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lNntroduction

ALPs: strong CP problem, string axiverse, etc.

Detection typically relies on ALP couplings:

LD —%aFWFW + gan (0,a) Ny 5N

Strong magnetic fields are especially useful

Neutron stars have the strongest magnetic fields

Also lots of data
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Main ldea

Hard X-rays
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Propabillity
Of
Conversion



ALP Wave Equation

E, a x ew!

photon wavelength much smaller than magnetar radius

linearized wave equation

zi a \ [wt+A, Ay a
dr E” N AN w—I—AH EH

Raffelt/Stodolsky (1988)
| m?2 . 1
axion mass term Ay = ~ 9 mixing term Ay = 593 sin 60
1 o o 14+ 1.2b
-Hei Ay = —qwsin? 6. —b*q  —
Euler-Heisenberg term | = 59wsin 9= 15 1= 171335+ 0562
Schwinger (1951), Adler (1971), Heyl/Hernquist (2010)
magnetic field b = B/BQ

Bo = m2c3/(eh) = 4.414x10'3 G



Mixing Angle

zi a |\ _ [wro+Aaro  Aumro a \ _ A(x) D(z) a
dx E“ Aprro wro + A“TQ E“ D(m) B(:E) E”

C D(x _ _ 10-8
Mixing angle: 2 tan20 = () w = 100keV, mq = 10"keV,
B(x)— A(x) ro = 10km, By = 20 x 101G

g=10"1° keV—l,

A 5
D(:c) _ AMTO _ MO0T0 3.0 x 10

2

Ainé 13
B(z) = ”(;Z(m) ro v o0 ;éo A(x) = Agrg ~ —2.5 x 107°




Impossible”?

nitude. Although in a detailed calculation of the axion-
photon conversion rates the inhomogeneity of the field
must be properly included as in our perturbative solution
Eq. (33), 1t 1s clear that the conversion is now dramatical-
ly suppressed due to the magnetically induced vacuum Iin-
dex of refraction. Given this suppression it is difficult to

imagine the occurrence of observable eﬁ'ects ‘

Raffelt/Stodolsky (1988)



Solution: n-body

general Nn-body oscillation problem

daz Z Ayi(

Aji(z) = Aij(x) % vy lai(z)]? =0

{ H sin[x;(x } cos|x;i—1(x )]e_i¢i(x)




Solution: 2-body

zi a \ [wro+Asro  Apmro a \
dx E” Ao wro + A”TO E”

a(x) = cos[x(z)]e"?+(")

Ey(z) = isin[x(z)]e =™

dx(z) dpq ()

<t +icot[x<x>][ ol —A@)| = —D(z)elen@) s
d’;if”) — itan[x(z), [d¢§af$) — B(z)| = —D(z)eil¢(®)~¢5 ()]

dx(z)
dx
dAG(x)
dx

= —D(x) cos|A¢(x)],

= A(z) — B(z) + 2D(x) cot[2x(x)] sin[A¢(x)]



Conversion Probability

Py () = sin[x(z)]
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Propability Dependences
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Parameter Scan

Py (Mg, g) for w = 1keV Pa—sy(mg, g) for w = 1keV

mq (keV) g (kevV™)

Py (Mg, g) for w = 100 keV Py (Mg, g) for w =100 keV

il
A

10—13




Semi-analytic Treatment

4 / )
xT xT
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Production
IN
Core



Photon Luminosity

Na 27 W f dNa 0.04
Loy = %/o do /wz dw wEPa_w(w, 0) -
1 27 0.01
27 0 "0 s o5 0 o5 1 1s
Ry = 0.6

total axion number: just subdominant to neutrino cooling

Sedrakian (2017), Balantekin et. al. (2017),...

