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4.1 What is axion?



QCD Axion

A psued-NG boson arising from the SSB of the Peccei-Quinn chiral
symmetry to resolve the strong CP problem.

® Basic features of the invisible QCD axion

— P&CP-odd, very weak coupling to matter
- >
Gaq @ (T159) Yo = Mg/ fa; fa ~ 10°GeV

Gay 0 FENF : goy = 1/f, a

— Small mass by the QCD instanton effect: A~~~

m, = 1073 ev (25

fa

f, )1.175

— Dark matter candidate: Q, =~ 0.01 ( 01Coy



Axion

Axion = Pseudo NG boson associated with _a___
SB of chiral shift/U(1) symmetry LA
, > ¢: CP 0dd
_— o 2 —_—
<y = 2 (99) Chern-Simons coupling to EM
+¢Z €0 _9a (fre) . pl) E.B: 10~
£, 1672 |:> Jarn @ Javy ™~ fa

y.? L
+8M¢Z ‘I’ﬂ‘ V5 Y |:> Derivative coupling to

fermions
V(p) = A* (1—COS(¢)>
fa
attractive self-

axion mass my, = — interaction

fa

axion decay constant f,
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Chiral Anomaly

HASIVALURE, ZNEBELTWSTIILSHFNT—MEERT 5L, —i%
HIZEFRICKYT/—T)—DEL, ALV MOREFRICAIAEMG S — IR
A N4> % [Bell JS, Jackiw R (1969); Adler SL (1969)].

® Ty —IZ M Triangle Anomaly

Lagrangian
, T | 1 , [ %
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— chiralZ XM E(BEEm = 0DEE): ¢ » ePrsy
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® ABJ anomaly
— AELEEIERMEICEWTRIMLVALUNDIREFEZESF T 5L, #ilEN
IRILAL U RDREFR|IZ[XanomalyBAFEEL, ZDIEIZIERED A%
[ZIRFLZELY.

— FECYIAATFEIE KYRAHAIZKYFZELEZLELY. [Adler-Bardeen® FE 3]
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® FRARILELEAIE

— EFFE: Cut offlIckSHIERIME, Pauli-VillarsIEBIME ., Point-splitting 1E B
it.

— BRNIZ R DHEEETE S i%:Pl measureMD IE All{E EAthiya-SingeriE #UE 1.



oA —DFD Chern-Simonfg &

® =FimTIE. ERHMEIZEFESYT/—D1=8. hAZILEHBRIZH L TERD
ST TGO TUIERDESIZERT S

e 0Ly = NP,
P = 3 ) s F = Y T e L
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L= 2T, 22 0G0 X ERD A EENBE NS, ST 7 —U54% =
AQdxXHIERD LIITRIBIESNTLNDTDET S

D,V = (0, —iAlt,) ¥,

1 i
Ly =~ Z szl F = At - %f,;;Ab A AC

=1L, aldT =0T R TORREESIEDETSH. LE=DDT, a,b
MNERICLT —V IR AT —VEDRERT ESE, g, = 9, &%5.
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® TreeL N /LLagrangianlZfHINIE (¢ /f)PZTMABIEIZKY, CORTE
BIDZEBE LGN HEX Htree level TR EELS. Th kY., (ZRS)
TOOFUICHT 52— MRBEA LagrangianlERAXTEZ 6N b:

_ 1 _, 1 _
—1 - a3 / [ [ 1
e <L, = —3 E KN ¢y - Vg + E _fa 0y o (U ' v5t, )

a3 o "
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a,b

ZIT, t ZhATIVEHretataVs ZEERT DT, ¢, [FFNIZKT S
FOUFUT EL = Tr(t, t,ty) THDo
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® CSTERtaES

TOIF GG, M—FREGES, G = SUM)T —U5A = A% I-xt 3 HCSIERTE
X, FBRI&AETr(t,t,) = 6,4 /2D HET,

0
Scs 2/8—2T1“(F/\F):

70

TEZoNnS. OBNERDOE. COEREDET —2 /UK ILD E1Pontrjagin
#p,

1
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® (VRIVE

— p #0&EGET—DGOHEE, 1—0)YFRETOAHFRE,

— m3(G)DEIZKYRFEINS,

— w3(SUQL)) = 0KV, AT — DB/ IS AV RAU R BE RN,

— 73 (SUM)) = Z(n = 2)&Y . T —DED A RIV R
BHEneZ AVRAVI E=ROM)v—F o8 IZKYRFESN., &
AVRRAN BT LT, SDAELLASDEL D ED M R/INDIERTE
2 K S

— G=SUQR)IZHLT.n = +1¢£%45SD/ASDA VR AR IZEKRHY
KANESNTLVS (BPSTHR) .
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BPSTA UV AR R fRIE, BFZEGEAE Sdilation 2R G AEDASABEREZEF DD
T, TOHEE#Z~ADEFEEIX

/1 = A5/d4a:/dRe_5E

tHhohensd. T, AMIHBHAEERT—I. RIFAVAREIVIN Y AXTHD. E
1=, Sgl&

A 1 | 1 4 871'2
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— B DAV REU R, pADBPSTREEqEDanti-BPSTRRD EREHEIZLYA
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ZIJ ZQ
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V = —A%cos 6 + const = —A* cos (90 -+ Zéa@a/fa) + const,

EEHBTEEZEKRT S, T,

AL = 2A° / dRe87 /9" (1/R),

CHORKELY, IRIBR R » o T —VIGH i a &adE, KEGRT

DURILINERINEIEN D MND. LML, —RRICIE, COREEDRE
ZEtETHDIERHTHS. Color7 —UHEDIFZEITIE, ROAEIZK

UZDFHEMNTRET, AN\ APEFOEERELLS.



® XN U EDRIERT —VENT IV EREET HEE
TOOFIRTOORIVIER T —VUEMoDHESDOMELGS:

V —_— — Z Ai COS (944‘() —I_ Z giﬂb(y/fa) _|_ COIISt-
A «

T, Oh0lF 7TV ZHFDEETINDCPRMBER RIS —DIENDEEDO
ADHMTHS.

@ FIUVALVDE=
TOCAEUDEEIL, 6,0 = 0EBWVT, VEGITDOWT2RETRMTHILIC

KYFELNS:
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Vo = NLEREL |
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o3
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VAVRREHfLEMAWNT

Ma
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® VLUFHDIRE

ﬁé SURR)T —IIGIZ T ACSIEDOI (T IOLA U ZEL) %, hM4TIL
7

(1, d) = (€295, €4 d)( g, + g = —1)

I2&Y, Ir—DEETIICHESES. I5H& V+r—VEETIIE

imy it 4 imgdd — imy,ae> Y0754 + imgde®va975 .
EEZAEL, VA—VDEBERBIEHIZGEIOA—D-T OO HEE
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® HAJILiER

RIEASHEETIE, 74— VBORMNEZFEZESL, hMJILAMENB R
HIICENS:
—i (au) = —i(dd) = v.cos (27°/ fr)

—i (uysu) =i {dvysd) = —iv.sin (27‘0/,)‘}) ,
<'a"y,uf\/5u> — <d%u’} d> f’r MHT

T, I A FE, f X/ NP FREERTHD. iKY,
IA—OBBHEIYRTUIYILAEHAHEINDS:

Var = —vemy, COS (yué’ - 27T0/f7r) — VMg COS (de + QWO/fﬁ) :
Sl POVFVETTIILZHFDWMAFERIE, 7oA EnDRE
_ {Z vu@u (Z o Zd) 4 Vpﬁ(’lju ’,Uri)} fﬁvuﬂ_(}:

2 f (@4

THEAHT. ZCT, tyy = 28U, tyy = z5dTHS.

