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Axion	(&)	Cosmology	
D.J.E.	Marsh	/	Physics	Reports	643	(2016)	1–79		

‘‘Axion’’	can	take	on	a	variety	of	meanings:		
•  QCD	axion:	the	Peccei–Quinn		solu%on	to	the	strong-CP	problem	maα	1/fa	.		
•  ALP:	any	pseudoscalar	Goldstone	bosons	of	spontaneously	broken	global	

chiral	symmetries,	giving	a	two	parameter	model		(ma,fa)		
•  ST&SUGRA:	either		maaer	fields	or		pseudoscalar	fields	associated	to	the	

geometry	of	compact	spa%al	dimensions		

“Precision	Cosmology”:		
•  Cosmic	Microwave	Background	(CMB)				
•  Large	Scale	Structure	(LSS),		
•  Galaxy	forma%on	(local	Universe,	high	redshif,	epoch	of	reioniza%on	(EOR)).		

QUAX,	AXIOMA		



QCD	axion	couplings	to	the	standard	model		
For	the	purpose	of	our	discussion,	the	relevant	interac%ons	of	the	
axion	are	described	by	an	effec%ve	Lagrangian	
	
•  Free	axion:	

	
•  Interac%ons	with	maaer:	

	
•  Interac%on	with	electromagne%c	field:	
	
		

If	axions	exist,	they	are	very	light	and	VERY	weakly	interac%ng	(gajα	1/fa	)!!!	

Primakoff	effect:	Sikivie	proposal	to		
detect	the	“invisible”	axion.			
Macroscopic	B-field	can	provide	a	
large	coherent	transi%on	rate	over	
a	big	volume	(low-mass	axions)	
	

Almost	model	independent	predic%on	

-1.92	(KSVZ)										0.75	(DFSZ)	



Interac%on	of	DFSZ	axion		and	electron	spin	
•  The	interac%on	of	the	axion	with	the	a	spin	½	par%cle		

•  In	DFSZ	axion	model,	coupling	with	non	rela%vis%c	(v/c<<1	)	electron	
							interac%on	energy	and	EOM	read	

The	interac%on	term	has	the	form	of	a	spin	-	magne.c	field	interac.on	
with									playing	the	role	of	an	oscilla%ng	effec%ve	magne%c	field	
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QUAX	detector	(Haloscope)	
•  The	idea	for	the	axion	detec%on	is	to	exploit	Larmor	precession	of	a	magne%zed	sample	(YIG	or	

other	ferrimagne%c	and	paramagne%c	materials)	

•  An	external	polarizing	magne%c	field	B0	defines	the	Larmor	frequency	i.e.	B0		tunes	the	apparatus	
with	the	axion	mass:	the	magne.zed	sampled	behaves	as	a	rf	receiver		

	

•  Due	to	the	mo.on	of	the	solar	system	in	the	Galaxy,	the	axion	DM	cloud	acts	as	an	effec.ve	rf	
magne.c	field	on	electron	spin	and	the	axion	gradient	causes	the	spin	flip	

	

•  The	equivalent	magne%c	(rf)	field	with		amplitude	propor%onal	to		ρDM	and	vE,	(oriented	in	the	
direc%on	of	the	axion	gradient)		excites	spin	transi.ons	E1-E0≈ma	c2		in	the	magne.c	samples	
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[R.	Barbieri,		et	al.	Phys.	Lea.	B	226,	357	(1989);	QUAX	coll		Phys.	Dark	Univ.	15	(2017)	]	
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What	we	know	from	Cosmology,	Astrophysics	and	QCD@FT			
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				"Calcula%on	of	the	axion	mass	based	on	high-temperature	la�ce	quantum		
						chromodynamics”	[Nature	539	69	(2016)]		(50÷1500	μeV	->	12÷363	GHz)	

Late	PQ	breaking	

Early	PQ	breaking	

QUAX	
							AXIOMA	



Standard	Halo	Model	for	ρDM	and	f(va)	
Standard	Halo	Model:	Isothermal,	isotropic	Maxwell-Boltzmann		Distribu%on	of	DM		
assuming		ρDM	=0.3	Gev/cm3	

Observed	axion	velocity	va=v-vE,		
where	the	Earth	velocity	vE=	vsun+vorb	

Maxwellian	velocity	distribu%ons		
•  Galaxy	frames	
•  Earth	frame	



Expected	signal	from	galac%c	halo	axions	

Coherence		%me	is	set	by	power	spectrum	linewidth:		
	
For	op%mal	SNR,	relaxa%on	%mes	of	magne%zed	
materials	must	not	exceed	coherence	%me	
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QUAX	polarized	target	and	axion	gradient	anisotropy:		
Strong	Direc%onal	Paaern	

Due	to	Earth	rota%on,		the	direc%on	of		
the	sta%c	magne%c	field	B0		
changes		with	respect	to	the	direc%on		
of	the	axion	wind	(Vega	in	Cygnus)	

Strong	modula%on	(up	to	100%)!		
	