AN, "o
<L,= 477/ dr r*q,
0

dw

0
La:Na/ dw w
0



ALP Production

: o | b | I | L 7
N < 47‘"]"8 q‘y .3 :— nondegenerate (ND) —:
a = 00 d dNa 3 ] e B
3 f 0 ww dw N -
3 F : :
“..degenerate (D) —
. N | —]
Loy = —mrodeBo [ jNap o) F N\ 5
e 3 fOO dw w dNqg . dw YA oE il T
0 dw Y %i 0 2 4 6 8
r=w/T

AN, :z:2( 72 + 47r2) o [y dwdNg/dw = 1 lwamoto (1984)
— 5 — Brinkmann/Turner (1988)

dw  8(m4(3+ 3(5)(1 — e %) r = w/kT Raffelt (1996)

modified Urca production

2/3 7 \8
G, = (7T x10%erg-s™ 1. cm™9) (£> Ry ( )

£0 109 K

po = 2.8 x 10* g- cm™2 is the nuclear saturation density



Neutrino Cooling

direct Urca

gP ~ 102 T§ Rpergs~'em™3 (p 2 1015 g cm™),

modified Urca
2/3

g ~7 x 10%° To L1 Ry erg s~ lcm—3,
pnuc

Cooper pair cooling

1/3 T
pr ~ 102 £- Ty f( Core) erg s~ lcm—3,
Prnuc Tcn'
Beloborodov (2017)
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Figure 2. Neutrino cooling rate as a function of temperature in the core at
density p, . = 2.8 x 10™ gcm_3. The black curve shows Murca cooling
assuming no superfluidity (Zi;; < 108 K). The colored curves show the cooling
of matter with non-superfluid protons and superfluid neutrons, for two cases:
Terit = 10° K (blue curves) and Toi = 3 x 10° K (red curves). The dashed
curve shows the Murca contribution, and the dashed—dotted curve shows the
Cooper pair contribution; the net cooling rate is shown by the solid curve. A
triplet-state neutron pairing is assumed (model B in Yakovlev et al. 2001).



ore lemperature

2/3 8
G, = (7T x10%erg-s71.cm™9) L / Ry L
£0 109K

1/3 6
Qo = (13 X 1025 erg - S_l ) Cm_3) 9aN P / T
10710 GeV~" /) \ po 109K

T
10-10 GeV~H 109K
35.5 —
350 ! observed at infinity. Each sirmbol shows a calculated model of steady heat
— T transfer from the core to the stellar surface. The star is assumed to have a dipole
v i magnetic field near the surface, in the heat-blanketing envelope. Two cases are
D 34.5] considered: the iron envelope and the maximal light-element envelope, which
Q [ is called “fully accreted” in Potekhin et al. (2003). The luminosity is shown for
34.0} two values of the polar magnetic field: B, = 3 x 10'* G and a more typical
% “ - i one for magnetars B, = 10" G. As T approaches 10° K, L approaches
- 33.5[ = = |ron B the ceiling imposed by neutrino cooling (Potekhin et al. 2007); heating the core
%E - + 1 Light Element to higher temperatures would not significantly increase the surface luminosity.
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lTotal Photon Luminosity

4mrd gy, Ry “f dN,
Ly s~y = hid / dww——=P,_~(w,7/2
e Sfooo dwwdézfd@ dw (W, m/2)

Wi

Lo—s~(mg,g) for T = 10°K
Loy (ma,g) for T = 109K —y(Ma, 9)

Figure 4. Photon luminosity from ALP-photon oscillations in the broad band from 1keV to
200keV in the (m,,g) plane. The computations are done for SGR 1806-20 assuming ro = 10km
and By = 20 x 10'* G. The magnetar core temperature is assumed to be T = 10° K. The two
panels show the same conversion probability from different points of view.
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Non-thermal Emission

Besides spectacular outbursts, magnetars produce per-
sistent or decaying X-ray emission with luminosity L ~
10°* — 10°° erg s~'. Two peaks are observed in their
X-ray spectra, with Comparable luminosities. The first
peak is near 1 keV; it is associated with thermal emission
from the neutron star surface. The second peak is above

100 keV. Its low-energy slope (teen O‘Ok)

was observed in 7 magnetars! (Kuiper et al. 2008; Enoto

et al. 2010), with a typical photon index I' ~ 1 —1.5.

Beloborodov (2012)
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In this letter we present the broad band spectrum (1-
) of the persistent emission of SGR 1806-20 ob-
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McGill Online Magnetar Catalog

Table 4: Hard X-ray observations

= This table is available in ASCII and CSV format.

