where the de
Broglie wavelengths depend on the local velocity of
matter. An unexpected feature of our ψDM simula-
tions is the generation of prominent dense coherent
standing waves of dark matter in the center of every
gravitational bound object, forming a flat core with
a sharp boundary (Figs. 2 and 3). These dark matter
cores grow as material is accreted and are surrounded
by virialized haloes of material with fine-scale, large-
amplitude cellular interference, which continuously
fluctuates in density and velocity generating quan-
tum and turbulent pressure support against gravity.

The central density profiles of all our collapsed
cores fit well with the stable soliton solution of the
Schrödinger-Poisson equation, as shown in Fig. 3
(see also Supplementary Section 2 and Fig. S3). On
the other hand, except for the lightest halo which
has just formed and is not yet virialized, the outer
profiles of other haloes possess a steepening loga-
rithmic slope, similar to the Navarro-Frenk-White

3

FDM is 
indistinguishable 
from CDM on 
large scales....

... galactic-size 
self-gravitating
soliton cores are 
produced

Schive et al. Nature 10 496 (2014)
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Axion physics primer
Motivations Axion cosmology

Solar & Stellar axions Cavity and other lab searches

QCD is CP-conserved by PQ symmetry

• Effective axion-photon coupling

• 

• 

ga�� / ma

mafa / ⇤2
QCD

“Primakoff” effect, look for axions emitted

CAST, Barth et al, JCAP 1305 010 (2013)
IAXO, Armengaud et al, arXiv:1401.3233

* Axion-photon convert in strong B field
Sikivie, PRL 51 1415 (1983), best for
ADMX, Asztalos et al, PRL 104 041301 (2010)
ADMXHF,  Brubaker et al, PRL 118 061302(2017)
CULTASK, Chung, PoS CORFU2015 047 (2016)

* CASPER NMR: Budker, PRX 4 021030 (2014)

* MadMAX Haloscope, PRL 118, 091801(2017)

Axions are non-thermal relics

Non-relativistic, so
CDM candidates

 Axion mass
(but see later....)
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Figure 3. Expected sensitivity of IAXO compared with current bounds from CAST and ADMX. Future prospects of ADMX (dashed brown region)
and ALPS-II [40] (light blue line) are also shown. Additionally, theoretically favored regions are shown for axions within the yellow model band
(classical axion window in dark orange, mixed axion-WIMP DM in light orange, white dwarf cooling hint within the area surrounded by the dashed
blue line ) and for ALPs at low masses (brown dashed line for transparency hint, red dashed diagonal line for ALP cold DM). For more details on
these well motivated regions of the axion paramter space see Reference [2].

2. Experimental Setup

2.1. Superconducting Magnet for IAXO
The IAXO magnet [3, 45] was designed with the optimization of the IAXO figure of merit (FOM) [1] in mind. For

practical reasons as well as cost and risk reduction the only parameter of the magnet’s FOM (MFOM, fm = L2B2A)
that can be significantly increased is the magnet aperture A, since the most suitable magnet technology is based on
NbTi superconducting magnets yielding magnetic fields of up to B = 6 T. Increasing the length complicates the
movement of the experiment to track the Sun and also reduces the accessible axion mass range due to the coherence
condition [31]. Already early design studies showed a preference for a toroidal configuration similar to the ATLAS
magnet. The envisioned 250 t IAXO magnet will have eight magnet coils of 21 m length and have a diameter of 1 m
leading to overall cryostat dimensions of about 25 m in length and 5.2 m outer diameter. When operated at nominal
currents of 12.3 kA, peak fields of 5.4 T will be reached storing 500 MJ of energy. With this properties the achievable
MFOM is fm = 300 relative to the one obtained for CAST’s 21 T2m4 ( fm(CAST) = 1). Details on the magnet design
and its layout optimization can be found in Reference [3]. A detailed description of the conductor, its peak magnetic
field and forces as well as the analysis of the operation stability can be found in the same reference along with layouts
of the electrical circuit powering the toroid, the cryogenic systems needed for operation and the compatibility of
the complete system with movement requirements. Furthermore the magnet system reliability has been studied and
various fault scenarios have been developed together with basic operational strategies to be followed in case of such
operational failures. A plan for the assembly of the cryostat and its integration into the rest of the experiment has been
mapped out and the construction of a prototype coil is envisioned to validate the design and to reduce risks remaining
even though the current design is based on extensive experience from the ATLAS magnets, since the IAXO peak fields
are high (non-trivial superconductor development and training of the coils).

