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1. Introduction



Dark matter (DM)

® Electrically neutral

® Non-baryonic

® Stable or sufficiently long-lived
® Non-relativistic

® (pn ~ 0.26

® 107°! GeV < mgm S Mpr or 107 < mgm /Mo <1071

Y



Approaches from astro-particle physics and cosmology
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Approaches from astro-particle physics and cosmology
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Approaches from astro-particle physics and cosmology
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Approaches from astro-particle physics and cosmology

“Indirect” search on
inflation
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Today’s 2nd topic



Outline

2. Axion Iin topological insulators
3. Primordial curvature perturbations

4. Conclusion



2. Axion in topological insulators



Axion and axion-like particles (ALPSs)

® A solution to the strong CP problem (for axion)
® DM candidates

® |nspired by superstring theory

® |Impacts on cosmology (axion strings, domain walls, mini-clusters,
etc.)

® | ots of searching using various techniques are ongoing



Hochberg, Lin, Zurek ’17

!
— 1 kg-yr, Ge
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Axion and axion-like particleg = .|

® A solution to the strong CP pr k 10

e DM candidates F A o A
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® |nspired by superstring theory S m) :
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® | ots of searching using various techniques are ongoing



Axion and axion-like particles (ALPS)

® A solution to the strong CP problem (for axion)
® DM candidates

® |nspired by superstring theory

® |Impacts on cosmology (axion strings, domain walls, mini-clusters,
etc.)

® | ots of searching using various techniques are ongoing
® ‘Axion’ is predicted in topological insulators

® ‘Axion’ in insulators can be used for axion detection



Axion is predicted in topological magnetic insulators

nature
ARTICLES hvsi
PUBLISHED ONLINE: 7 MARCH 2010 | DOI: 10.1038/NPHYS1534 p ySICS

Dynamical axion field in topological
magnetic insulators

Rundong Li', Jing Wang'?, Xiao-Liang Qi' and Shou-Cheng Zhang'* E 9 F F'Lb v
: /,l, 1%
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(Topological insulator)



Proposals for axion/ALPs search using ‘axion’ in insulators

Resonance Frequency [THz]
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Proposals for axion/ALPs search using ‘axion’ in insulators
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Only meV range?



Basics to axion in insulators

a). Insulators

b). Quantum Hall effect



a). Insulators

E, : energy of electron

k :wavenumber of electron

NN

Energy bands } <— Band gap

>k




a). Insulators

E, : energy of electron

k :wavenumber of electron

<«— Band gap

Fermi energy




b). Quantum Hall effect

e.g., 2D insulator

(® B : magnetic field

T E : electric field

Y

z Cg—> X Hall current (jz)

===m

Quantized electric current is induced in x direction



b). Quantum Hall effect

e.d., a toy model in 2D

: k 2 E
y ET ~m+ L :
: 2lm| |
—_— . kf? ! around k=0
r ET ~—m — :
: T oIm|



b). Quantum Hall effect

The band structure

m > 0
E—|— ........ \/
E= cevnend b

Normal insulator



b). Quantum Hall effect

The band structure

-10- -10L-

Band inversion

Normal insulator QH insulator



b). Quantum Hall effect

The band structure

m >0 Spin orbit coupling ~ ™ <"
(SOC)
) i \/
5 ;
E = ceeennes /\
Band inversion
Normal insulator Topological insulator

(T)



3D Tl, Bizse3 H. Zhang et al. '09
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3D TI, Bi,Se;
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—> 4 by 4 matrices

(d', d?, d*, d*, d°) = (Agsink,, Assink,, A;sink,, M(k),0)

M(k) =M — 2By — 4By + 2B, cosk, + 2Ba(cos k, + cos k)
1 0 o 2 0 oY 3 0 —11
A S I A I G

------------------------------------------------------

“Effective Hamiltonian for 3D TI”

'----------
a - . E E = E E E E = =E BE =H =5 = =E = ==



P1 (==

P2,1P2,L 1

i
L . G-I . | —> 4 by 4 matrices

P2; PP,

5
Ho(k) = €glyxa + Z d“T*
a=1

----------------------------------------------------

M(k) =M — 2By —4B5 + 2B cos k, + 2By (cos k, + Cosk )
1 0 o 2 0 oY 3 0 —11
A S I A I G