» Back to main catalog.

|Name |Cutoff Energy ’PL Index (Pulsed) ’Pulsed Fyf{a} ’PL Index (Total) |Total F{a} |Telescope ’Ref.{b}
| |kev) ] (10711 erg/s/cm?) ] |(1071 ergss/cm?) | ]
4U 0142+61 279*95_4; [dkh+08] [0.40(15) 2.68(1.34) 0.93(6) 9.09(35) Integral, RXTE |[dkh+08]
0.89°01 5 10 [10.3[3.28%0-32_; 59 (15-60 keV)] Suzaku [emn+11]
SGR 0501+4516 >100 [rit+09] 0.8(2) Integral [rit+09]
<3.5 [<0.97 (18—60 keV)] Integral [rit+09]
0.79*020_ 15 8.4°2:0_, 5 [4.8°08 ;. (20100 keV)]  [Suzaku [ern+10]
1E 1547.0-5408 >200 [enm+10a] ... 1.54°0:06_o oo [17.4*1-4_; 5 [12.5'0-8_; | (20—100 keV)] |Suzaku [enm+10a]
-0.37'0-28 .0 16.9*12_; . RXTE [khdu12]
-0.59'0-25 4 9 [7.5'09_; RXTE [khdu12]
-1.55'042 o 14.1(9) RXTE [khdu12]
<1.5 Integral [khdu12]
1.41(6) 25.2(3.7) Integral [khdu12]
1.45(4) 18.5(1.8) Integral [khdu12]
1.27(11) 21.5(1.4) Integral [khdu12]
1.22(10) 8.4(2.7) Integral [khdu12]
0.87(7) 8.0(2.2) Integral [khdu12]
1RXS J170849.0-400910 (>300 [dkh08] 1.46(21) 5.2(1.0) [3.6(5) (20—100 keV)] Integral [gri+07]
0.86(16) 2.60(35) 1.13(6) 6.61(23) Integral, RXTE |[dkh08]
SGR J1745-2900 |>50 [mgz+13] 1.47°0-96_ oo 10.67*0-20_ 5 [0.622(57) (2—79 keV)]  |NUSTAR [mgz+13]
SGR 1806-20 >160 [mhs+05] 1.92) 6.0(9) [4.7(5) (20—100 keV)] Integral [mgmh05]
1.5(3) 11(2) [8(9) (20—100 keV)] Integral [mgmh05]
1.7(1) 4.70 [5.56*0-31_5 53 (1—60 keV)] Suzaku [enm+10b]
1.2(1) 9.89 [5.71°0-65_) . (160 keV)] Suzaku [enm+10b]
1.6(2) 3.83 [3.86"0-40_ 77 (160 keV)] Suzaku [enm+10b]
1E 1841-045 >140 [khdc06] 0.72(15) 4.00 [2.44 (10—100 keV)] 1.32(11) 6.88 [5.54 (10—100 keV)] Integral, RXTE |[khdc06]
1.35*0:30_ o 2.67 [2.18*062_ o\ (1-50 keV)] [1.62*0-21 5, |4.59 [4.37*0-39_; 50 (1—50 keV)] Suzaku [mks+10]
0.99(36) 3.03 [1.76(27) (3—79 keV)] 1.33(3) 7.99 [6.84(6) (3—79 keV)] NUSTAR [ahk+13]
SGR 1900+14 >100 [gmte06] 3.1(5) 1.6(4) [1.5(3) (20—100 keV)] Integral [gmte06]
1.2(5) 3.24 [1.87°0-40_) - (1-60 keV)] Suzaku [enm+10b]
1.4(3) 1.42 [1.07*0-24_ 51 (1-60 keV)1 Suzaku fenm+10b]




Results

obs __ 36 —1
L2 = 1.2 x 10 erg - s

10_13 A
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L1071
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L —16
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Polarization



X-mode Domination

Lai/Ho (2003), Heyl/Lai (2007)

Electron cyclotron frequency:  wWee = me(B/B:) ~ 50 MeV

W K Wee

Description in terms of X-mode and O-mode

Ij(x0,z = 1)
IJ_(ZUZl)

~ (w/wce)2 ~ 1079

Most of the thermal radiation is X-mode



QED Effect

zi Ly \  w{( 2+011 012 E)
dr E 2 0921 2+ 099 E

2
W

ply i 2 o~ .2

o012 = —091 ~ 011 ~ (q|| 2 ) sin” @ 0929 g1 sin“ @
QED contribution Plasma contribution
7a 2 42 )
q| = b q” wpl = 4Te " Ne/Me
electron density / electron fraction

q1 =
457'(' mass density / proton mass



Vacuum RBesonance
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X-modes in Hard X-rays

= Beloborodov (2012)

Baring (2017)

Net 75% polarization in X-mode




X-modes in Hard X-rays

- mostly
— | 'L modes
O, o
M 100 _
E -
s
S
3 -
T i
Ll I

10 100 1000
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Figure 5. Average spectrum of escaping radiation from cascades
generated by primary particles with Lorentz factor v, = 103. The
total emitted energy W equals the injected energy ypmec?. Dashed
line shows the analytical estimate (Equation[20). Photon splitting
creates an additional bump that is visible at £ ~ 1 MeV. The
bump consists of photons with || polarization. Emission at lower
energies ¥ < 1 MeV is dominated by photons with L polarization.