2.2. Reflective X-Ray Optics for IAXO
The choice for the eight IAXO telescopes that will focus any x-ray signal from axion-to-photon conversion in

the cold bore onto the detectors are reflective x-ray telescopes utilizing segmented, slumped glass optics as the basic
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2. Experimental Setup

2.1. Superconducting Magnet for IAXO
The IAXO magnet [3, 45] was designed with the optimization of the IAXO figure of merit (FOM) [1] in mind. For

practical reasons as well as cost and risk reduction the only parameter of the magnet’s FOM (MFOM, fm = L2B2A)
that can be significantly increased is the magnet aperture A, since the most suitable magnet technology is based on
NbTi superconducting magnets yielding magnetic fields of up to B = 6 T. Increasing the length complicates the
movement of the experiment to track the Sun and also reduces the accessible axion mass range due to the coherence
condition [31]. Already early design studies showed a preference for a toroidal configuration similar to the ATLAS
magnet. The envisioned 250 t IAXO magnet will have eight magnet coils of 21 m length and have a diameter of 1 m
leading to overall cryostat dimensions of about 25 m in length and 5.2 m outer diameter. When operated at nominal
currents of 12.3 kA, peak fields of 5.4 T will be reached storing 500 MJ of energy. With this properties the achievable
MFOM is fm = 300 relative to the one obtained for CAST’s 21 T2m4 ( fm(CAST) = 1). Details on the magnet design
and its layout optimization can be found in Reference [3]. A detailed description of the conductor, its peak magnetic
field and forces as well as the analysis of the operation stability can be found in the same reference along with layouts
of the electrical circuit powering the toroid, the cryogenic systems needed for operation and the compatibility of
the complete system with movement requirements. Furthermore the magnet system reliability has been studied and
various fault scenarios have been developed together with basic operational strategies to be followed in case of such
operational failures. A plan for the assembly of the cryostat and its integration into the rest of the experiment has been
mapped out and the construction of a prototype coil is envisioned to validate the design and to reduce risks remaining
even though the current design is based on extensive experience from the ATLAS magnets, since the IAXO peak fields
are high (non-trivial superconductor development and training of the coils).
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2. Experimental Setup

2.1. Superconducting Magnet for IAXO
The IAXO magnet [3, 45] was designed with the optimization of the IAXO figure of merit (FOM) [1] in mind. For

practical reasons as well as cost and risk reduction the only parameter of the magnet’s FOM (MFOM, fm = L2B2A)
that can be significantly increased is the magnet aperture A, since the most suitable magnet technology is based on
NbTi superconducting magnets yielding magnetic fields of up to B = 6 T. Increasing the length complicates the
movement of the experiment to track the Sun and also reduces the accessible axion mass range due to the coherence
condition [31]. Already early design studies showed a preference for a toroidal configuration similar to the ATLAS
magnet. The envisioned 250 t IAXO magnet will have eight magnet coils of 21 m length and have a diameter of 1 m
leading to overall cryostat dimensions of about 25 m in length and 5.2 m outer diameter. When operated at nominal
currents of 12.3 kA, peak fields of 5.4 T will be reached storing 500 MJ of energy. With this properties the achievable
MFOM is fm = 300 relative to the one obtained for CAST’s 21 T2m4 ( fm(CAST) = 1). Details on the magnet design
and its layout optimization can be found in Reference [3]. A detailed description of the conductor, its peak magnetic
field and forces as well as the analysis of the operation stability can be found in the same reference along with layouts
of the electrical circuit powering the toroid, the cryogenic systems needed for operation and the compatibility of
the complete system with movement requirements. Furthermore the magnet system reliability has been studied and
various fault scenarios have been developed together with basic operational strategies to be followed in case of such
operational failures. A plan for the assembly of the cryostat and its integration into the rest of the experiment has been
mapped out and the construction of a prototype coil is envisioned to validate the design and to reduce risks remaining
even though the current design is based on extensive experience from the ATLAS magnets, since the IAXO peak fields
are high (non-trivial superconductor development and training of the coils).