Doppler	effect	is	not	relevant	(few	%):	
•  	50	KHz/year	
•  	1	KHz/day		

e.g.	QUAX	located	@Legnaro	(PD)	
B0	in	the	local	horizontal	plane		
and	oriented	N-S	(the	local	meridian)	
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Experimental	parameters	of	QUAX		
for	the	hunt	of	QCD	axions			

50µeV ≤ma ≤1.5meV

10−23Tesla ≤ Ba ≤10
−21Tesla

12GHz ≤ν ≤ 300GHz

Axion	Masses	
	
Equivalent	RF	magne.c	field	
	
Working	frequency	

Electron	Larmor	Frequency	 Measurement	at	the	quantum	limit:	
Thermal	fluctua%ons	below	quantum	fluctua%ons	

ν larmor = γeB0 γe = 28GHz /T

0.4Tesla ≤ B0 ≤12Tesla

Magne.zing	field	

100mK ≤T ≤1K

Working	temperature	

T ≤
µbB0
Kb

and T ≤
!ν
Kb
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Experimental	technique	of	QUAX:	
Electron	Spin	Resonance		

We	can	exploit	the	Electron	Spin	Resonance		in	different	
experimental	setups	for	the	magne%zed	sample:		

–  free	space	(radia%on	damping	problem)	

–  waveguide	in	cutoff		νc	>	νL		
							(avoid	radia%on	damping	but	bad	coupling	)	
–  rf	cavity	with	hybridiza%on	of	cavity-Kiael	modes	
				(good	coupling	and	avoid	radia%on	damping)	

Electron	Spin	Resonance	(ESR	or	EPR)	in	a	magne%c	media	(rf	receiver)	is	tuned	by	an	
external	magne.zing	field		H0;	the	rf		field	H1	(orthogonal	to	H0)		in	the	GHz	range	excites	the	
spin	transi%ons	at	Larmor	resonance	νL	

1	T		->	νL	=28	GHz	
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The	Bloch	equa%ons	
The	dynamics	of	magne%za%on	is	described	by	a	set	of	coupled	non-
linear	equa%ons	due	to	Bloch	(Polarizing	field	H0	along	z-axis,	driving	rf	
field	H1	in	the	(x,y)	plane)	

Spin-ladce	relaxa.on	%me	T1:		
establish	energe%c	equilibrium	of	Mz.	
	

Spin-spin	relaxa.on	%me	T2	<	T1:	
H1	forces	Mx	My	to	rotate	and	T2		sets	
equilibrium			
	

At	low	temperature		T	<	1	K	

T1	~	10-6		or	befer	
T2	~		10-6		or	befer	

					(depends	on	spin	density)	

M 0 = nsµB tanh[µBH0 / kBT ]

e.g.	sta.c	magne.za.on	per	unit	volume	of	a	paramagnet		
ns	–	spin	density	
µB	–	Bohr	magneton	
T			–	sample	temperature	



Radia%on	damping	issue	
Radia%on	damping	in	ESR	describes		addi%onal	loss	mechanisms	in	magne.zed	sample	with	
spins	precessing	at	the	Larmor	frequency	νL:	
	

		 	1)	the	interac%on	of	the	magne%zed	sample	with	the	driving	circuit			
	

	2)	the	emission	of	radia.on	(magne%c	dipole	in	free	space)		
	
ξ	->		filling	factor:	geometrical	coupling	between	driving	circuit	and	magne%zed	sample	
Q	->	quality	factor:	accoun%ng	for	dissipa%ons	of	rf	coils	of	driving		circuit	(or	rf	cavity)	
λL	->	rf	wavelength	(c/νL)	
V	->	sample	volume	
For	frequencies	above	10	GHz	and	large	magne.za.on	M0,	the	only	relevant	
radia.on	damping	is	the	emission	of	em	radia.on.		
	
Modified	Bloch	equa%ons	with	TR	

TR ≈ (2πξ γM 0Q)
−1

TR ≈
λL
3

γ µ0M 0V

Bloch Equations modified with 
non linear terms introduced  
by Bloom in 1957 



Absorbed	rf	power	in	steady	state	with	radia%on	damping:			
1)	free	space		

•   Steady	state	solu%ons	of	Bloch		Equa%ons	in	the	limit	of	weak	rf	field	B1	
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0Galileons	and	inequivalent	representa%ons	
o	

Absorbed	rf	power	in	steady	state	with	radia%on	damping:		
2)	rf	cavity		

•  Steady	state	solu%ons	of	Bloch		Equa%ons	coupled	with	a	rf	cavity		
							Kifel	mode	hybridiza.on	
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IF	NO	radia.on	damping	then		
material	proper.es	get	back	in	the	game	

Pabs = −M ⋅
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= γM 0Vsω0T2B1
2

Assuming:	Vs≈0.1	litre;		ns	≈	1028	spin/m3;	T2≈1	μs		
	
B1=Ba≈10-22	T													P≈	10-25	Waf		
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(a)	Signal	issues:	volume,	materials,	ns,	T2	
One	idea	to	increase	
volume	is	to	have	several	
YIG	spheres	

The	wavelength	for	this	frequency	is	
21.4	mm,	the	YIG	spheres	are	placed	
in	the	middle	and	8	mm	from	the	end	
faces,	so	the	separa.on	between	the	
outermost	spheres	is	34	mm.	The	
cavity	is	placed	inside	a	homogeneous	
sta%c	magne%c	field	parallel	to	the	
cavity	main	axis.		
	

