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The many virtues of axions

e Theoretically well-motivated.
* Versatile!
e Interesting hints already exist.

* Developing field: ongoing observational, experimental and
theoretical efforts.
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The many virtues of axions

* Theoretically well-motivated.
* Versatile!
e Interesting hints already exist.

* Developing field: ongoing observational, experimental and
theoretical efforts.

e Astrophysics may guide to fundamental physics discoveries.
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1. Axions and axion-like particles (ALPs)
Galaxy clusters are ALP converters

ALPs from Big bang and the cluster soft X-ray excess
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What 1s an axion?

Spontaneously broken exact global symmetries give rises to massless
particles: “Nambu-Goldstone bosons”.
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What 1s an axion?

Spontaneously broken exact global symmetries give rises to massless
particles: “Nambu-Goldstone bosons”.

Spontaneously broken approximate global symmetries give rises to
approximately massless particles: “pseudo Nambu-Goldstone bosons”.

Peccei-Quinn mechanism:

Axion = pNGB of spontaneously broken, approximate U(1)po.

CP Conservation in the Presence of Pseudoparticles®

R. D. Peccei and Helen R. Quinnt
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Motivation: Strong CP-problem
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[feff = _Ztr (g,ul/g'u ) | 6472 tr (E'LL pg,ul/g)\p) -
Invariant O: 0 = 0 + arg [det(M
QCD vacuum: \ From quark
vac, 0) = Z etk masses (EW)

k

Theory expectation: 0~ O(1),

‘Strong CP-problem’
n EDM experiments: e
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The QCD axion

“Promote invariant 0 to a pNGB”:

Classical symmetry: a — a + const.

1 a =N 1 y
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;]:i# conservation
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The QCD axion

“Promote invariant 0 to a pNGB”:

Classical symmetry: a — a + const.

1 a =N 1 v
iy —58MCL8M0J < (C— = 9) 6472 tr (E'u Apg,uz/gkp) minimisedfor CP-

ﬁfjﬁ conservation
\ /
it
['in 0 a /u/)\pF VF :
“axion decay Lo “a/’i@) =G £ 6472 (€ v Fxp)
e

constant” S o

At low energies (schematically):

= (1 — COS (%)) : Mg =~ 6 eV (IOGJSGV) :
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Parameter constraints

AXxions
JalGeV]
105 10'* 10*3 10'2 10'* 10'° 10° 10® 107 10° 10° 104

too much CDM

ADMX CAST

10° 107 10° 1p> 10°* 10° 102 \10? o 100 102 10°
mo[eV]
Dark matter Additional energy loss
specific bounds in nuclear environments

Jaeckel, Ringwald, arXiv:1002.0329
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Axion-like particles (ALPs)

ALP = PNGB with axion-like coupling to photons:

s : 0,a
e _a adPa — 52&@ = WFWF“ + Caf zMwﬂ A

A
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Axion-like particles (ALPs)

ALP = PNGB with axion-like coupling to photons:
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Axion-like particles (ALPs)

ALP = PNGB with axion-like coupling to photons:

e —8 T = = — —F S IE G QM%W ALl

1 0,a
Dl 4M

' b1 B
=

=
-3

=
¥
O
A
| B stars
E LT
-, . ~ L
AN > l
O ~-ais
r—
o1l PR BV B e
- 15 -12 -9 -6 -3 o 3 L3 S
Log,om,leV]
Jaeckel, Ringwald 2010
M.C. David Marsh, Cambridge IPA 2016, Orsay 10/40



Axion-like particles (ALPs)

ALP = PNGB with axion-like coupling to photons:
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Axion-like particles (ALPs)

ALP = PNGB with axion-like coupling to photons:
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Axion-like particles (ALPs)

ALP = PNGB with axion-like coupling to photons:
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ALP-photon conversion
a

Sikivie "83
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ALP-photon Conversion
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ALP-photon Conversion
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ALP-photon Conversion
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Conversion probability
Single domain with coherent magnetic field:

A 1 (BLL\? “Small angle
P(a — 7) = sin?(20) sin? — = 3
(@ = ) = sin”(20) sin ( cos(29)> 4 ( M ) ' approximation”

i = W;%l)L

BJ_CU
INE—
M(m2 — w2)) and 4w

with 0~
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Conversion probability
Single domain with coherent magnetic field:

A EBL “Small angle
P = sin’(28) sin’ = ;
(e B (COS(ZH)) = ( M ) ' approximation”

BJ_CU (mg = wgl)L
M(m2 — w2)) and A= 4w

with 0~

Look for strong magnetic fields (P~B?) coherent over large distances
(P~L2).