(@4



@ 7OLAVEE
TOUF DR (QCDTILFA ) DHDIEZE, (v, v ) DIEIL, y, +
Vg = —1BLKOTIF—INAFAVREDNHADELVSDEEN—EH
[TRES. ThIZKY, FOUA D ENABRBEFIZRT HIELWGZEENK
*1F5:

MMy, + My
2 ~ U a
m;  ~ 4uv, 5
n
o) . 2
o & mama (E.)%) muma__
‘a — C r9 — 9 T
fa, My, + mq Qfa (mf"u + ?’nd__)

ZZT, f; » f,(invisible axion condition)Z&{& E L 7=.

BEL2DULDTIIAUMNSURBR)T—UGEER T D5E, 1y DE
R Taxion-pioniEEZHEGELY. KDYIZ, QDT I A LUNDT O F
VOERZTICHBILEELTT 0T EICKYRYBEMNS. D=0,
axion-pionEB X7 VLAV EEICEEZEZ G0,



4.2 String Axions



Find phenomena characteristic to string theory!!
10D SST/ 11D MT

- ~ Geometric
Geometric
* Compactification
Matter sector Bran.es/ °”e‘.1t.'f°|d5
moduli Singularities
Background flux
SUSY Vioduli Stabilisation | | Landscape
Breaking Problem Problem
Hidden Sector 4D Effective Theory

- A
*‘Iﬂ o

Not stabilised




M-theory

® Bosonic Fields

. P & CP odd
— 3-form potential: C,,,, => G=dC
® Action of the bosonic part Chern-Simons term

2;4;28_/ [*1R1*G/\G
M1 2

This action is invariant under the gauge transformation

0C3=dAy = dANGNANG=d(ANGANG)



® Compactification
My, = X4 X Y7 (no warp)

® Massless fields in 4D spacetime from the form potential C,

Harmonic formson Y, : wf(y), 0%, (y), o3 (y)

~_

C3 = c3(x) + b5 (x) ANwi(y) + AT (2) AwS(y) + o™ (z)ws (y)
® Effective 4D action

4k’Sp = / [ — vol(Y7) xdes A des — Kyqp xhs A hg — Ksn xda™ N da”
Jx,

~Kaap xF* N FP @F NFP 4 Bamna’”’@

where h§ =dby, F* = dAY and

Kopg = A; wh - wlQ(Y7),
7

Amas = / ws' Aws Awy,  Bamn = / ws' A wsg A wy.
Y7 Y’?’



® Transformation b3— b,

1 :
SfB—SB(Cg,G),hg,F)—I—/ bzdhé
X4

22
/ 7 _ 1 m j.n
5}1383 =0= _Klij *hg = Db@ = dbz — §Bi*mna da
- =
1
26°Sog = / 5 [ —vol(Y7) xdc3 A\ deg — Kong xFC A FP
J X4y

— K #da™ A da™ — KY «Db; A Db; { Apasa™F® A\ FP

® Axions
bqj — b@ + ¢;, a” —am
a —a"+c", by — b+ Bincta”

— b;: parity even X
— a™: parityodd O (m=1,...,b(Y7))




Type | Sugrain 10D

® Fundamental fields

e Gravity multiplet

— Bose fields: gyrn, (;5,

— Majorana 3/2-field ¥y, € 16 ® 10; I'11¢y = +9
— 1/2—ﬁeld A E 16, Fll)\ - :F)\

e Gauge multiplet

—@e field A; € @(Gange group G can be arbitrary)
— Majorana 1/2-field x € ad(G) ® 16




® Action for the bosonic part

1 1 /
Sig = — e 2 [R*l +4xdp Adp — o+ Hy N Hy — %trv( «F A F)]

/

!/
Hy = dBy — % (w8 — wiks) |:> [dH3 - O‘Z Te(# AR — Te(F A F)]]

A)=tr(ANdA+2ANANA).
cost) mtlAnddraanand) p)— ) — iR EH
® Calabi-Yau compactification

dSQ(j\/jlo) = dSQ(X4) + dSQ(Yﬁ).

Harmonic 2-form basis



® Effective action

VY 1]
2"(‘.’%088 — _292 /X [ZY J *dtf}fz‘ A d(l{j + xh Ah
S 4

+ 2 Ldh — 2(4m) 2 (Te(F A F) — (@ A 2)}].
- _
where

Y = ngy_l / N
Ys

® Duality transformation: d@ = 2m * h

1 iy 1
SG/JQ {—§ZY"3*daiAdaj—§*daAda

Model-independent axion

v Vy L3 My \ fzfg B 7n§1£§

a — aﬂ . a — — — 9 — .
f f 2\@7“%1()95 V Qﬂgsgg 2\/§7T 21 1677




® Model-dependent axions

10D Type-l theory requires the Green-Schwarz counter term

J My,

[tr(R3)]°  Tra(F3)tr(R3) N Tro(Fy)  [Tra(F3)]

Xe = tr(RA
s = tr(R) + — 30 3 900

in order to cancel the quantum gauge anomaly in the gauge and gravity
sector:

0A] =dX\ —i[A1, A, ow; =dO + (w1, 0],
SH3 = 0 IZ> L A A, dn 1,6
(SBQ = I [tI‘()\dAl) - tr(@dwl)}

This counter term produces the CS coupling of the model-dependent
aions:



® Correspondence to D=4 N=1Sugra

HET Gravity  h'! chiral h*! chiral Chiral
Gun — G Rt Kihler 2h%! complex str.
Bun — a;ins(y) a(B,.)
¢ = ¢
g2 020 |
B = f_a Zl a;(x)n3(y) + B2(x)

da = 27 f, xdps



Type IIB Sugrain 10D

® Fundamental fields

Bose fields

— NS-NS fields: g, qb,
~ RR ﬁelds

Spinor fields
— Two Majorana 1/2-fields: A = A1) 4403 T\ = £
— Two Majorana 3/2-fields: 1y = \Y + (2, T = Fbu



® Action (Bosonic part: impose *F.=F after variation) in the
Einstein frame:

V1 -VT 1 _ 1 - -
2K%8 — W — Ga NGy — —xF5 A\ Fy
tolE /* { 2(11117)2} STTE A

+ ! C4/\G3/\G’3.
Alm 1
where
T = C(]—I—’&‘B_qb,

G3 = TH3—F3; F3 :dCQ, Hg ZdBQ,
~ 1 1
F5 :d04— 502/\H3+ §B2/\F3



® Correspondence to D=4 N=2 Sugra

I1B Gravity h?1 Vector ht! Hyper  Hyper
Gun — 9w 2h%! complex str. | A1 Kahler
Buyn — ains(y)| || a(Buw)
¢ = ¢
Co — c(Co)
Cy — Yina()| || x(Cuv)
Cis — VIAQ3 Vik Ao ci *15(y)

2
¢ da = 27 f,, xdf —

By = Fai(@)ni(y) + Bale), O et

Cy = vi(z)nh(y) + Ca(x);  dy = xdCo

Ci = V(x) AReQ(y) = V(2) AlmQ(y) + Vic(2) A o™ (y) + V() A B (y)
+ci(z) *n(y) + & (z) Al



® D-Brane fields
Bose fields :

— U(N,)-gauge fields F,
Spinor fields
— BG magnetic fields/intersections

= U(N,) X U(Np)-bifundamental chiral fermions y,;

® Chern-Simons coupling of axions

SC‘_S =  Hp [/ Cp_|_1 + (271'()6!)/ Cp_1 A trF'
. B-p—‘r—].