2.2. Reflective X-Ray Optics for IAXO
The choice for the eight IAXO telescopes that will focus any x-ray signal from axion-to-photon conversion in
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Axion coherent oscillations

Courtesy of J. Redondo

⇢
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Non-thermal production of ULAs:
1) Misalignment
2) Strings?
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Scenario A: PQ breaks after inflation
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Scenario A: PQ breaks after inflation

Axion strings!

CDM axions 
also from 
defects...
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Scenario B: PQ breaks during inflation

✓i

One initial 
configuration
is singled out
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Figure 3. Expected sensitivity of IAXO compared with current bounds from CAST and ADMX. Future prospects of ADMX (dashed brown region)
and ALPS-II [40] (light blue line) are also shown. Additionally, theoretically favored regions are shown for axions within the yellow model band
(classical axion window in dark orange, mixed axion-WIMP DM in light orange, white dwarf cooling hint within the area surrounded by the dashed
blue line ) and for ALPs at low masses (brown dashed line for transparency hint, red dashed diagonal line for ALP cold DM). For more details on
these well motivated regions of the axion paramter space see Reference [2].

2. Experimental Setup

2.1. Superconducting Magnet for IAXO
The IAXO magnet [3, 45] was designed with the optimization of the IAXO figure of merit (FOM) [1] in mind. For

practical reasons as well as cost and risk reduction the only parameter of the magnet’s FOM (MFOM, fm = L2B2A)
that can be significantly increased is the magnet aperture A, since the most suitable magnet technology is based on
NbTi superconducting magnets yielding magnetic fields of up to B = 6 T. Increasing the length complicates the
movement of the experiment to track the Sun and also reduces the accessible axion mass range due to the coherence
condition [31]. Already early design studies showed a preference for a toroidal configuration similar to the ATLAS
magnet. The envisioned 250 t IAXO magnet will have eight magnet coils of 21 m length and have a diameter of 1 m
leading to overall cryostat dimensions of about 25 m in length and 5.2 m outer diameter. When operated at nominal
currents of 12.3 kA, peak fields of 5.4 T will be reached storing 500 MJ of energy. With this properties the achievable
MFOM is fm = 300 relative to the one obtained for CAST’s 21 T2m4 ( fm(CAST) = 1). Details on the magnet design
and its layout optimization can be found in Reference [3]. A detailed description of the conductor, its peak magnetic
field and forces as well as the analysis of the operation stability can be found in the same reference along with layouts
of the electrical circuit powering the toroid, the cryogenic systems needed for operation and the compatibility of
the complete system with movement requirements. Furthermore the magnet system reliability has been studied and
various fault scenarios have been developed together with basic operational strategies to be followed in case of such
operational failures. A plan for the assembly of the cryostat and its integration into the rest of the experiment has been
mapped out and the construction of a prototype coil is envisioned to validate the design and to reduce risks remaining
even though the current design is based on extensive experience from the ATLAS magnets, since the IAXO peak fields
are high (non-trivial superconductor development and training of the coils).

2.2. Reflective X-Ray Optics for IAXO
The choice for the eight IAXO telescopes that will focus any x-ray signal from axion-to-photon conversion in

the cold bore onto the detectors are reflective x-ray telescopes utilizing segmented, slumped glass optics as the basic
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Conclusions

• FDM models address the missing satellite problem;

• Axion-like particles are suitable FDM candidates, thanks to 
the non-thermal production;

• A measurement of primordial gravitational waves in the 
near future might severely cripple Axion FDM.
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FDM Candidate: the Axion
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Figure 1: Summary of constraints and probes of axion cosmology.
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Galaxy power spectrum
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Figure 12: E↵ect of the lightest ULAs on the CMB. Left Panel: I hold ⌦ch2 = 0.12 fixed
and introduce successively heavier axions as a fraction of the DE at fixed H0. The first
acoustic peak moves and the ISW e↵ect more pronounced compared to ⇤CDM. Right Panel:
Here we demand that the location of the first peak remains fixed, which requires reducing
H0 compared to ⇤CDM, isolating the ISW e↵ect. Reproduced (with permission) from
Ref. [131]. Copyright (2015) by The American Physical Society.
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Figure 13: E↵ect of the lightest ULAs on the matter power spectrum, with fixed mass and
varying contribution to the DM density. Left Panel: The matter power spectrum. Right
Panel: After convolution with the WiggleZ survey window function and marginalization
over galaxy bias at z = 0.60. Reproduced (with permission) from Ref. [131]. Copyright
(2015) by The American Physical Society.
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