Beloborodov (2012)

- Relativistic plasma ejected
from magnetar; Large Lorentz d ~10°V

factors. v~ e® /mec® ~ 103

- Resonantly scatters with thermal keV photons
Photon energy in e rest frame = Landau energy

E = hwg = bmec?

- Photons get tremendous energy boost. Parallel modes
convert into e+e- pairs via pair production; perp modes
undergo photon splitting for energies above 1 MeV. The
two produced photons have parallel polarization and spilit
Into e+e-. Both modes thus reprocessed into e+e-;
trapped.

- When B < 0.01B_crit, photons escape. Pink region. Mostly perpendicular modes.

- Photon of energy E is emitted where b ~ 0.1(E/m.c?)'/? For our case, x ~ 8



Heyl (2016)

Polarization Radius
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O-Modes from ALPs

p / a \ wro + NgTo Aprro 0 a \
71— E” — Ao wro + A”To 0 E”

dx
\EJ_) 0 0 wro + A | 7o E_]_/
2 1 1 1

A, = —%, A= 59w sin? 6, A = §qiw sin? 4, Ay = §gB sin 6.
a(z) = Acos|x(z)]e” @) E)(z) = iAsin[x(z)]e 1)

axion O-mode

E (z)=A, e L@

X-mode



ALP-O-mode Evolution

ALP + O-mode evolution

di(igcx) = —Aprro cos|Ad(x)],
IA(E) _ (A, — Ay)ro +28uro cotl2x()] sinl Ag(z)]
Sum of phases:
d¥¢(z)

dr (2w + Ag + Aj)ro — 2A 0o csc[2x ()] sin|Ad(z)].

X-mode evolution

do | ()
dx

— (w -+ A_L)’I“Ol



Initial Conditions

Intensities:

I.(x) = A% cos?[x(x)] I (z) = A%sin®[x(z)] I(x) =A%

axion O-mode X-mode

Free initial conditions:
x(1) = xo I (1) I,(1)

Uncorrelated ALP+0O-mode states

_> integrate over  A¢(1) = Adgyg



Averaged Stokes Parameters

Phase-averaged intensities at position X:

Io(x0, %) = /027T dﬁfo I(x0, Ado, T) Ij(x0, ) = /027T %ﬁo I (X0, Ago, z)
axion O-mode
Stokes parameters
I(x0,%) = I—L(ﬂf) T I—||(X0, z) Q(xo0,7) = I () — I_||(Xo,33)

Closed analytic form?




Q Behavior

A2

2P~ () — 1] cos(2x0) }

A

. INnitial
Conversion

xXo = 0 (if there are no O-modes at the surface)

I_||/I_¢ ~ 0  assume only X-modes produced astrophysically

I,/I, ~0—0(10%) no ALPs to limit from luminosity



Q Behavior
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Fig. 4: (Normalized) Stokes parameter Q/I, at infinity for the benchmark point m, = 103 keV,
g =5 X 10_17keV_1, ro = 10km, By = 20 x 10 G and 6 = 7/2 in function of fa/fL at the
surface assuming I_II /I, ~ 0 at the surface. The left panel corresponds to ALP energy w = 1keV
(Payy &= 1.2 X 10~3) while the right panel corresponds to w = 100 keV (Payy = 9.6 X 107°).



Q Behavior

Q/1. for w=1keV Q/I. for w=100keV

Q/IL

Fig. 3: (Normalized) Stokes parameter Q/I, at infinity for the benchmark point m, = 10~3keV,
g=5x10"1"keV™!, ro =10km, By =20 x 10 G and 6 = m/2 in the plane (I}/I.,1,/I,) at the
surface. The left panel corresponds to ALP energy w = 1keV (P, = 1.2 x 107°) while the right
panel corresponds to w = 100keV (P,_y ~ 9.6 X 1072).