Bp-{—]_

(2ma’)? / 5 1 / 5
+ Cp_3 NtrF= — Cp_3 NtrR* + - -
2 . Bp—}—]_ ! : ' 24(87[-2) . Bp+_1_ ! % '

— NS-axions a, a; : no CS coupling

— RR-axions ¢, ¢; : CScouplingsto F & R < D3, D7



® 7OLAUDIEFE(E

— BETIVIRFERT7IOAUIE, RNEBZERMNABMICEMEICTLHIEES
FEIZ72S. (I, IBRERD ISV IRV /NIMETIE, 7—T D1
HIZadSEZ Quplift T KRG D251 7L HARELLRY, LT
EFEICZBRDTIOFUNERSNSIEIZIES[Douglas M, Kachru
S 2007].

— NTOREHTY, Bettifl b, (V) [T HEAMELHIREFI SN TL

EWAS, b=y ORICYDBRITIEEMR TIE, — R TIE
b, Y)W IEEIZKRELGEDHIEN SN TLVD[Kreuzer M 2010].



Type 1A Sugra in 10D

® Fundamental fields

Bose fields

— NS-NS fields: gpn, o,
- RR fields(C1, o)

Spinor fields

— Two Majorana 1/2-fields: A € 16, X € 16/
— Two Majorana 3/2-fields: 1y € 16 ® 10, ¢}, € 16" x 10



® Action (string frame)

SIIA,bosonic — SNS + SR + SCS;
1 1
Sns = 5 /d10 (—g)/%e™ (R+4(v¢)2—ﬂg.
K10 2
1 . .
Sr = P /dm( )1/2(F2'F2+F4'F4),
K10
1
Scsg = T /BQ/\F4/\F4.
K10
where

Hs =dBy, Fo =dC7 +mogBs, Fy = d03,
ﬁ4 :F4—C1/\H3.—%Bz/\82



® Correspondence to D=4 N=2 Sugra

ITA Gravity hb! Vector h?1 Hyper Hyper

Guyn — o Rt Kahler| |2h%! complex str.

Buyn — a;ny(y) a(Bu)
¢ = ¢
C — C,

Cs = Cipn(y) ¢ (y) 3(y)
/2 b2 (Y') |
B==2 Zl ai(@)n5(y) + Pa(x),  da =27 fo xdBs

Cy = c(x)Q3(y) + ¢; (@) (y) + Cui Ani(y) + cc



Stringy Axion Mass

® If the shift symmetry is not violated at the tree level by flux, branes and
compactification (i.e., by moduli stabilisation), it can be preserved by
perturbative quantum corrections (for supersymmetric states).

® However, axions acquire small mass by non-perturbative effects such
as

— CS-coupled gauge field instanton/gaugino condensates
— WS instantons
— Euclidean D-brains (D-instanton)

® [f alight QCD axion really exists, it is natural that there survive lots of
other light axions coming from the large number of non-trivial cycles in
extra-dimensions, which can be order of several hundreds or more.



WS Instanton = NSNS axion mass

® %Xt 9 BEuclidEREN DRV E

1 :
Sk = / d>ovVh {(h"g + € B)(0,X,0,X) + o' Rso)}
>

Aol

@ E=ENDEVASAEHE
— Kaehler moduli: g;; =X 74 bi;
— Axionmoduli: By = Yy 0 b®
ZZT, b (a=1,,b)IZ HOVU(Y,) DEIET, H,(Y,) DEIE =, DMt i

Thb:
/ ) = 59
>3



® EUASAICHITHIAMERIES
Dilaton ¢ MEED EZF, flat gauge h,, do®do? = dzdz DEHET,

/ =y 0 Lo (0X10X7 + 0X'0X7) — it (9X'0XT — 9X'0X) |

1
o

Sg =

(s

+Xn @
—_ C,

B = X0 = b (0X'OXT — HX0XT ) dz 1 dz
EWS T EDBARRLELDBDT, 6,58 2 [TRFFLHNEZIZIE, Sy OF
2BRIINEREELLS:

Se= 3 (rad @ 0,0 + x5

83

1 N e
o — & / dzdzb.” (8)(“8)(9 + 8X18X3) |

mao

o = 1 /g(m_
ol Js




® I IRXFMED IFEEN RN

— WSEIDAA—=UH Y, TEAREA—THEE, S; (X0, I2BALTLTH
Xt#RE 0, — 0, + const ZED,

— WSIMEBBHLYAIILEEIEE MABEAEE 0% = 04, D
DO P IEEFGRAIIZIENS.

KiRIE, aRTEBRTDT /—<—IZkDT VLA CSIHaF AF EE
I ELTHEY, RERDERICEKY, 0 0,0%EAIEEERIAT
o )VEEHHT.

® Holomorphic/anti-holomorphic instantons

b* NIEFEME (FIZIX. b* = J11)ETDE Y = |Q,| DT,

Qo) = +7*) = 9X'=0o0r X' =0

DEF S [T/



@ (AR DEHRBITTOUAURTUIYIL
e SE — g Fe” S (raFifa )1t _ e~ ITi2 g 00 Q)
ETEDBDT, 4 RFTEEHM N = 1sugrabidEEIZIL,
SW =) Age falle
EWGBD. M T ARTUUYILIE

_ (o)
V= Alcos(aa/fa)i Al =Mae "
87

SIT, ap/fy = 0o/ (1) T, fold an AMEREEIBEEEDELNS
S TRED.



D- Instanton = RR axion mass

® RR axions

IA: C3 = ¢; (D)wh(y), 11B: Cp = (1 +9)¢(x)wi(y)
® D-instanton action

SDp pr Vdet G wp/ C)
;0+l

2;0—{—1

® Chiral fields: T; = (t;,¢;), t; = vol(ay), fa_ wl = Sij

SEDp = —pnjfrj — tppcin’ = —nJ n! €7

Is I
® NP superpotential

oW =) Aje /T



Rough Estimates
® |agrangian of an axion
L = —%ff((%?)g —AU#); Atx Mie™®

where S is the instanton action.

® From the relations

3 /pp+1
a Fp sp+1 L/t
C 41 = Wpt1 = S ~ =P f ~
P Jaltp Y Js ’ ‘ Eiﬂ’p
we have L3 Mol
. - , p
Sfa. ~ 1. Mmpl = fa, ~
ls9s S
Hence,

ma & A2/ fu ~ (M?/mp))Se5/?




® The total potential for the axion is in general the sum of the
QCD contribution and the stringy contribution:

2
a may, My
21—* ng

Voep = r :
V=Vqocp + Vs : QED = g2t T (o mg)?

Vi = A cos (fg —I—w) :

® |f we require that this stringy effect is less than the QCD
instanton effect for the QCD axion, we have

< 1019GeV
~~ _]-0 > f[l ~ -
I~ < 10 |:> S 2 200 = Mo < 10-150V

Thus, It Is expected that there are lots of superlight
axions whose mass spectrum is homogeneous in log m,
producing the axiverse.



Anthropic QCD axion cosmology

The PQ symmetry breaking scale f, can be as large as the GUT scale or

string scale if the initial amplitude of the axion field is much smaller than
the mean value:

f(l 1.175 9; 2
0, ~0.01 { ——— T
(1016(}@\/ “\3x 101

® This requires the low scale inflation from the isocurvature constraint if
the QCD axion makes non-negligible contribution to DM.

® This problem can be evaded if the axion abundance is diluted by the
entropy production due to moduli decay.

So-Young Pi: Phys. Rev. Lett. 52 (1984) 1725;

A. D. Linde: Phys. Lett. B 201 (1988) 437;

M. Tegmark, A. Aguirre, M. Rees, F. Wilczek: Phys. Rev. D 73 (2006) 023505.
M.F. Herzberg, M. Tegmark, F. Wilczek: Phys. Rev. D78 (2008) 083507.