Example: For CAST-like experiment:
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Outline:

1. Axions and axion-like particles (ALPs)
Galaxy clusters are ALP converters

ALPs from Big bang and the cluster soft X-ray excess

B SR

ALPs distort the ICM spectrum
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Galaxy clusters

Galaxy clusters are the largest gravitationally bound structures of the
universe (1sRs10 Mpc, 10°sM=10'®> M), and consists of several tens

or hundreds of galaxies.

The Coma cluster, as seen by HST.
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Galaxy clusters

Galaxy clusters are dark matter dominated (90% in mass), and is
permeated by hot gas with keV temperatures (9% in mass).

The Coma cluster, as seen by ROSAT.

M.C. David Marsh, Cambridge IPA 2016, Orsay 15/40



Galaxy cluster X-rays

X-ray spectra ~ thermal bremsstrahlung + ion lines.
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XMM-Newton spectrum for central region of Coma from Arnaud et al., 2001.
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Magnetic fields in galaxy clusters

Clusters support magnetic fields with O(| B |)=1-10 uG.

Radio halos arise from synchrotron radiation of a population of

relativistic electrons.

13%02™ 13%00™

Righl Ascensi

on (J2000)

12"58™

Coma radio halo.

For the Coma cluster, the level of synchrotron emission from the

radio halo (and non-observation of IC-CMB hard X-rays), gives

LB =2

M.C. David Marsh, Cambridge

IPA 2016, Orsay

17 /40



Cluster magnetic fields from Faraday rotation

The birefringence of the magnetised plasma gives rise to Faraday
rotation of polarised photons:

— —

A )\Q/ne(l)B .dl.
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Cluster magnetic fields from Faraday rotation

The birefringence of the magnetised plasma gives rise to Faraday
rotation of polarised photons:

Rotation measure

iy
i”-? ‘li
N\

4T
SO
i

DECUNATION (Jxet)

DECUNATION (et

Mo 125% 170 113 »o b1 33 50
MONT ASCENSON (42097)

Figure 3.2: Source 5C4.85. Total intensity radio contours and polarization vectors at 4.535
GHz (left) and 8.465 GHz (right). The bottom contour corresponds to a 3¢ noise level,
contours are then spaced by a factor of 2. E vectors are superimposed: the orientation
indicates the direction of the E field, while the line length is proportional to the fractional
polarization intensity (1” corresponding to 10%).

Radio image of a source in Coma, taken from Bonafede’s thesis.
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Cluster magnetic fields from Faraday rotation

The birefringence of the magnetised plasma gives rise to Faraday
rotation of polarised photons:

AO x \2 Rotation measure

Figure 3.9: 5C4.85: Top left: The RM fit is shown in color along with total intensity
radio contours 4.935 GHz. The bottom contour correspond to the 3o noise level and
contours are then spaced by a factor of 2. Top right distribution histogram of the RM
values. Bottom: fits of polarization angle versus A? in four representative pixels.

Radio image of a source in Coma, taken from Bonafede’s thesis.

M.C. David Marsh, Cambridge

IPA 2016, Orsay
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Modelling cluster magnetic fields
Magnetic field model for Coma:
I <|Ak|2> o k_na s A e

D )

n
5 =R =
Btot. > CBO (negoi) Bgen. .
The parameters 1, kmin, kmax, 77, and Bp may then be constrained by
comparing the observed distribution of RMs from a set of radio

sources to simulated mock RMs.

Bonafede et al., 2010.
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Modelling cluster magnetic fields
Magnetic field model for Coma:
I <|Ak|2> o k_na s A e

D )

n
5 =R =
Btot. > CBO (negoi) Bgen. .
The parameters 1, kmin, kmax, 77, and Bp may then be constrained by
comparing the observed distribution of RMs from a set of radio

sources to simulated mock RMs.

Baseline: n=17/3, kmin=27/ (34 kpc), kmax=27/ (3 kpc), n=0.4-0.7, and
Bp=3.9-5.4 uG.

Alternate model: n=4, kmin=27 /(100 kpc), kmax=27/(2 kpc), n=0.7, and
Bo=5.4 pG.

Bonafede et al., 2010.
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E=1keV

500 kpe

Here m,=0 and M= 7x101?2 GeV. Angus, Conlon, D.M., Powell, Witkowski, "13.
E =2 keV

e e 4
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E =0.1 keV

E =0.6 keV
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If light ALPs at keV energies are produced
by any mechanism,
galaxy clusters are ideal targets to search for them.