Radius of Conversion
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Future

EXcCiting time
for
ALP searches!

generally, | expect the interface between X-ray astronomy and
axion physics to be a fruitful area in the future



Future

polarization signals Iin hard X-rays

Fortin, KS, (arXiv:1807.10773)
generalized initial states

spectral analysis

populations of magnetars?

other signals?

generally, | expect the interface between X-ray astronomy and
axion physics to be a fruitful area in the future



Plasma Effects

d w —l_ Aa AM O a
Z'E(I): ANV w+A||+Ap 10w /2 P, d = E”
0 To1w/2 w + 020w /2 E|
_ : 20 Ve 20
Apz —w§1/2wz-—2>< 10~ ev 011 = (¢ — ve)sin® 0 — 1—u, cos™ U,
2 799 = —msin? § — —¢ :
wp=4maN,/m, 1 — ue
o /2
N,=(7Xx10"%2 cm™>)[B, /(1 G)][(1 sec)/P] 012 = —021 = ’ile_eu cos 6.
Ap”I“() ~-10

A”OTO ~ 8.6 x 1013
plasma important at A, = 4

2 2
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Hard X-Ray lelescope

HXMT (20-250 keV) - 2018

Hard X-ray Modulation Telescope

The Hard X-ray Modulation Telescope
(HXMT) , named "Insight", is China’s
first X-ray astronomy satellite. There
are three main payloads onboard
Insight-HXMT, the high energy X-ray
telescope (20-250 keV, 5100 cm?), the
medium energy X-ray telescope (5-30
keV, 952 cm?), and the low energy X-
ray telescope (1-15 keV, 384 cm?). The
main scientific objectives of Insight-
HXMT are: (1) to scan the Galactic Plane to find new transient sources and to
monitor the known variable sources, (2) to observe X-ray binaries to study the
dynamics and emission mechanism in strong gravitational or magnetic fields,
and (3) to find and study gamma-ray bursts with its anti-coincidence Csl
detectors.




Urca Processes
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Neutrino Production

GP ~ 102 Tg Rpergs~'em=3 (p 2 101 g cm ™)

2/3
M ~ 7 x 102 T L 1 Ryergs'lem3
/[)1111(3
1/3 .
gs" ~ 10! P Ty £l =2 lergslcm3
Prnuc Lerit

Graham et. al. (2017)
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Initial Conditions

Since the focus is on the conversion probability and only the relative phase A¢(z) =
do(x) — dp(x) appears in the equations above, one gets to

dx(z)

5 = —D(z) cos|Ag(z)),
-—— = A(z) — B(x) + 2D(x) cot[2x(x)] sin[Ad(z)],

where x(1) determines the initial state at the surface of the magnetar. To avoid singularities
for x(1) = nn/2 with n € Z, i.e. for pure initial states, the initial condition for A¢(1) must
satisfy A¢(1) = mm with m € Z. It is therefore possible to set A¢(1) = 0 for a pure ALP
initial state* and the ALP-photon conversion probability is simply P, (z) = sin*[x(z)].



Magnetar Spectra
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Fig. 5.— A vF, spectral representation of the total pulsed high-energy emission from 1E
1841-045 is shown in red (RXTE PCA; open circles, RXTE HEXTE; open squares). The total
spectrum from the Kes73/1E 1841-045 complex is represented in blue (triangles; XMM EPIC
PN, filled squares; RXTE HEXTE). The total (pulsed plus DC) 1-7 keV X-ray spectrum
from 1E 1841-045 (Morii et al. 2003) is plotted as a solid dark orange line. The two magenta
flux points are INTEGRAL IBIS ISGRI measurements given in Molkov et al. (2004). Fits
(> 10 keV) to the total complex (blue) and total pulsed (red) spectra of 1E 1841-045 are
drawn as dashed lines.

Kuiper et. al. (2004)

Besides spectacular outbursts, magnetars produce per-
sistent or decaying X-ray emission with luminosity L ~
1034 — 1036 erg s=!. Two peaks are observed in their
X-ray spectra, with comparable luminosities. The first
peak is near 1 keV; it is associated with thermal emission
from the neutron star surface. The second peak is above
100 keV. Its low-energy slope (between 10 and 100 keV)

was observed in 7 magnetars! (Kuiper et al. 2008; Enoto
et al. 2010), with a typical photon index I ~ 1 — 1.5.