------------------------------------------------------

ds =0

(see later
discussion)

'----------
0

“Effective Hamiltonian for 3D TI”



—> 4 by 4 matrices

. cf. 2D toy model

important for ; H=d-o
topological state SALTN :
Ho(k':) — 6014><4 + Z daFa : d :'.”(mv .k:m ky) :

a=1 R -

e d?) d, d°) = (Agsink,, Assink,, Aysink,, M(k),0)

M(k) i‘M; 281 — 4By + 2B cos k, + 2Bs(cos ky + cos k)
1 0 o 2 0 oY 3 0 —11
b= (aw O) b= (ay 0 =1l o

------------------------------------------------------

“Effective Hamiltonian for 3D TI”

'----------
A B B BN = = H = I = N N = N N N = = = .



In addition we consider antiferromagnetism (AFM)

R. Lietal.’10

Suppose electrons at Bi

are AFM order -

T~




In addition we consider antiferromagnetism (AFM)

R. Lietal. 10
Uv
Hint = W d°z (nmnm + nBT’leU
“Hubbard term”
U : parameter to give AFM :?Te)
ot hTTEmEmEmmEmmEmmEEEEEEE @ s

--------------------------

V' :volume .
N : number of site

nAO' — wl’l&o‘ wAO-

-----------------------



Uv

Hint = T d°x (nATnA¢ + nBTnB¢)

-----------------------------------

. Hubbard-Stratonovich (HS) :
. transformation '

-----------------------------------



HS transformation

Integrate out ¢

NATTIAL, BB WMT : WI%
(blapre]aby)

Four Fermi int. Yukawa int.



Uv

Hint = W d°x (nATnA¢ + TLBT’”JBO

Hubbard Stratonovich (HS)
transformation

® A dynamical scalar ¢ that gives I'°ds (ds = ¢)

® Mass term of ¢ D - missed in Sekine, Nomura ’16

Sekine, Nomura ‘20
Schutte-Engel '21

(confirmed by private communication with
Sekine-san)



Uv

Hint = T d°x (nATnA¢ + TLBT’”JBO

-----------------------------------

. Hubbard-Stratonovich (HS) :
. transformation '

-----------------------------------

® A dynamical scalar ¢ that gives I'°ds (ds = ¢)
® Mass term of ¢

® ¢ relates to the axion field

-------------------------------------------------

59:— d3k URLLD,. d70,. d*0,. d
T 4w (jd[ + a%y2ldp & T TR TR

R. Lietal 10



Derivation as chiral anomaly

H(k)=") d*(k)I*

(d', d?, d°, d*, d°) = (Aysink,, Assink,, A;sink,, M(k), ¢)

M(k) =M —2B; — 4By + 2B, cosk, + 2Bs(cos k; + cos k)



Derivation as chiral anomaly

H(k)=") d*(k)I*

(d', d?, d°, d*, d°) = (Aysink,, Assink,, A;sink,, M(k), ¢)

M(k) =M —2B; — 4By + 2B, cosk, + 2Bs(cos k; + cos k)

- expand around k = 0
: - redefine k

\/
H(k) = kT + k, 1% + k,T° + MT* + ¢

“Dirac model”



H(k) = kT + k, 1% + k,T° + MT* + ¢

Unitary transformation of the basis

------- > 5= [ da dlin (0, — ied,) ~ M idyali

-----------

[°¢ reducesto iv°¢



i~° ¢ term can be rotated away, which gives rise to # term:

G 4 I
So = _E/d rOF,, "

SIS

O = g[l — sgn(M)]sgn(¢) + tan™!