M.C. David Marsh, Cambridge IPA 2016, Orsay 2510



Outline:

1. Axions and axion-like particles (ALPs)
Galaxy clusters are ALP converters

ALPs from Big bang and the cluster soft X-ray excess
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ALPs distort the ICM spectrum
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Moduli decay into ALPs

The low-energy spectrum of stabilised compactifications of string
theory include massive scalar fields that couple with Planck mass
suppressed couplings (moduli).
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Moduli decay into ALPs

The low-energy spectrum of stabilised compactifications of string
theory include massive scalar fields that couple with Planck mass
suppressed couplings (moduli).

Inflation
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Moduli decay into ALPs

The low-energy spectrum of stabilised compactifications of string
theory include massive scalar fields that couple with Planck mass
suppressed couplings (moduli).

Inflation After inflation

Pmatter ™ a_g(t) ’

Pradiation "~ a_4(t) J
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Moduli decay into ALPs

The low-energy spectrum of stabilised compactifications of string
theory include massive scalar fields that couple with Planck mass
suppressed couplings (moduli).

Inflation After inflation

-
- -

¢1 P1
7 >

) X - -
Modulus decay/reheating Present
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Moduli and reheating

The decay of the lightest modulus drives reheating, but very weakly
coupled fields never thermalise.

Thermal bath:
T ~ (3H§ecayM%’l)1/4 D3 (SM%Z/TQ%)

m 3/2
NQGGV( ¢ ) |
2 106 GeV

3/2
Ve my

il /%
Mp

Weakly coupled particles (ALPs, hidden photons):

EC(LO) = Mg, /2 s ;

Moduli decay into light, weakly coupled hidden sector fields (e.g.
axion-like particles, hidden photons) produce dark radiation with
present energies E ~ O(0.1-1 keV).

M.C. David Marsh, Cambridge IPA 2016, Orsay 24 /40



A Cosmic Axion Background

Evolution of the Universe

? Quarks and Leptons HadronslNuclei Atoms
1031 _Inflation 1019
Modulus e
1025 — domination —10

Temperature (K)
8
Energy (GeV)

107 Onset of
10 Big Bang —107°
Cosmology 13
1 | | | —10
10 s 10'S 10%  3min 3105 15 Billion
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Time after Big Bang
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Constraints on dark radiation

1. BBN: ANeg>0 increases expansion rate at BBN and increase the

primordial abundance of “He.

2. CMB: ANeg >0 effectively enhances the Silk damping of high-I

multipoles.

[zotov et al., arXiv:1408.6953

1)
o
35
b 3
b 4
T LT YRRy Ry
251 7,~880.1+1.1s
Y _=02551+£0.0022
! ‘A’*‘He ‘ ‘ (5/{!),-(2.53;0.94)-10"
5 10
T

Figure 11. Joint fits to the baryon-to-photon number ra-
tio, 7o=10""7n, and the effective number of light neutrino
species N.g, using a x? analysis with the code developed by
Fiorentini et al. (1998) and Lisi et al. {(1999). The primordial
value of the He abundance has been set to Y, = 0.2551 (Fig.
9) and that of (D/H), is taken from Cooke et al. (2014). The
neutron lifetime is taken to be 7, = 880.1 = 1.1s (Beringer et al.
2012). The filled circle corresponds to x* = x=. = 0. Ellipses
from the inside out correspond respectively to confidence levels of
68.3% (x* - x2,,, = 2.30), 95.4% (x? - x2,,, = 6.17) and 99.0%
(x* = x2,, = 9.21). The SBBN value N.q = 3.046 is shown with
a dashed line.
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Constraints on dark radiation

1. BBN: ANeg>0 increases expansion rate at BBN and increase the
primordial abundance of “He.

2. CMB: ANeg >0 effectively enhances the Silk damping of high-I

multipoles.
Planck: AN,
Planck+WMAP-pol+ high-1+BAO: 0.26 £ 0.27,

Planck+WMAP-pol+ high-1+BAO +Hyp:  0.483 = 0.295,

Planck collab. 15
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Constraints on dark radiation

1. BBN: ANeg>0 increases expansion rate at BBN and increase the
primordial abundance of “He.

2. CMB: ANeg >0 effectively enhances the Silk damping of high-I

multipoles.
Planck: AN,
Planck+WMAP-pol+ high-1+BAO: 0.26 £ 0.27,

Planck+WMAP-pol+ high-1+BAO +Hyp:  0.483 = 0.295,

™~ F W Planck TT+lowP+BAO
3 B Planck TT,TE,EE+lowP

v [ Averetal. (2013) @

& \”"“

Ne"
4

0.018 0.020 0.022 0.024 0.026

Planck collab. 15 o
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A Cosmic Axion Background and the cluster soft X-ray excess

A CAB could be visible through ALP-photon conversion in clusters,
and would result in an additional source of soft X-rays.