Beloborodov (2012)
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Detailed high-energy characteristics of AXP 4U 0142+61

Multi-year observations with INTEGRAL, RXTE, XMM-Newton and ASCA

Harotg et. al. (2008)



Axion Emissivity (pair breaking)

Keller/Sedrakian (2012)

1 _
Lt = - BL, B' = Colnysth, Ly =0, M = 3 £ 4B B (L, L)

The energy radiated per unit time in axions (axion emissivity) is given by the phase-space
integral over the probability of the process of emission

— 1 [ - wo)aanI o), )

where g and w are the axion momentum and energy. Here we defined the polarization tensor
of baryonic matter

Il (0,9) = 5 3 (BB (a — Y m), ®)

n

where the ¢ sum is over the four-momenta of the baryons. Upon carrying out the angular
integral in Eq. we write the emissivity in terms of a one-dimensional integral

€a —

fa? [

e [ dd Pe)sala), 9
™ Jo

where the contraction of the axion currents with the baryonic polarization tensor is given

by

K/a(‘]) — quVImHZV(Q)- (10)



Axion Emissivity (pair breaking)

& = — [, v(0)vpT1, lo = 1 Yy —V=——7 fr(zy

z=A(T) / T and fF( ) =[1 +exp(z )]_ is the Fermi distribution function. The T5 scaling

and v, amphtudes which are dimensionless, but contain implicit temperature dependence
due to the temperature dependence of the gap function. This dependence is not manifest in
Eq. (22), i.e., was absorbed in the definition of the integral I,. Thus, the explicit temperature

dependence of the axion emission rate Eq. (22) is 7°. In the cgs units the axion emissivity
Eq. (22) is

1 10 2 %\ 2 3 T 5)
€a = 1.06><1021( OfGeV) (%) (%) (109K) Iergcm™ s (24)




Comparing Neutrino and Axion Emissivity

Keller/Sedrakian (2012)

where two powers of vg/c arise from the small momentum transfer expansion and one power
- from the density of states. At temperatures of order the critical temperature T ~ 109 K the
superfluid cools primarily by emission o: neutrinos via the pair-breaking esses driven
the axial-vector currents (we continue to assume that potential fast cooling via direct Urca
processes is prohibited). The emissivity of this processes in the case of 1Sy-wave superfluid
is given by [19, 20, 23]

4G94

1573
where G is the weak Fermi coupling constant, g4 = 1.25 is the axial-vector current coupling
constant, (4 = 6/7 and

€y —

Cav(0)vp?T 1, (25)

o0 5)
=2 dy—2 )2 26

We now require that the axion luminosity does not exceed the neutrino luminosity, :.e.,

€, 10m? I,
— = < 1. 27
€y f2G gACA I ( )




Comparing Neutrino and Axion Emissivity

Keller/Sedrakian (2012)

Substituting the the free-space value of the axial vector coupling g4 = 1.25 and introducing
r(z) = 2%(1,/1,) we transform Eq. (27)

€a 59.2

., ~ pezamy

(28)

Not far from the critical temperature A(T) ~ 3.06T,4/1 — T'/T., which translates into z =
3.06t 'y/1 — t, where t = T'/T,. Numerical evaluations of the integrals provides the following
values r(0.5) = 0.07, (1) = 0.26, r(2) = 0.6 and asymptotically r(z) — 1 for z > 1.
Substituting the value of the Fermi coupling constant Gp = 1.166 x 107° GeV 2 in Eq. (28)
and noting that r(z) <1, we finally obtain

(29)

1M
£, >5.92 % 10°GeV [O eV]

A(T)



L ight Species

There’s a lot of interest
in light BSM
particles these days



Light Species
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Lots of new experimental ideas/proposals!




Why Axions”?



Neutron EDM

Historically, the strong CP problem motivated axions

The classical version is visually intuitive:

credit: Hook (Brookhaven 2018)

dp = qr . .
- electric dipole moment of the neutron

measured to be tiny!

d, < 2.9%x 10720 ¢ cm

hep-ex/0602020

ow about the theory calculation?




