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Introduction and Motivation

Dark matter models
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« WIMP; ULDM,; ...
 Most evidence are from gravitational effects, leaving the nature of DM unclear.

e Small-scale behavior?
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ructure formation
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Introduction and Motivation
CDM crisis

« ACDM: cosmological standard model

« ACDM meets challenges in recent observations. e.g. small-scale curiosities.

> Cusp-core problem (NFW v.s. core) > Missing satellites (or “Too big to
fail” problem)
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Introduction and Motivation
ULDM

o Ultra-light DM: small mass, wave nature,
condensate structure

wDM

ve
DM

* Axion models (and ALPs) can produce
FDM.

* Fuzzy DM (FDM): quantum pressure v.s.
SSSSS gravitational attraction.

e Differ from CDM at small scales.
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Small-scale suppression

« CDM: a perfect fluid with w ~ O
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Introduction and Motivation

Addressing small-scale challenges

 Small-scale suppression (wave nature) =

> Cusp-core: > Missing satellite:

BE condensate (soliton solution). DM A suppression of FDM halo formation,
halo density profile is changed to giving a bound

P, r<r., m ) Q h?

~ : M =4x10"M L
Phalo {pNFW >, " © ( 10—22ev) ( 0.14
with a central core instead of a cusp. a large suppression of small halos with
M < Mlin.

e FDM with m ~ 10722 eV
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Closing window on FDM
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Introduction and Motivation

Closing window on FDM

« CDM preferred than FDM (10722 eV)? « FDM (10722 eV) preferred than CDM?

V. IrS|C et aI 1703 04683

| > Missing satellite problem: THINGS (The
g | #=50 HI Nearby Galaxy Survey).

L e_ > Cusp-core problem: MW and the Local
o group.

u MIKE --o- mppMm = 10 X 10722 gV 2 00
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> Flux power spectrum from Lya
measurement (z ~ 3 ~ 5.4)
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Redshift dependence?
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A Delayed suppression?

Ak

i i - i -
Oeq d;(kz) aAj(ks) a - _ > a
- g suppression
Suppression

e Suppression peﬁod for FDM.  An example to delay the suppression.
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Ultra-Light Dark Matter




ULDM

Axions serving as DM

e The action for FDM

R 1 1
S=Sy+S,=|d*x/~¢g - — ok . — —m2d?| |
EH T O¢ J X g[16ﬂ'G 2g ,ﬁb P zméb
e Axion during Inflation:

PQ symmetry broken during inflation (if f, > H,;/2x), giving an initial misalignment angle for our
patch, so

(7)) = 126} + (59°) ,
 Background evolution after inflation
$o + GH + D)y + m2p, = 0 .
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ULDM

Axions serving as DM

David J. E. Marsh 1510.07633

——  Hubble

| g : . When H =>> ma,
©- | a '
= I I . m,
- : : . () background rolls down very slowly ¢ ~ 31“{(150.
2 : :
< l I
I I » w, =~ — 1, like DE.
: s : ” \ o WhenHzma,
5 : N . . _—
% : L > axion background begins oscillating.
& 0 | | \ :
= | l :
E // | : \ » Some time after oscillation begins, H < m,
o - —— Exact Density | \
2 L | “ “ Approx. Den:ity -
100 10° 102 10° 10! 102 > P~ a_3, as DM (fuzzy).

Scale Factor a/a; Scale Factor a/a;
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ULDM

Structure growth

e From 1st PT of VﬂT/‘” = (), e.0o.m for fluids

5+ 3H(c;, —w)s =— (1 +w)(@+ h/2)

| N kX[ co,
0 + - (2 = 3w)H 9:—( ’ 5+c1>),

1 +w a’\1+w
S 9 . . .
0= oplp, 0= > 1 , W = plp, gauge-dependent Cszg = p, and h/2 = — 3¥ + k*(B/a — E).
ap+p ’ Op

» For axions o,

> 0@ originated from inflation = all to isocurvature perturbations;

> The adiabatic mode 0, = 0 initially; can grow (from o,. during RD) only when w, # — 1.
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ULDM

Structure growth

» For FDM (axions after 7.

), antasz by WKB

P(1) = a(t)™"*(¢ycos(mt + @),

. H < m,, so we can average over the oscillations {p ) ~ a™>, and
k? k2
L A N when k < 2am
Cefft =\ <. /7= 2 — Y 4m?a? ’
op I A
4m2a> 1 when k > 2am

in axion comoving gauge that (6g) = 0.

18



ULDM

Structure growth

 To linear order, e.o.m of axion overdensities during MD (after 7 )

() [ ] k2
o, +2HS, + (—CSZ — 47sza> 5 =0,
a2 %

e e | :

k2
2 —
~ v.s. 4nGp, xa™

—C ~/
a? "% a? 4a’m?