It IS consistent with

1 2|d| + d*
g 1 [ 29T
A7 (Id] + d*)?|d|3

e d Oy, d? Oy, d" O, d'

’-----



Partition function (T1 + AFM)

Z:i/IMﬂMND¢ew+”?M
5 — / diz 1 (2) i, — H] () H = Hy+0H

3k 2
mass 4 2 12 M2 —
5% ——/dl’Mqﬁb /(QW)SU




Partition function (T1 + AFM)

-----

S(rbnass _ —/d4£l’} M£¢2

¢
H=Hy+0H
172 :/ d°k 2
(2m)3 U



Partition function (T1 + AFM)

-------
---‘

Z = [ DyDyiDe GiSHiTy ¢
S [ ds vi(@) 0, - H]b(a) H = Hy +{3H
d3k 2

2 _
Smass _ /d4ZIJ M£¢2 M4 = / (27‘_)3 o

Summing over ), )7

------------- » Effective potential for ¢
........ » Effective potentlal for 6
g L [ 20D ingig gig, do,. dl

_____________________________________



AXIon mass

Effective model for 3D TI

5| Lt

04 —02 00 02 o4

M [eV]

AXion mass Is O(eV)

Axion mass [eV]

Kl 21



Dynamical axion is predicted in topological magnetic insulators

ARTICLES

PUBLISHED ONLINE: 7 MARCH 2010 | DOI: 10.1038/NPHYS1534

Dynamical axion field in topological ..,
magnetic insulators : :
Rundong Li', Jing Wang'?, Xiao-Liang Qi' and Shou-Cheng Zhang'* : - %4
OF,, F*
E Stot — SMaxwell + Stopo + Saxion e e e oo _l ______

L[ 1 N'e [ 1
:Q d’xdt | eE°— —B —|‘4— d’xdt(6,+3860)E-B

I 42 ) '
) + g% / d’xdt[(8,80)* — (v,9,80)* —m*867] (4)

Axion mass ~ O(meV)

*
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Dynamical axion is predicted in topological magnetic insulators

ARTICLES

PUBLISHED ONLINE: 7 MARCH 2010 | DOI: 10.1038/NPHYS1534

Dynamical axion field in topological ..,
magnetic insulators :
Rundong Li', Jing Wang'?, Xiao-Liang Qi' and Shou-Cheng Zhang'* : - %4
OF,, F*
E Stot — SMaxwell + Stopo + Saxion o m e _l ______

L[ 1 N'e [ 1
= o d’xdt| €eE°— —B —|‘4— d’xdt(6,+60)E-B ,

M " 2'32 ____________ '
> g [ @@~ (4367~ ms0’) (4)
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The thing would be ...

R. Lietal.’10

® (¢) (=ms) =1 meV is taken

(i.e., (¢) is considered to be a free parameter)



The thing would be ...

R. Lietal.’10

® (¢) (=ms) =1 meV is taken

(i.e., (¢) is considered to be a free parameter)

—> AXIONn mass ~ O(meV) (’.' mi X mg)



The thing would be ...

R. Lietal.’10

® (¢) (=ms5) =1 meV is taken

(i.e., (¢) is considered to be a free parameter)

—> AXIONn mass ~ O(meV) (‘.‘ mi X m%)

But this is not naively possible since

ms ~ U ~ eV (in AFM order)



AXIon mass

Kl 21

Effective model for 3D TI

5| Lt

Axion mass [eV]

04 —02 00 02 o4

M [eV]

Suppressed U —> No AFM



The thing would be ...

R. Lietal.’10

® AFM order is assumed



The thing would be ...

R. Lietal.’10

® AFM order is assumed

No AFM in Tl in the first place

- Fe-doped BisSes is considered



® ke -doped BisSes, BiyTes

“likely to be AFM” J.M. Zhang et al. 13
(by first-principles calculation)

—> |t loOks unlikely to be realized ...

® MnsBisTes J. Zhang et al. '19

“rich magnetic topological quantum states” Y. Lietal. 20
(by first-principles calculation)



Y. Lietal. 20
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Mns BisTes is synthesized
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AXIon mass

Kl 21
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near the phase boundary states in that region?



Discussion

® How do we describe axion in Mn,BisTes ?
® \What about axion in N| ?

® Dynamical axion in ferromagnetic state or other
magnetic states?