4.3 Direct Search



Experimental Searches

Laser Experiment
— LSW: ALPS@DESY(2010), PVLAS@Italy(2006/2007)
— Birefringence: PVLAS@Italy(2006/2007), OSQAR@CERN

Helioscope
— Large magnet: SUMICO@UTokyo, CAST@CERN = IAXO
— Bragg scattering: SOLAX, COSME

Haloscope

— Microwave cavity: ADMX-I&ll@Washington, X3@Yale,
CULTASK@Korea

— Toroidal magnet: ABRACADABRA@MIT
— NMR-type: CASPEr(@Mainz (2014/2017)
— Solid state: MADMAX@Munich, ORPHEUS(@Seattle, QUAX@Italy



Various
Experimental
Bounds

J. Jaeckel, A. Ringwald:
Ann.Rev.Nucl.Part.Sci. 60 (2010) 405
[arXiv:1002.0329]

The Low-Energy Frontier of Particle
Physics
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ALPS@DESY

Axion-Like Particle Search

arXiv: 1004.1313 [hep-ex]
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Axion Helioscope

Primakoff (Sikivie 1983)
production

-

a Axion _' ........................ ANAANNANAANANA, Y

Axion-Photon-Oscillation

Sun

N R e » Tokyo Axion Helioscope (“Sumico”)

o X (Results since 1998, up again 2008)
= - : » CERN Axion Solar Telescope (CAST)
o = (Data since 2003)

C 7 Alternative technique:
- = Bragg conversion in crystal
u " d Experimental limits on solar axion flux

0 2 4 6 8 10 from dark-matter experiments

Axion energy [keV] (SOLAX, COSME, DAMA, CDMS ...)

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23—26 April 2012



Sumico & CAST
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From: /NI E@IRCC20130912



International Axion Observatory

IAXO
Conceputual
Design Report:
arXiv:1401.3233




Axions in Astrophysics

® Key point

Axions are converted to and from photos by mixing:

L=g,aF B B

@® Solar axions due to the Primakov effect:

— CAST experiment at CERN(2007, 2008)

Jory < 9x107HMGeV™! (m, < 0.02eV),
2 x 1071°GeV ™ (m, < 0.7eV)

Cast Collaboration (2011) PRL 107 (2011)
261302 [arXiv:1106.3919]



CAST Bounds

Tokyo helioscope

HB stars_|

E CAST Vacuum Sy ;
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102 10! 1

maxion
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CAST Collaboration
(2011) arXiv:1106.3919



Bucking
Magnet

SQuID
Amplifier

8 T Magnet

Microwave
Cavity

(a)

Niobium SQUID amplifier
Input

Insulating
layer

Josephson
junctions SQUID “washer "

(b)

(c)

FIGURE 4. a) Graphic illustration of ADMX experiment. b) Top: photograph of a SQUID amplifier.
Bottom: graphic illustration of a SQUID amplifier. ¢) Superconducting solenoid “bucking” magnet.

|. Stern, arXiv:1612.08296 [physics.ins-det].



ADMX: Projected Sensitivity

Cavity Frequency (GHz)
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FIGURE 9. Projected sensitivity of ADMX Gen 2. Searches are scheduled to be complete by 2022.

|. Stern, arXiv:1612.08296 [physics.ins-det].



ganN (Gevl)

102

CASPEr: Sensitivity

Honn = Gann v/ 2Ppm €cos(mgt) v - 0N ;5 Gann = qsn/fa

10%

mass (Hz)
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1 0—20 _

107

ALP DM ADMX -
| |
m mn m mn m = = mu .

m mn -

sapn®® 1) -
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| | | | | | | | | I | I
1012 10°10 1078 10-6 0 = 2
mass (eV)

Garcon A && (CASPEr): arXiv:1707.05312



ABRACADABRA

Jeff = Jayy 2ppm cos(m,t) By

&

FIG. 1. A (gapped) toroidal geometry to generate a static
magnetic field By. The dashed red circle shows the location of
the superconducting pickup loop of radius r < R. The gap
ensures a return path for the Meissner screening current; see
discussion in main text.
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ABRACADABRA: sensitivity

V=Hi, /2
Hz kHz MHz GHz
T Broad: Bpax =5 T, Vp=1m~ IAXO
— -Broad: B,,,x, =20T, Vg=1m"
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Kahn Y, Safdi BR, Thaler J: PRL117, 141801 (2016)



Massive Stars
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Ringwald A: arXiv:1407.0546



4. 4 Axion Cosmophysics



Characteristic Mass Scales

® Compton wavelength= Horizon size (m=3H)

— Present t=t,: my=4.5%x 1033 eV
— CMB last scattering t=t,: m,;=0.7X 102% eV
— Hrecombination t=t,: m,..=1.2x 1028 eV
— Equidensity time t=t,,:  m,,=0.9X 10?7 eV

® Compton wavelength= BH size (1/m=M /M)
— Supermassive BH M=10"" Mg : m,, .=1.3X 102°eV
— SolarmassBH  M=1 M. Mpp min=1-3X 107° eV
® QCD axion m = Aqcp’/t,
— ;=10 GeV: m~109eV
— f,=102GeV: m~105eV Ct. m, = 1eV X (6X1(}iGev)




Axion Cosmophysics

Super-light axionic fields produce a rich variety of new cosmophysical
phenomena and provide a new window to string compacitification!!

Phenomena irrelevant to abundance
— Instabilities of black hole systems
— Influence on high-energy gamma ray propagation

— Solar activity/heat transport

Phenomena sensitive to abundance

— Deformation of the cosmological power spectrum
— Rotation of the CMB polarisation

— Dark matter/ Dark radiations

— Dark energy



UHE gamma rays from AGNs can penetrate the CBR barrier

EM axion: F, ~ 10" GeV

FT LI L L L I L L BN LB
3 :_ protons / _:
2 :_ nearest BL Lac : —:

£ ER
= 3 2

E photons E g "r
-E 5 o

L neui'trons _ 0.o0s}
_2:_ : . _: n.oozf . , o

E ' : E © 100 200 PhOtDn :ieo:‘ergy {gﬂ 500 EUU 700 E0D 300 1000
- 1 1 1 1 | | 1 1 1 | 1 1 1 | | Iﬂ 1 | 1 |h

L T T T e s Expected flux from 3C279

log,, (E/eV) 9
Optical depth against CMB B =107"G, Ldom ~ IMpc

Fairbairn, Rashba, Troitsky 2009; Roncadelli, de Angelis, Mansutti 2009



UHE gamma rays from AGNs can penetrate the CBR barrier

CBR barrier




New Activities in Astrophysical Black Hole Systems

Any axion: m, = 1019~ 1020 eV

1 > 1]

gravitons axions

Arvanitaki A, Dubovsky S:
arXiv:1004.3558



Cosmological Birefringence
EM axion: m, =108~ 1033 eV

® ¢ FAF term induces the rotation of the CMP polarisation
when d¢/dt # o.

—> Generates B-modes from E-modes after recombination.