O h2 14 m 1/2
defining a Jeans scale k, = 66.5 | — al’ - Mpc 1.
0.12 10—22eV

~ For k < k;, gravitational term 42Gp, dominates, same as CDM. — 0, ~ a (growing mode);

. For k > k,, sound speed term kch,g/az dominates, showing the wave nature. = |8, | ~ a’.
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ULDM

Structure growth

10°F
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alag EjppressioF -
« Overdensity evolution of FDM with m, = 107*’¢V » Scale comparison for k-modes. (k; a1l
QQ /Q ., = 1) compared to standard CDM. during MD.
a d g

+ Structure is suppressed for k > k,(a) = 66.5¢""*Mpc~'. « Suppression is integrated when k > k(a)
(or kj(a = ag) ~\/m,H, = 10°>°H,,) (earlier time).
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ULDM

Structure growth

* Transfer function defined from the suppression of linear matter power spectrum

Prpm(k, 2) = TI%DM(k’ 2)P xcpmks 2)

107 : » Late time z-dependence is often ignored in FDM
10-4 | | study.
@ 107° ' '

: * By numerical method, there is an approximation of
10 / 5 | Hestoaos Ty = €os((k)/(1 + x7(k)), (x;, = 1.61k/(9Mpc1)).

10-10 k/Ho=0.1%10°°

k/Hg=0.5%10°">

| | 4/9
-12 Nl | | . m
07%%07 106 105 10*  10° 102 10' 10 e The half-mode is kip =~ 5.1 (10 22 V) Mpc 1.
- “ce

Z

TZ5n(k, 2) for FDM with m, = 107%% eV.
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ULDM

Structure growth

« The linear suppression at small scale is accumulated when k > k; (or when the “quantum
pressure” term dominates: k°c;,/a* > 4zGp,).

* The observation prefers CDM at high z but FDM at low z, expecting new ULDM model;
modified sound speed (or k;) — an earlier structure grow (a delayed suppression)

Ak

i a - E -
Ga  @y(k) Q) a - —
- — suppression
Suppression

o
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ULDM with Non-Canonical Kinetics

Modified c, from Theory

« For canonical scalar field, csz defined from Mukhanov-Sasaki variables v = z{ should be 1
(gauge-invariant);

ocz_

5.¢ = op/op is gauge-dependent (discussed in comoving gauge or synchronous gauge).

 Example of non-canonical scalar: k-essence
L =V(p)FX) , X = (0¢)*12 ,
has equation of state w = F/(2XFy — F), and non-trivial sound speed

2 9% _ 5

T 0p B F, +2XF,
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ULDM with Non-Canonical Kinetics

Modified ¢, from DBI

» As an example to change k;, we use DBI theory to construct DM with modified ¢, (by f(¢))

1
= |t/ [~y T= 20 - 3w

where X = — ¢g"'V ¢V p/2. So g 1

2 2 12
= +—m :
g C, Cs+ 1¢ 2 ?
| 1
2 2 12
= — —m
P c,+ 1 ? 2 ?
with sound speed
2 xP
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ULDM with Non-Canonical Kinetics
DM-like DBI

« Trivial case (canonical scalar): f(¢) = 0,so ¢, = 1.

» Background evolution determined by H v.s. m, like in axion model.

k* k*
~ After t, ., Csz,g = 4m2a2/<1 | 4m2a2>’ the structure formation is like FDM.

« Small ¢, case (“relativistic limit”): ¢7! = (1 — fp*) 12 > 1.

1
c, ¢+ 1

., w=plp~c, — 0,and the kinetic term ¢* dominates p.

. cZ,=c?

. <, so the structure formation can be similar to CDM.
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ULDM with Non-Canonical Kinetics

Our k-ULDM: example 1 (“Phase transition” case)

TED ~p~ (Pl )™ for t; <t <ty , |
. * Solving e.o.m of DBI scalar
e (%) (tog/ 1) " (1) for t,, <t <t ) . () 202\
’ $ + 3HC2 + V() + 1 * )42 =0,
0 for t >t , ! ! 2f(¢)< 1+Cs)
¢, = P(1); 1, Is the time today.
P/, l l - Before 1., we have ¢, < 1. The oscillation is

1

switched off by f(¢).

- After ¢, as long as the small enough f(¢) keep

1075 Ap)d* < 1 when the oscillation resumes,

the CDM-like field ¢ = FDM-like afterwards.

ia(m=3H) Eaeq dc
10~ 10°° 10 10™* 102 102 10" 10°

a
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ULDM with Non-Canonical Kinetics

Our k-ULDM: example 1 (“Phase transition” case)

p/(cl)1,-2m2/2) Cs
_ 1
_ 5|
107°} 107 |
| floptd
10710} _
| : | ' 10715 |
10~ 1 ‘ i i i \ 10-20| | | |
-| Ia(m=3H)| 'aeq ! | 'a a [ ! Ia(m=3H)| laeQ| a J a

l A I l I I I I C
107 10°® 10° 10* 10° 102 10" 10° 10~ 10® 10> 10% 103 102 10! 10°

. p x a~>. CDM-like (blue lines) transit to FDM-like at ..

e ¢, K 1 = ¢, = 1. Late time suppression by switching to FDM-like phase.