Interaction between impurity and electron

g = Z CL”HEIck
ke

N
H; = Z[JASA(ZBI) . 8}4 —+ JBSB(ZBI) . SIB}
1



Interaction between impurity and electron

HTI — C]L HTICk
zk: ook Spin of electron

Ne oo -
Hy =) [J48% ()i s7i+ TS (21)iis7
I ¥, o

Spin of impurity



Interaction between impurity and electron

HTI — CJr HTICk
Zk: kil Spin of electron

Ne oo £ u
Hy =) [J48% ()i s7i+ TS (21)iis7
T ¥, o

lllllllllllllllllllllllllllllllllllllllllllllllllll

UEEEEEENEEEEENEEN, ‘llllllllllll.:

-----------------------------

llllllllllllllllllllllllllllllllllllllllllllllllllll

M : order parameter of FM
M-, : order parameter of AFM



Effective potenti
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Ms [eV]

Effective potential Temperature
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Ms [eV]

Effective potential

FM state

~ AFM state
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Phase diagram

Phase diagram
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AXion mass

Kl 22

Axion mass (AFM) Axion mass (FM)

04 -02 00 02 04 04 -02 00 02 0.4
Mo [eV] Mo [eV]

Axion mass is O(eV) except for the phase boundaries



Quick summary

® Axion mass is O(eV) while it can be suppressed around the
phase boundaries in the magnetic Tls

® Material search is crucial for the particle axion detection



Approaches from astro-particle physics and cosmology

llllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllll

: Axion/Axion-like particles

!

Inflaton
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Approaches from astro-particle physics and cosmology

Blue-tilted power spectrum,
e.g., axion-U(1) gauge system g
McDonough, Moghaddam ,Brandenberger 16 Plm j
. \6':\




Approaches from astro-particle physics and cosmology

“Indirect” search on
inflation

llllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Today’s 2nd topic



3. Primordial curvature perturbations



Constraints on primordial curvature power spectrum

[ ( IL’I?BHII




Constraints on primordial curvature power spectrum
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This small scale can be probed
by tracking the evolution of DM

substructure
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Evolution of halo/subhalos

Curvature perturbation

l

Host halos and subhalos

{

Subhalos accrete on a host halo

v

Subhalos or satellite galaxies

Hiroshima-san’s talk in detail



Evolution of halo/subhalos

Curvature perturbation

&

1072

No Bump

10—3_

10—4_
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10—7_
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v

10°°
1071

10! 103 10°
k [Mpc~th]

107



Evolution of halo/subhalos

Curvature perturbation
i Subhalos

Host halos and subhalos °

1011 L

107 L

Host halo mass Myost(2) Mo ]

250 200 150 100 50
z

R4
Halo mass grows gradually based on the .-~

_ Bond, Cole, Efstathiou, Kaiser '91
extended Press-Schechter formalism

Bower '91
Lacy, Cole '93
Yang, Mo, Zhang, van den Bosch 11



Evolution of halo/subhalos

Curvature perturbation
Subhalos

Host halos and subhalos °

Subhalos accrete on a host halo



Evolution of halo/subhalos

Curvature perturbation

l

Host halos and subhalos

i No Bump

ESubhans accrete on a host halo

: : 1012
E { Tidal stripping 5 )
: : 5‘91011
:Subhalos or satellite galaxies S
= 1010
IS

Studied in semi-analytical way 109/ _

calibrated by N-body simulation

108 1 1 1 1
. . . , 102 104 100 108 1010 1012
Hiroshima, Ando, Ishiyama 18 miMe]

Mass distribution of subhalos



Evolution of halo/subhalos
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Additional bump
What will happen?



Evolution of halo/subhalos

Curvature perturbation

10'2
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Evolution of halo/subhalos

Curvature perturbation

i Subhalos
Host halos and subhalos ° |
Merely grows for while
>
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Evolution of halo/subhalos

Curvature perturbation

l

Host halos and subhalos

ESubhans accrete on a host halo
i Tidal stripping

Subhalos or satellite galaxies

nhanced in high

mass region
model (a) .:
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Ando, Hiroshima, Kl '22

The observable: satellite counts
Number of subhalos
.whose Vinax > 4 km/s
‘ e e e e e e e
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This work: Satellite counts (Vmax = 4km/s) | 1
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-------------------------------------------------

Vinax : Maximum circular velocity
of subhalos

-------------------------------------------------



Ando, Hiroshima, Kl '22
The observable: satellite counts
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Ando, Hiroshima, Kl '22
The observable: satellite counts

Tidal stripping model

jmmmmmmmmm-a- ., .+* dJiang, van den Bosch '16
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* Vinax - Maximum circular velocity :
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-------------------------------------------------



Ando, Hiroshima, Kl '22
The observable: satellite counts
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Ando, Hiroshima, Kl '22

The observable: satellite counts

Excluded
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Conservative limit
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N (Vinax > 4 km/s) = 94

Graus, Bullock, Kelley, Boylan-Kolchin, Garrison-Kimmel, Qi '19 :
Dekker, Ando, Correa, Ng 21 !