Pure E-mode
T
: |:> : : : E cosp+ B sing

Pure E-mode
Pure B-mode

Lue, Wang, Kamionkowski 1999



Any axion: m, =0 ~ 103eV

Axions behave both as DE and CDM

251
N ==logp.
20 h " ---logp,
= . —logpa
154 N
,“\\\
10+ \\: .
ok .
07 1 \l\
7 -6 -5 4 3 2 -1 0
loga
3
m/Hy = 10°, Q. = 0.8,

T T

1.1

P
L= #
-
- -
B .
5 Py
P
-~

== CDM
—— ALPs + CDM

Qp =0

Marsh DJE, Ferreira PG:
arxXiv:1009.3501

107 10°



Deformations of Cosmologial LSS

Any axion: m, = 100~ 028 eV

Transfer
function:

T2 (k) := P(k)ALPs+CMD
P(k)emp =09

&~

04f

10°
Mode k (hMpc™?)
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Probing the Ultimate Theory
by Axion Cosmophysics

Anthropically Constrained

Black Hole Super-radiance Decavs

1 >
10733 4 x 10728 3 x 10718
2 x 10720 3 x107°
) ) QCD axion
Axion Mass in eV

String theories = superlight axionic fields + QCD axion

Superlight axionic moduli = new cosmophysical phenomena.

Arvanitaki A, Dimopoulos S,Dubovsky S, Kaloper N,
March-Russell, J: “String Axiverse” arXiv: 0905.4720
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Black Hole Instability



Superradiance

Scalar field around a Kerr BH

(O—p*)® =0; & e~ iwitime

KG flux across the future horizon

k=&+Qwm;, £=0:, n=04
Iyps = / (W)@*‘gﬂ@ = (w - Qpm)|CJ?
N Aun

Flux across the horizon can become negative !!

Superradiance

Fotential
bariizr

WA + (w = m)|CP? = w|A% -

w—mp, <0=  Ig+ >1g-



Superradiance Instability

Bound state modes of a massive scalar field around a
Kerr BH become unstable due to superradiance.

[Damour,
KERR FGTEHTI?,M_DHE e Deruelle, Ruffini
20.0 VImaE L St T (1976) ]
MEV Mp=a.0 Mw=3.285
w < mfly

IEQE>_________ I »s _________________ &

Superradianc i ffective
e Mirror
= o w < U
o | Im: v
i I }
i ) I
80 2 M féf“ Foi
- 300 - 200 o0 M 200 400 600

: - Z TJM, Eardley DM 1
Effective potential for P(r) ouros ardley DM 1979

b — P(T)Sm(g)e—iwt—{—imqb d2 o
= z E> —dT_*2P+(V—w)P:0




Instability Growth Rate

® Analytic Estimates [ Zouras & Eardley (1979), Detwiler (1980) ]

10761.84059

24 (&) (ag) ™"

T~
A

oy <L 1,

(g

® Growth rate for a massive scalar

The growth timescale becomes
minimum 7 ~ 107 M at

e [|=m=1

e a,==~099
M

o uM ~ 0.44

Mg
10°M,,

= T ~ lminute

= T ~ 2years

6
1x10 [ = 0

I=1,m=1

_?-
1x10 |
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n/eV

Resonant feature of the instabllity

-1

10761.84039
24 (37)

1

10-10_
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10-22 -

10°

102
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1012

Characteristic Features

(ag)™” sa, <1,

For M > M, t can be
shorter than the
cosmic age when

0.003 < @y = uM < 20

Definite information can
be obtained on the field
mass if the instability is
observed.



G-Atom

gravitons axions

Arvanitaki A, Dubovsky S:
arxiv:1004.3558



Gravitational Atoms

Unstable bound states are Hydrogen Wave Function
classified by the quantum R [N e
numbers (n, [, m)exactly as -
in the case of the hydrogen =
atom. -
2 X
]
-
o
Principal quantum 400 410
number: 0 :':

n =Ny + C+1 (Tlr — 0? 1, 2, T ) (4,2,2) (4,3,0)



SR Instability for

ax=10.90
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Fate of G-Atom?

Axion Cloud
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Non-linear Dynamics of
Axion Clouds and Bose Nova



Non-linear Effects

Action of the axion field f

S = /d4x\/_g [%(V(I))Q ~ V]

5 .0 ) Jay9E - B;
V =pf? (1 — COS \
Small field expansion axion decay
constant

1 MZ \ I'LQ
V = Zputd - 7 ®° — ...
o +(a!fgl

Attractive interaction!! x E>



Semi-analytic Estimation

Non-relativistic Approximation

1 | |
P ~ e—zp:tw 1+ ezutw*
7 )
@ Averaging S over atime scale > 1/u
1 -
SNR = /d4:1: [i’t/)*aﬂ/) ~ 5 00T — p® g — UNL(wQ/;u,f(?)}

& & (_1)7?, n
UNL(I) — _uzfaz Z (n')22n T N
n=2 )

Attractive interaction & E 2



® (Collective coordinates
= A(t,r,0)e' S0 time <:| (re,pr), (or =we",m), (0g = we ", mp)

® Effective potential
Minimising the effective action w.r.t. uandr,,

5 1
Wm0, agur, = m2(1+5u)— L
< _L
L =pyw—H; H = k(w)ps, + Verr(w)
o 8w {1 — m*w(l + 8w)}
I 1=1+ 4m2w(1 + 5w)]?
—— _ 1)
VNL(CU) — Z ( ) xn—1.

2nn(n!)?

mn=

+ VNL(B/ [w(agpure)?]),

Vet =

® Control Parameter
— oy =uM

—m
- B=+3 No= @m2ag3(fu/u)’

*



Behavior of the V «(w)

The cloud size w suddenly shrinks Bose Nova
when [ exceed some critical value g,. Collapse!!

0.02
a, =03, [=m=1;
B =10.6,0.7,0.75,0.8,1]

W



Numerical Methods

® Direct 3D simulation code

Okerr — pt° singp =0

IC: ¢(t=0) =Coyr, jl> 7 = p(t,7,0,9)
p(t =0) = CoL

® Pseudo-spectral code

Y = Z f(m) (t,r,0) sin/™ g ™ . m) (t,r,0) Z a(m ) cos™ 0
mez A
(12 4+ a®)? — ?Ala™ + (dimMar)a'™

—(a®A)a{™, + S({a{™})



Behavior of the Energy Flux into BH

Our direct 3D simulations reproduced the SR instability
growth rate obtained by the Leaver method with
sufficient precisions.

[l=m=1
case
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Example of 3D Numerical Simulation: [=m =1

® Parameters: a,= 099, uM = 0.30
® Initial mode: pure (,m,nr) = (1,1,0),®/f, = 0.45

tM = 000.0
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0 0 3
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.20 ' '
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/M = 000.0 /M = 800.0 t/M =1000.0
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Results

® The energy extraction rate from BH by SR instability increases by a
factor around 3 due to nonlinear self-interactions.

® Bose nova happens when

2 x 1073(f,/101%GeV)? ; Mpu = 0.30

E,
Pmax(0)/fal ~0.7 &&xp 77 © { 1 x 1073(£,/101%GeV)2  : Mu = 0.40

® About 5.9% (uM =0.3) and 5.3% (uM =0.4) of the total axion cloud

mass fall into BH by m = —1 modes excited by non-linear interations.
4 1 ' '
F
~ ol ME e
= 0 :
g 4 -0.005 | W F] ]
S N A -
_12 1 1 1
0 500 1000 1500 2000

t'M



i1

an2 4.6

® For uM =0.3, about 13.4% of the axion cloud mass is
ejected to a far region, while for uM = 0.4, such an
outward ejection is negligible.
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® After bosenova, the axion cloud soon settle down to a new
superradiant phase.



Example of Simulation:l =m = 2

® Parameters:a =a/M = 0.99, uM =0.80

® Initial mode: pure (I, m,nr) = (1,1,0),®/f, = 1.0
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Results

® Due to nonlinear self-interactions, the cloud position and
shape show periodic modulations, but no violent
phenomenon like bosenova happens.
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® Instead, the cloud continuously lose energy by shedding.
Hence, in the realistic setting, the axion cloud staysin a

2
. . . ~ -3 fa
quasi-stationary state with E;/M =~ 10 (1016 GeV) , for

which the SR energy supply and the shedding energy loss
(and GW emission) balance.