Intriguingly, an excess of soft X-rays from galaxy clusters have been
reported in a large number of clusters since 1996.
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EUVE on Virgo from Liu et al. "96. See also Bonamente et al. "02.

M.C. David Marsh, Cambridge IPA 2016, Orsay 28 /40



Proposed astrophysical explanations of the cluster soft X-ray excess

Thermal model: Detault suggestion at time of detection, currently
disfavoured as main explanation (gas would cool too rapidly).

Same for pv = e omallefion

hot & warm gas warm gas

Larger for
warm gas

tggjﬁg ~ ;2 ~ e elise el ek

In addition, a warm gas would give rise to unobserved emission
lines. Still, possible explanation of excess at large radii.

M.C. David Marsh, Cambridge IPA 2016, Orsay 29 /40



Proposed astrophysical explanations of the cluster soft X-ray excess

Non-thermal model: Inverse Compton Scattering of CMB photons
off non-thermal gas: Ecasterea ~ 7> Ecms - v ~ 500

Ny .

/

Hwang "9/, Bowyer et al. ‘04, Sarazin ‘99, Atoyan et al '99.
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Proposed astrophysical explanations of the cluster soft X-ray excess

Non-thermal model: Inverse Compton Scattering of CMB photons

off non-thermal gas: Escatterea ~ Y2 Ecms - 7 ~ 500
\ /

% & For soft X-rays (IC)
Ne A
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For radio halo
(synchrotron)
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Proposed astrophysical explanations of the cluster soft X-ray excess

Non-thermal model: Inverse Compton Scattering of CMB photons

off non-thermal gas: Ecasterea ~ 7> Ecms - v ~ 500
\ /

% @c For soft X-rays (IC)
Ne A

For radio halo
(synchrotron)

>

. 100 1000 Y
Fine-tuned IC:

For Coma: tinjection~ 1.0-1.4 *10° yrs. In addition: small injection even

in recent past to produce CR’s for radio halo.

Hwang "9/, Bowyer et al. ‘04, Sarazin ‘99, Atoyan et al '99.
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Proposed astrophysical explanations of the cluster soft X-ray excess

Non-thermal model: associated bremsstrahlung.
Coma: predicted gamma-ray flux of ~ 2*10% cm=2 s

Atoyan,Vollker 2000,
Sarazin 1999.
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Proposed astrophysical explanations of the cluster soft X-ray excess

Non-thermal model: associated bremsstrahlung.
Coma: predicted gamma-ray flux of ~ 2*10°% cm= s!.
Zandanel & Ando upper limit: < 0.6-2.9*10° cm2 s1

— . s ’3: " 2 s 'y ' 4 3 a N

Figure 1. Left. LAT photon count map for an area of 14° x 14° around the Coma galaxy cluster (whose center lies at the center of
the image) obtained from about 5 years of observations. The cluster virial radius is about 173. Center. Model count map for the basic
analysis of the data with the 2FGL point sources, Galactic and extragalactic backgrounds. Right. Residual map in percents obtained as
(counts — model)/model. All maps are in square-root scale for visualization purposes.

Atoyan, Vollker 2000,
SETEVAl e E A /andanel, Ando, 201 3.
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Properties of cluster soft X-rays from a CAB

A CAB explanation of the soft X-ray excess gives distinct predictions
for the morphology of the soft X-ray excess, if the electron density
and magnetic field is known. Test with the models for the Coma clusters.
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A Cosmic Axion Background and the Coma soft X-ray excess

\
25 & éé x|
h
o
Lop = 5x 1021
=
e @ 2x10%2
=
— [ =1
e X > 1x1012;
e, 3
Lt ey I = 5x10%}
f 2
: X
A 2x10
4‘ 1x1011
Bonamente et al. F——
Model 1 &
* Model 2 HEH |
Model 3 A
1 \
2 r \
O >I<
Re) L
a3 - |l| é
\.g 1 B | é
= an| + E
2 e 7 : =s
ch 0.5 @ % X |
Bry S
0 L | | | | |
0 3 6 9 12 5 18

Radial distance [arcminutes]

SN y-burst bound

200

energy

100 150

Mean axion [eV]

250

-

1

1

Il X

1 1

1 1

=Model 1 :

| X-ray | Zodel Model |

I bound : 2

| X-ray X-ray

1 I bound )
1 bound

M.C. David Marsh, Cambridge

IPA 2016, Orsay

33 /40



A CAB and the cluster soft X-ray excess

* Soft X-ray excess observed in many clusters. Large FOV needed for
reliable background subtraction: ROSAT was ideal.