« (Discontinuity from the inconsistency by our treatment of H(?) at feq (sudden transition from RD to MD).)
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ULDM with Non-Canonical Kinetics

Our k-ULDM: example 1 (“Phase transition” case)

 The modified sound speed then writes

1 F<t.
—4
~ (I/IO) tosc << tc
csz,g = -
)
da<m F> tc
[
" da’m?

» Structure formation is determined by the competition. For example

1027 _

mw\\i P~ « A comparison of gravitational term
| i i i 10" i and sound speed term when
"’ ' ' ' T e ' — taking m = 10~**eV and a(t.) = 0.1.
0.001 P ap
v ;m?3H | ;aeq ‘ | ;ac ‘ 10 ‘ ém;3H ‘ éa ‘ ‘ éap ‘ * k — 0.1 X IOSSHO ~ 6 MpC_lN
i 11075 ' 0.001 0.100 2 : 11075 " 0.001 0.100 ° k 10_22 eV FDM
K/H, = 1% 10*3 KIH, = 3 x 10%3 1/2{ )
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ULDM with Non-Canonical Kinetics

Our k-ULDM: example 1 (“Phase transition” case)

* To interpret cusp-core (missing satellite) &

1 B Lya at the same time:
I\ N
- \<> T*(k =4.5 Mpc™') ~0.5atz = 0;

A - T2k = 20h Mpc™") > 0.7 at z ~ 2 ~ 6 (Lya).

103 B * The k-ULDM in “Phase transition” case can

: alleviate the Lya problem,
Jo 3 2 ZC:1
h N ] " o compared to a z-indpendent 77 at late time

m = 10"**¢V and a(z,) = 0.1. (in FOM).
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ULDM with Non-Canonical Kinetics
Our k-ULDM: example 2 (“Chaplygin-like” case)

(1 = cs%l.(gb/(pi)Z) (27 BIb))’ for £, < t < f,,, during RD
(@) =

9

2
<1 — cieq(gb/gbeqﬁ) <3teq¢;ll(¢/¢eq)2> for foq <t <1, during MD ¢, = ¢(@); t. > 1, here.

» Then (taking ¢,; = ¢,(a; = 6.5 x 107) = 1.09 x 10~° and m/H, = 29.0)

P/ pi

. pxa. |p| < p. DM-like.

1 1
2/3 -
- o p «x p~° (during MD).
- - ° s » We get an increasing c,, without
o a hand-set ¢.. ¢, = ¢, (ala;) for
10 10 t>t,.
ey 10‘8/ . :
Beq ] Beq .+ Late time suppression by
1074 1073 1072 107! 10° 1073 1072 107} 10°

increasing c..
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ULDM with Non-Canonical Kinetics

Our k-ULDM: example 2 (“Chaplygin-like” case)

1000 -
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A comparison of gravitational
term and sound speed term when
taking

¢,; = ¢(a; =6.5%x107) = 1.09 x 1078
and m/H, = 29.0 .

Cso = Cg = ¢ (alay). Late time

suppression.

The mass of @ should be light
enough tozguarantee the large

enough —c?, at late time.
a? °



ULDM with Non-Canonical Kinetics
Our k-ULDM: example 2 (“Chaplygin-like” case)

* To interpret cusp-core (missing
satellite) & Lya at the same time:

0.1 \\J T?(k = 4.5 Mpc‘l) ~(0.5atz=0;
= K/Hp=0.1%10"

7)

w1072 =030 T3k =20hMpc™!) > 0.7atz~ 2~ 6
k/Hp=0.5%10°"
iy (Lya).
k/Hp=10%10"

 Such k-ULDM can truly reopen the
o 103 102 10 10 window of ULDM constrained by Lya.

¢, = ¢(a; = 6.5%x107) = 1.09 x 1075, m/H, = 29.0
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Summary

» We have reviewed the small-scale challenges of ACDM model. Then we reviewed how
the wave nature can hopefully solve the problems in CDM models.

 However, the preferred FDM mass solving CDM crisis are seemingly disfavored by
recent observations. This is the motivation of our work.

* \We noticed that the problem comes from observations at different redshift, and came
to the thought that the small-scale suppression for FDM may be delayed.

* We found that, ULDM with non-canonical kinetic with modified sound speed can
hopefully serve as the expected model.

* We found that examples of DM constructed from DBI theory can alleviate or even solve
the constraint.



Thank you!