An Unnaturally Small Angle

d,| ~ exy/1 — cos@
~ 107 1%ey/1 — cosf cm

= 0 < 10712 I

As far as we know, no “anthropic” reason
Kaloper et. al. (2017)

An example of fine-tuning




A Dynamical Angle

In chemistry, a similar question is resolved by making
the angle itselt dynamical

//o

O=C
o=l

Axions are the dynamical degree of freedom




A Dynamical Angle

a

G, G =
g f

G G

Axions are the dynamical degree of freedom




The Axiverse




String Theory

The most important prediction of
string theory Is
the existence of extra dimensions

J
!
'
"

N, ( ’ These extra dimensions are compactified

What are the generic teatures?

- Extra scalar fields: Moduli (gravitationally coupled)

- Hundreds of pseudoscalar fields: Axion-like Particles (ALPs)




String Axiverse

Although it has been argued that there is no exact global symmetry in string theory.

there can be a bunch of well-controlled approximate shift symmetries for light axions.

Witten (1985)

~ ~ 1
opaJt — C—QCLGWGW — C—SaFWFW — §mga2 + ...

f f

C1

L, ~ —(8Ma)2+ [

Mg
} Free, independent parameters for us

mJ
g ]' / f Arvanitaki et. al. (2012)
Cicoli et. al. (2012)

axion decay constant: depends on internal CY geometry

axion mass: mechanism of PQ breaking



ALP Detection



WIMP Detection Strategies

thermal freeze-out (early Univ.)
indirect detection (now)
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ALP Detection Strategies

emission/conversion

indirect detection (now)

=
‘ DM %S M
DM SM
e

production at colliders

direct detection

LHC/lepton collider studies



Collider Prospects L L

a — 0T

+ E@ a)(0"a (qubj Eﬁ“a quL h.c.) ngqb + .

Bauer/Neubert (2018)

[h — CLCL] [h 4 a] Lian-Tao Wang et. al. (2017)

A. Alves, KS (2017)




Collider Prospects

Bauer/Neubert (2018)
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Figure 4: Left: Summary plot of constraints on the parameter space spanned by the ALP mass
and ALP-photon coupling. Right: Enlarged display of the constraints from collider searches: LEP
(light blue and blue), CDF (purple), LHC from associated production and Z decays (orange), LHC
from photon fusion (light orange), and from heavy-ion collisions at the LHC (green).



Conversion as ALP Detection Tool

Strategy:

1. Photons/ALPs travel from A to B

2. There’'s a magnetic field between A and B

3. Photon-ALP interconversion happens

4. Photon spectrum at B shows changes



Astrophysical Probes of Conversion

Conversion Probability

pla — ) =
sin®(26) sin®(72/ Losc)
/

mixing strength

Fig.: John Terning

follows directly from

Supernova dimming with ALPs Maxwell’s equations

Csaki et. al. (2001)
Constant B field, simple

ALPs from AGNSs giving X-rays analytic solution

Conlon et. al. (2014)



Strong QED

2.3

Strong Br="0C ~44x10°G

(a)

Euler-Heisenberg Lagrangian:

w < m~ 500 keV

Weak field limit;

Heyl/Hernquist (2012)

1 2
I =F,F* =2(BJ — |E|%) K = <§EAPMVF,\,OFW) = —(4E - B)?

1 e’ [ 1 1 7 1 13 1
L~—-1+E; I — K|+ = —=KI——1I°)---
10T P [E;g (180 720 >+E,§ (5040 630 ) ]



Why Neutron Stars”?

Strong magnetic fields are especially useful
Magnetars have the strongest magnetic fields
Also lots of data

Formal side:

Non-constant magnetic field, interesting equations

Strong magnetic field, so non-linear QED effects




Full QED Lagrangian

he ¢3 4
\
\
COS(BC g—l—z"zK)—l—cos(BL\/—%—zV;K) €2
+ |Bg|? + =1

QED effects can change the spectrum from magnetars

Studied extensively by astrophysics community

Heyl, Ho, Perna, Taverna, Turolla, etc.

n| 1+€J_b2

1 —|—€||b2

)



Refractive Indices

Heyl/Hernquist (2012)

Perpendicular (X-mode)

1
nJ_N1+AJ_/w Al:§qj_wsin26’
B 40é bZA A 1
W= g5 W T T 0720574 1 (4/15)12
Parallel (O-mode)
1 . 9
nH ~ 1 AH/W A“ — §q||wsm v
- T b2 . 1+ 1.2
N~ 457 1 1= 151.336 1 0.5602