Gravitational Wave
Emissions from Axion Cloud



Long-term Behavior of the Axion-BH System

. i Ten ~ 100M
Scalar field amplitude
Bosenova Bosenova Bosenova

p =1

GW

GW GW
A A A
A Superradiant Superradiant Superradiant
instability instability instability
Superradiant
instability
T ~ 10°M

Time



Log,o[(dE/dN)/(E /M)’]

Does GW emissions stop SR instability ?

GW emissions do not hinder the occurrence

of the bose nova collapse!!

mode
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The GW emission rate by the 2 a -> G process of
the I=m=1 mode can become 100 times that of the
guadrupole formula !

ax =0.99
2 AC growth rate
" E/M=10" —
S 6| 1 T R
g | 10 T
L=m=1 %‘H 8 X e
- e _emT
mode B .0 f e
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Continuous GW Search for
Cygnus X-1
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Continuous GW Search by LIGO

PRD87, 042001 (2013)
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Basic Idea
® Consider continuous waves from BH-axion system

50 Hz < f <1200 Hz
& 1078 ev < <24 x 10712 eV

® If weassume M ~15Mg,, 0.0125 < My <0.3

We consider an axion cloudinthel = m = 1 mode.
We use the approximate formula for small M4

—> The wave form is the same as the distorted pulsar case

Amplitude:  hg & (%) (uM)® (%)



® As E_, we adopt the value when the nonlinear self-
interaction becomes important:

d 1 E, [ f.\ !
— max ~ a a M 2%1
pmax = T i (i) 090

2 3 —1
—22 Ja M M 2 d
= |10 (lolﬁGeV) (15M®) (10—12ev) (lkpc) < hu

® [n order to exclude the situation where gravitational
backreaction is significant, we require

E, £ M\’ uoo\2
~a 2 0.05 = .
ar <00 1016Gey S (15M®) (10157 )




Cygnus X-1

M =~ 15Mg

ax > 0.9

d ~ 1.86 kpc

Log,,(fa[GeV])

McClintock, et al., arXiv:1106.3688-3690{astro-ph}
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Subtleties in Matched Filtering

The method of continuous GW search from deformed pulsars by LIGO
cannot be directly applied to our case because isolated pulsars are

assumed in their analysis:

— Modulation due to the orbital motion of Cygnus X-1

— Modulation due to non-linearity of the axion cloud.

r. = 200M
0.1

005 B AR rfll‘l| ’\|I||'1 .'I|“l ’\IIIII_
l::]’ d: O Ty YUY 'jl '.'I AR I.IIII.: III|I||”|“||I‘I: "“"I||IIIIII 'I\I,\::llllll|IIII|.:'..'I.I,:III||||lllllllllll\l' ' IIIIIll|lllllllllll;I,J.'r'-._.':ll:lll|I||| M
_005 i IR | ".l."' Il.",l' ' J'Illl' i f‘IJ;

_O' 1 L L L L

600 800 1000 1200 1400
M

The time variation of a
GW amplitude for the
I=m=1 simulation

These modulations can be precisely determined by using the results of our
direct numerical simulations, and at the same time, they can be smoking gun
features to discriminate GWs from the Cygnus X-1 from GWs from deformed

pulsars.



Anomaly in the spin statistic

Black holes satisfying the

resonance condition uM~1 lose
spin up to the point at which the
SRI time scale is longer than its age.

Caveats:

Black Hole Spin —

® Matter accretion onto BHs may

compensate the loss of the

angular momentum of BHs by

SRI.

® Self-interactions of the axion
field changes the evolution of

the axion cloud and the angular
momentum loss rate of the BH.

Arvanitaki A, Dubovsky S: PRD83, 044026 (2011)
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Spin Limit by Arvanitaki et al

® BHs with spin satisfying the following condition are excluded:

Fst Thh Z log Nmax or

— SMBH: 1., = compact object infalling time

FsrTbh(NBN /Nmax) > log NBN
— BH-XRB: 1., = min( the age, Eddington accretion time).

Black Hole Spin a.

5| 1 1 L 1 II{:. 1
Black Hole Mass (M)

No self-interaction
case

Arvanitaki, Baryakhtar,
Huang: PRD91, 084011
(2015)



BH data

X-ray Binary BHs

No. Object Mass (M) Spin Age (yrs) Period (days) M comp sur (M) M /Mg
1 M33 X-7 1565+ 145  0.847010 (53] 3x 10° [54] 3.4530 [55] >20 [55] >0.1 [55]
2 LMC X-1 1091 =14 {)‘02:3-;]5 [56] 5% 10° [54] 3.9092 [57] 31.79 + 3.48 [57] 0.16 [57]
3 GRO J1655 — 40 6.3+ 0.5 0.727000 [53] 3.4 x 10° [58] 2.622 [58] 2.34 [58] <0.25 [59]
4 Cyg X-1 148+1.0  >099[60] 48x 100 [61] 5.599829 [54] 17.8 [54] 0.02 [54]
5 GRS1915 + 105 10.1 £ 0.6 > (.95 [53,62] 4 % 10° [63] 33.85 [64] 0.47 £+ 0.27 [64] =1 [64].

“We thank J. Steiner and J. McClintock for providing the latest 2 errors on the spin measurements.

SMBHs

No. Object Mass (10°M ) Spin
1 NGC 3783 29.8+5.4 >(.88
2 Mrk 110 25.1 £ 6.1 >0.89
3 MCG-6-30-15 2.9701% >0.98
4 NGC 4051 1.91+0.78 >0.99
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GW Constraint by Cygnus X-1

[Yoshino H, Kodama H: PTEP 2015, 061EO01

Log[GeV/f,]
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Constraints in the a.-a plain: Cyg X-1
fo=10%GeV: M =15Mg, t=5X%X106Yyrs

: ] Y - ) 7 VAN
=. Y,
forhidden! / /
0.8 :
0.6 /
A x :
0.4
0.2 LIGO range
¢ S > 1 =0.89x10"Ha,eV
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ag = Mp
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Solid line: t =tgy, Dashedline:t =ta Dottedline: Ly > Lggy



f,=103GeV: M =15Mg, t=>5x 106yrs
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GW Bursts from Bosenova —
preliminary calculation —



GWs from a Strongly Nonlinear Cloud

Schwarzschild Background: [ =m =1,n,=0, ®,,/fa =
0.5

/M = 000.0 M = 600.0
f’D T T T T T 2 6{} T T T T T 2
a0 L | :.5 a0 | i 1.5
20 - 1H o5 20 - - H os
0 r . 0 0 F 9 0
_2[:' - _ —D.S _2{} | . _ —D_S
-1 -1
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N ! o ! happens around
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oL s 1 o | 1o t=800M as in the
0 L 1 05 20 | 105 Kerr BG case.
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re = 200M

700 800 900 1000 1100 1200 1300
/M

The amplitude of GW grows exponentially around the
bosenova collapse and reaches 104 times the initial

amplitude.