 Proposed astrophysical explanations not completely satisfactory:.

» A CAB explanation works well for clusters where it can be tested,
such as Coma.

* Inferred ALP parameters very similar to those from “anomalous
transparency hint”.

« ALPs would contribute to re-ionisation, change optical depth to
recombination: if observed would give strong constraint on
cosmological magnetic field:

M
B=—=l72 .
S <1012Ge\/)

Powell '|4, Evoli et al *15
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Outline:

1. Axions and axion-like particles (ALPs)
Galaxy clusters are ALP converters

ALPs from Big bang and the cluster soft X-ray excess

S S SR

ALPs distort the ICM spectrum
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Photons convert to AL.Ps
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Photons convert to ALPs

ICM X-ray photons can have unsuppressed conversion probability to
light ALPs. Conversion is efficient roughly at energies,

L
10 kpc )

Ne m>

E., 2> 0.54 keV - =
i e HiEzcm= oo f sl 2o Va2
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Photons convert to ALPs

ICM X-ray photons can have unsuppressed conversion probability to
light ALPs. Conversion is efficient roughly at energies,

L
10 kpc )

2

n m

E, 2 0.54 keV — .
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Photons convert to ALPs

ICM X-ray photons can have unsuppressed conversion probability to
light ALPs. Conversion is efficient roughly at energies,

L
10 kpc )

Ne m>

E., 2> 0.54 keV - =
i e HiEzcm= oo f sl 2o Va2

o Meaa07Gev] W Meax107Gev
| 0.5 lE[keV] 5 1) S 0s 1E[kev] s |
100 kpc FoV (Coma) 5 kpc FoV (Coma)

Conversions would distort the thermal ICM spectrum.
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Small-scale variability in ICM intensity and spectrum

- M= 4x10" GeV

T 5 1ol
E [keV]

5 kpc FoV

‘e
0
0
0
.
L]
L]
-
-
.
.
.
.
0
0
0
0
.
.
L]
-
-
-
.
.
.
‘e
0

.
75 ‘e
v, G
'l -
Ll -
.. -
Ll -
. .
., .
. .
. .
s ‘e
., .
e ‘e
'''''
o -
e

o,
]
.
.
]
]
.
“,
o,

M.C. David Marsh, Cambridge IPA 2016, Orsay 38 /40



Photons convert to ALPs

log,o (M~ GeV)

Can strengthen bounds on light ALPs by factor of ~7.

Signal in polarisation and small-scale fluctuations.
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Photons convert to ALPs
More detailed study for
specific clusters underway
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Photons convert to ALPs
More detailed study for

specific clusters underway

log,o (M~ GeV)

~ 100 m ~ 100 m
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O0000CcoO0nn COOooacoooooo
4

HERA dipole magnet

ALPS- Ik

Can strengthen bounds on light ALPs by factor of ~7.

Signal in polarisation and small-scale fluctuations.
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Conclusions

 Axion physics is rich and have promising observational and
experimental prospects.

 Galaxy clusters are highly efficient converters of very light axion-like
particles, with O(1) conversion probabilities for M = 10" GeV.
Opportunity to use astrophysics to learn about particle physics.

 Large classes of string theory compactifications suggest the
existence of a cosmic ALP background, which may explain the cluster
soft X-ray excess.

» Light ALPs distort the thermal ICM — possible to detect correlated
signatures or derive very strong bounds.
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Conclusions

 Axion physics is rich and have promising observational and
experimental prospects.

 Galaxy clusters are highly efficient converters of very light axion-like
particles, with O(1) conversion probabilities for M = 10" GeV.
Opportunity to use astrophysics to learn about particle physics.

 Large classes of string theory compactifications suggest the
existence of a cosmic ALP background, which may explain the cluster
soft X-ray excess.

» Light ALPs distort the thermal ICM — possible to detect correlated
signatures or derive very strong bounds.

Thanks!
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