Ando, Hiroshima, Kl '22
The observable: satellite counts

Enhanced
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Ando, Hiroshima, Kl '22

Amplitude A

Ng1, © Number of subhalos
whose mass >10° M,

—-= u-distortion

— This work: Stellar stream (m > 10°M)
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Ando, Hiroshima, Kl '22
The observable: stellar stream

Enhanced
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— This work: Stellar stream (m > 10°M)
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Ando, Hiroshima, Kl '22
The observable: stellar stream

Excluded

Amplitude A

—-= u-distortion

— This work: Stellar stream (m > 10°M)

Nsh/NSh,CDM < 2.7 (95% CL)

Conservative limit :
: Banik, Bovy, Bertone, Erkal, de Boer '21



Amplitude

Tidal stripping model

Jiang, van den Bosch 16

Limit on Pg, model:(a)
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Limit on Pg, model:(b)

1077 ]

— - u-distortion E
== = This work: Satellite counts (Viax > 4km/s)
== This work: Stellar stream (m > 10°M)
10—8 P oY B AT T TT) B WYY R
10° 10! 102 103 10* 10° 10°

k [Mpc~th]

Amplitude

Ando, KI, Hiroshima ’22

No tidal stripping

Limit on Pg, model:(c)
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4. Conclusion



Axion in magnetic Tls

® Axion mass is O(eV)Wwhile it can be suppressed around the phase
boundary in the magnetic Tls

® Material search is crucial for the particle axion detection

Inflaton sector from DM substructure

® T[racking the evolution of DM substructure is a new technique to
probe the primordial curvature perturbation

--------------------------------------------------

St N K

I magnetic Tis | DM
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Effective potential for ¢

Kl 21

--------------------------------------------------------------------------

[ 1N
Vo= =2 [ s (VI + 82~ dol) + M36

__________________________________________________________________________

Negative potential A

The mass term stabilizes the potential

-----------------------

-----------------------



Effective model for 3D TI, M [eV] = 0.1
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M dependence

Effective model for 3D TI, M [eV] = —-0.5
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® (o) = PM order

® (¢)#0 AFM order

---------------------------------------------------------------

Expected result in the Hubbard model

PM (paramagnetic)



Effective potential in terms of @ Y

NI phase

Potential minimum:

® /=0 (small U ,i.e., PM)
0 (large U ,i.e., AFM)



Effective potential in terms of @ Y

NI phase

“static axion”



Effective potential in terms of @ -
Effective model for 3D TI, é-]\;-[e-:\-/i -:- -—-0-.{ -

Tl phase

Vola 1072 eV]
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0/2n

Potential minimum:
o 0=m: (small U,i.e. PM)

0 (large U ,i.e., AFM)



Effective potential in terms of @ Y

Effective model for 3D TI, EM [eV] = —0.1

Tl phase
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M dependence
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6 as function of M Kl 21
Effective model for 3D T1
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calculation for Dirac
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6 as function of M Kl 21
Effective model for 3D T1
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6 as function of M Kl 21

Effective model for 3D T1
oer [ T T _

f — ms = 0.01 -
kA <

— M5 =0.1

*
040 j
R i —
** -
o i - ms=—05
*
0" 02 R

_\ - m5:_0.01

— -
|
-
T
<
O
=
o
)
=



6 as function of M

Kl 21
Effective model for 3D T1
O°6j “““““““““ m5 p— ¢
=
N
SN
-06-
-1.0 —05b 0.0 0.5 1.0
M [eV]
¢ # 0 E = . |
(F) <> AFM order. —> 0 takes continuum variable



Stellar stream

A passage of subhalos =—»  Agap in the stream

Too small or too large number of subhalos conflict with the observation

Pictures from Wikipedia



Cumulative maximum circular velocity function
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Cumulative humber of subhalos, maximum circular velocity

function, and boost factor
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