Constraints in the a.-a plain: Massive BH

f.=101%GeV: M =10°M, t = cosmic age

7V

|

0.8

a* (.6

0.4

\

-‘HIII

allowed

=133 X 10_16ageV

LISA range

0.01

0.1

|

— |=m=] —— =2

l=m=3

=4 —— |=m~=3

10

ag = Mp

Solid line: t =tgy, Dashedline:t =ta Dottedline: L,y > Lgy,



Bosenova GWs from Sgr A*

Sagittairus A* . = mel

(=33 30 b § <= LT}

M ~10°My, d~ 8kpc

At ~ 100M = 500 s
=  hAtY?2 2107 1Hz /2

(= fubduk ki 7]

[ 4y =y K0 [0 B 3k |
30 315 N1 [ B 3k |

amplitude spectral density (strain Hz_m)

OO0

107 107 107 10" 10
Frequency (Hz)
N 16 Qg e n
p=1.33x10""%V 10500, ) LISA sensitivity curve
= - Hz = 6.65 x 10~ ?Hz g

2 x 10~ 1%eV M /10M,
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Gamma-Ray Horizon

Optical depth against CBR
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Deformation of the Gamma Ray Spectrum
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Observation of EBL absorption in the spectra of AGNs
® HESS observation: power-law fitting

— Two blazars with strong absorption were observed.
® Fermi-LAT observation: power-law fitting

[Ackermann at al (Fermi Coll): Science 338, 1190 (2012)]

The spectral deformation due to absorption has been observed
for 150 blazars of BL Lac type.

(z=0.03 1.6, E= 40GeV - 100 GeV)
® Multi-frequency observation: synchrotron/SSC model
[Dominguez et al: apj770, 88 (2013)]

Opacity around a TeV range is determined by observations of 15
blazars from radio to Gamma-ray ( Fermi-LAT & IACTs).

The opacity is consistent with the minimum EBL model.

(z=0.031- 0.5, E=200 GeV -10 TeV)



Detection of the Absorption by Fermi

Sample: 150 blazers of BL Lac type (z=0.03 -1.6, E=40GeV - 100 GeV )

Fig. 1. Measurement, at the 68 and 95% confi-
dence levels (including systematic uncertainties
added in quadrature), of the opacity t,, from the
best fits to the Fermi data compared with predic-
tions of EBL models. The plot shows the measure-
ment at z = 1, which is the average redshift of the
most constraining redshift interval (i.e., 0.5 <z <
1.6). The Fermi-LAT measurement was derived com-
bining the limits on the best-fit EBL models. The
downward arrow represents the 95% upper limit on
the opacity at z = 1.05 derived in (13). For clarity,
this figure shows only a selection of the models we
tested; the full list is reported in table S1. The EBL
models of (49), which are not defined for £ > 250/
(1 + 2) GeV and thus could not be used, are reported
here for completeness.

T
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Finke et al. 2010 -- model C
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------------------- Stecker et al. 2012 -- Low Opacity
Kneiske et al. 2004 -- highUV
Kneiske et al. 2004 -- best fit
Kneiske & Dole 2010
Dominguez et al. 2011

—— —— — Gilmore et al. 2012 -- fiducial
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Ackermann at al (Fermi Coll): Science 338, 1190 (2012)



Observed CGRH : Eo(z)

Dominguez et al: apj770, 88 (2013)

e  This work
—— Dominguez+ 11

—

Cosmic ~-ray horizon, Ey [TeV]

0.01

Figure 2. Estimation of the CGRH from every blazar in our sample plotted
with blue circles. The statistical uncertainties are shown with darker blue lines
and the statistical plus 20% of systematic uncertainties are shown with lighter
blue lines. The CGRH calculated from the EBL. model described in Dominguez
et al. (2011a) 1s plotted with a red thick line. The shaded regions show the
uncertainties from the EBL modeling. which were derived from observed data.
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Zodiacal Light ‘

* Scattered sun light by interplanetary dust
* Strong ecliptic latitude dependence
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=

Axion Cosmophysics AIU2012, KEK, Nov 6-9, 2012

[From the slides of the talk by S Matsuura at AlU2012]
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The Cosmic Infrared Backgroundcﬂf
ExpeRiment (CIBER)

Focal Plane Assemblies LN, Cryostat

Experiment Section Door & Imagers
Ring Static Baffles

Narrow Band Spectrometer

Low Resolution Spectrometer

From Zemcov et al. (2012)

Pop-Up Baffles (Extended)

Axion Cosmophysics AlU2012, KEK, Nov 6-9, 2012

[From the slides of the talk by S Matsuura at AlU2012]
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Launch vehicle & orbit A4S
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CIBER _— J4KA
Rocket experiment CIBER  zs#s

* We have already flown CIBER three times.
(Feb 2009, Jul 2010 and Mar 2012)
* All flights were successful.

* Analyzing the data.

NASA Sounding Rocket CIBER launch at WSMR
for CIBER 2010.7.11 22:50 MDT

Axion Cosmophysics AlU2012, KEK, Nov 6-9, 2012




(nW/m?/sr)

15

CIBER result
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Axion-Photon Conversion

® Chern-Simons coupling of axion with EM fields

1.5 1 5, 1 1
L = —5(80,) — M — §F-F— §gmaFo *
<
2= SaP -t A Lk x A2 - goaB, - A
2 2¢ 2 2 “
® \Wave equations in plasma
w2w2
e@fE — *k x (,u,_lk x E) — 2p ZE—g()q/wQaBg
w —wg
w2
P . 2
+w2 y {iwwgE x b4 w;(E - b)b},
3?@ = —w§&+ng - By.
where
eBy 0 ATnee?
Wg = wp =

cMe Me



® High frequency limit
When a wave propagates nearly at the speed of light, we have
X ~—-0.X =~ —1kX
< -
dX

(02 — 0 X (t,2) = (0 — 0,)(0s + 0,) X ~ —2ik(0; + 0,)X = —2ik—
t z dZ

Hence, the wave equations can be approximated by a first-order
system of ODEs as

J Al A, Ar 0
= a 0 Ap A,
where

AL =Ap+ A&y, A, =A0pn+ALL, Ap=wl/(2E)
Ap = gayB/2, Aq~m2/(2E), Agr= wf)eBz/(QcmeEz)



® Mass eigenvalues

Neglecting the Faraday rotation, the mass matrix can be diagonalised
as

A, A A1+ A2 = Ay 4 A,
(A; AB> = R(0)[A\1, A\2]R(—0) : (A1 — A2)cos(20) = A, — A,
a (A1 — A2)sin(260) = 2Ap.

1 ¢
E> A= 5 {A, + Ag £ Aosc } s Aisc = (A, — Aa,)Q 4 4AQB

a i

r




® Non-resonant transition
Neglecting the change of 0, A,, A,, the solution s

(%) =m0 (77 ) ren ()

Hence, the conversion rate is

. 2
9 S Aosc o 4AB . 9S8 Aos;;c

= S11
2
Ac::sc

P, . =PF:= Si112(29) sin
where
AQ

OSC

— (ACI\f’I + Apl — Aa)z T 4A‘}25’

® Resonant transition (non-uniform case)

21| AL 4+ Acy| S AL = Pya=0(1)



Axion makes the Universe transparent!

Chern-Simons coupling of axion and EM

1
5 Gay OF » *F = g4~ aFE - B

CBR barrier




Conditions for Strong Conversion

® Conversion rate
1

1+ (E./E

Py =

E sin” (gmB 1+ (B /E)?" %) :

Im?2 — m?f[ im2 — m?2|

—1
- g
E, := ~ 0.7 S— cal TeV
29u B (10—feV)2< B )(10”GeV) :

® Condition1: Near resonance

My ) - 1

E>E, — G,-1011Gv>0.7(
~o Jay oY % 10— 7eV

BlO,u,G ETeV

® Consition 2: Sufficient oscillations

1

Bl(],u,GLl(Jkpc

GayBL 27T = ga~ - 101 GeV > 0.3
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Axion solution

Kohri K, Kodama H: PRD96, 051701(R) (2017)
[arXiv: 1704.05189
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E%dN,/dE (GeV/cm?/sec)

107

10-8

10-°

10—10

10—11

10—12

[

103

104

[ TTITTIOgr T T TTT7m

T TTTTE 10_7

Fw s

H.ES.S. J10-s

--—= 109

/
Il

10—10

10—11

10—12

| IIr
=M R

— IIIIII| I IIIIIII| I IIIIIII| I IIIIIII|

10

107
E (GeV)

103

104



E#dN_/dE (GeV/cm?/sec)

107

108

10-9

10—10

10—11

10—12

1 0 102 10®  10¢

% T T I AL | |||||||| I ||||||:_|: 10_?
= ES1101-232 -
<100
. T 51071
i_ H¢E¢S¢S+ _210_]1
_ 41012
E I |||||||| I |||||||| 1 |||||||| I ||||||_:|_

1 10 102 10®  10¢

E (GeV)



ay (GeV™ 1)

10-10  10°° 10-8 107 10-¢
10-° SELELRELIL I R 10-9
10710 = L — 1010
10-11 = 1074

. = CIBER only i
-~ —— CIBER+IRTS+AKARI 7
10—12 | ||||I||| | |||||||| | |||||||I | Lt 10—12
10-10  10°° 10-8 107 10-¢

my (eV)



Backup Slides



Mode Mixture: l=m=1 + |=m=2

® Parameters: a.=a/M=0.99, Mu =0.40

® [nitial mode: (I, m,n_)=(1,1,0)+(2,2,0), ®/f, =0.7 +0.01

O/ fa = bim(t, 7)Y (6, ¢)
[,m

Log;o(Mw))

ax =0.99

My



Results

® Bose nova happens as in the pure I=m=1 case.

® The [=m=2 mode, which is tiny initially, rapidly grows during
bosenova due to resonant interactions.

® After the bosenova, the I=m=2 components settle down to
stationary states but a large fraction of them are

/M =0, 399, 605
unbounded modes.
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® The mixture of a tiny [=m=2
component significantly

2.5

1.5 +

0.5 r

-0.5

modifies the shape of the

whole wave function,

increases the energy infall

during bosenova and
decreases the angular
momentum extraction.

Superposed case

T Rl M

Pure case

N

MMH ” Wi

)

0 200

400 600
M

800

1000

-1.5 ¢

2

M =503

1.5 t
1 -

0.5
\

-1 F

-2

ol

-0.5

-200

0.2

-0.2

-04

-0.6

-0.8

-1.2

-150

-100 -50 0 50

100

150 200

Superposed case

Arnre]

Pure case

200 400
M

600

800

1000



Some Consequences
® Mode interactions

In general, large number of modes may be excited simultaneously
because the age of astrophysical BHs are rather long.

Our multi-mode simulation suggests
— Violent bosenova can be triggered only by the [=m=1 modes.

— |=m>1 modes do not produce violent phenomena, but still periodic
bosenova-like phenomena happen.

— The coexistence of these modes with different (I, m) changes the
dynamical behavior of the BH-axion system significantly, and in
particular, makes bosenova event more violent.



Methods to Estimate GW Emissions

® Semi-analytic method based on the Green’s formula and the
separation-of-variable solution of the source-free Teukolsky
equation
Duyy =05 ult =0, Vyul, ~0at It

- 1 v
E g+ =27G E |Cfm|_2 {(Uims & T)‘Q <’LL, T) = At / d4ilf'v —gu” T
> J D

l,m.s,w

® Numerical integration of the Teukolsky equation in the time
domain.

U = Z A—21/!("';’:”)@ r,0) sin/™ 2 Qcoqm""'z‘ Q e =  F
—2 % — ” / ) - 9 - 9 " I+
MEZ

L™ = T — (99od)\ ™



Spin of BHs in BHBs

Continuum fitting

Source Mass Inclination Distance a, Model a,
(M) (degrees) (kpc) K/K2/B
Cygnus X-1 148 £1.0 27.1£08 186101 >0.95 K2 >097¢
XTE J1550-564  9.10 £0.61 74.7£3.8 4387935 03471037 K2 0.55+022
XTE J1650-500 0.79 4 0.01
XTE J1652-453 0.45 4+ 0.02
XTE J1752-223 0.52 £0.11
XTE J1908+094 0.75 £ 0.09
A 0620-00 6.61+£025 51.0£09 1.06 £0.120.12+0.19 K2
4U 1543-475 94+10 207415 754+1.0 08+0.1 K 03401
4U 1630-472 0.985 000
MAXI J1836-194 0.88 4 0.03
GRO 11655-40 6.30+£027 702£12 32402 07+£0.1 K 098+001
GS 1124-683 7.24£0.70 54.0 £1.5 5.89 £0.26 -0.2410% K
GX 339-4 >0.97 %
GRS 1915+105 140 £44 66 +2 11.0 2095 K2 0.98 £0.01
~0.7 € B
GRS 1739-278 0.8+024
SAX J1711.6-3608 0.6 102
Swift 71753.5-0127 0.76 To1
Swift 11910.2-0546 <-032
LMC X-1 10.91 4+ 1.54 36.4 +£2.0 48.1 +£2.2 092739 K2 0.9719%
LMC X-3 6.95+033 69.6 £0.6 48.1+£22 021733¢ K2
M31 ULX-2 ~10 <60 772 £44 <-0.177 B
M33 X-7 1565 £1.45746+1.0 840 +20 0844005 K




Spin of AGN BHs

Reynolds CS: SSRv 183 (2014)

nN——

Object Mass (< 10° Mg) Spin <t Mass/Spin references
Mrk335 142+3.7 0.8370% Pe04/Wal3
IRAS 00521-7054 - ~0.84 ~/Tal2

Tons 180 ~8.1 092709 ZWO05/Wal3
Fairall 9 255 £ 56 0.5271% Pe04/Lo12
Mrk359 ~1.1 0.6670 20 ZWO05/Wal3
Mrk1018 ~140 0.587030 Bell/Wal3
1H0419-577 ~340 >0.89 ZW05/Wal3
Ark120 150 £ 19 0.647017 Pe04/Wal3
Swift 0501.9-3239 - >0.99 ~/Wal3
1H0707-495 ~2.3 >0.97 ZWO05/Z010
Mrk79 52.4+14.4 0.7£0.1 Pe04/Gall
Mrk110 25.1+6.1 >0.89 Pe04/Wal3
NGC3783 29.8+5.4 >0.88" Pe04/Brl1
NGC4051 1.91+0.78 >0.99 Pe04/Pal2
RBS1124 - >0.97 ~/Wal3
IRAS13224-3809 ~6.3 ~0.987 Gol2/Fal3
MCG-6-30-15 2.071% a>0.98 Mc0S/BR06
Mrk841 ~79 >0.52 ZWO05/Wal3
Swift 12127.4+5654 ~1.5 0.6£0.2 Ma08/Mi09
Arks564 ~1.1 096757} ZW05/Wal3

—0.11
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Rejection of the
Intrinsic origin

Fig. 2. Absorption feature present in the spectra of
BL Lac objects as a function of increasing redshift
(data points, from top to bottom). The dashed curves
show the attenuation expected for the sample of
sources by averaging, in each redshift and energy bin,
the opacities of the sample [the model of (7) was
used] and multiplying this average by the best-fit
scaling parameter b obtained independently in each
redshift interval. The vertical line shows the critical
energy E;; below which < 5% of the source photons
are absorbed by the EBL. The thin solid curve repre-
sents the best-fit model, assuming that all the sources
have an intrinsic exponential cutoff and that blazars
follow the blazar sequence model of (32, 33).

Ackermann at al (Fermi Coll):
Science 338, 1190 (2012)
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