No	effect	on	the	linewidth	



(b)	Signal	issues:	volume,	materials,	ns,	T2	

•  A	long	cylinder	could	show	a		narrow	linewidth?	
-  Demagne%za%on	issue	
-  RF	homogeneity	

•  We	have	realized	a	long	BDPA	sample	to	be	tested	
inside	the	14	GHz	cavity.		

•  Worsening	of	linewidth	of	standard	YIG	at	low	
temperature	(8-10	MHz)		à	due	to	rare	earth	
contamina%on	

•  Very	preliminary:	lineiwidth	of	high	purity	YIG	
measured	@	4	K	à	about	1	MHz	as	at	room	Temp.	

We	are	planning	to	check	other	materials:	K3CrO8	(potassium	peroxochromate	(paramagnet)),		
	 	 	 	 	 	 	 							Lithium	ferrite	(Ferrimagnet,	ns	~	2	ns	of	YIG)	



QUAX	Noise	Sources	
			We	iden%fied	3	main	noise	sources	

1.  Fluctua%ons	in	magne%za%on	due	to	relaxa%on	processes	in	materials		
2.  Thermal	photons	(normal	or	hybridized	modes	in	a	rf	cavity)	
3.  If	linear	detec.on:	addi%ve	and	back-ac%on	noises	of	the	rf	amplifier	(SQL	issue)	
4.  If	quantum	counter:	dark	count	rate	

	
	

	 	 	The	total	noise	power	must	be	checked!	
	



1.	Spontaneous	fluctua%ons	of	magne%za%on	

At	equilibrium	absorp.on		and	dissipa.on	are	balanced!	

Fluctua%ons	of	magne%za%on	away	from	z	direc%on		
due	to	dissipa%ons	in	the	magne%zed	material	and/or	radia%on	damping	
For	small	angle	ϑ<<1	,	fluctua%ons	are		described	by	the	Langevin	equa%on	
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2.	Fluctua%ons	due	to	thermal	photons:	SQL	issue	

Zero	point	energy	of	em	field:	a	problem	for	detec.on	with	linear	amplifier	

Pth ≈ 2kBT
Δν
tm

PSQL ≈ !ω
Δν
tm PSQL ≈10

−24Watt

•  Pth>PSQL	However,	with	a	linear	amplifier	and	at	
very	low	temperature	we	can	reach	the	SQL:	

						Assuming	ω	≈ωL	=	40	GHz,	Δν≈10-6	ωL,	tm≈104	s	

In	a	rf	cavity	+	magne.zed	material	with	hybridized	Kifel+cavity	modes		

PHOTON	COUNTERS	CAN	OVERCOME	THE	SQL	PROBLEM	



3.	Preliminary	study	of	noise	with	linear	amplifier	
we	showed	that,	at	room	temperature,	no	extra	
noise	is	added	in	the	system	when	it	is	
hybridized	

We	have	to	demonstrate	that	it	holds	at	low	
temperature	with	BDPA	in	a	5GHz	rf	cavity	

The	cryogenic	set-up	now	works	properly.	A	
single	fill	allows	about	4	hours	of	measurements		

CRYOSTAT	@	4.2	K	
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3.	Preliminary	study	with	linear	amplifier	@	4K	
At	Liquid	Helium	there	is	a	matching	problem	between	cavity	and	amplifier.	Now	on	a	separate	
apparatus	we	are	studying	how	to	op%mize	it.		
	
Preliminary	results	with	a	DBPA	sphere	@	4	K	

NEXT	STEPS	
	
Repeat	the	test	also	with	a	
YIG	sphere	(with	a	befer	
control	of	T)	
	
Op.miza.on	of	detector	
chain	
	
Long	measurements	to	
fully	exploit	the	detector	
sensi.vity	and	give	some	
preliminary	upper	limits	on	
axion	coupling		



3.	Preliminary	study	with	linear	amplifier	
Down	conversion	of	the	rf	signal	
at	7	GHz	with	a	mixer	followed	
by	a	FFT	spectrum	analyzer	
	
	
More	effec%ve	use	of	the	
collected	data		
	
Available	FFT	instruments	limit	
the	analysis		to	100	kHz	
bandwidth		
	
Frequency	bin	3kHz	=	axion	
linewidth	

residual	Axion	Effec%ve	Magne%c	field	
sensi%vity	



4.	SNR	of	an	ideal	(negligible	dark	count	rate)		
photon	counter	

à  SNR = 4 for T = 116 mK and tm = 104 s (i.e. 17 counts) 
     in a 150 KHz bandwidth  



Conclusions	
QUAX	R&D	Ac%vi%es	2017	-	2019	
 

•  Study	of	materials	(PD,	LNL)	–	linewidth	and	spin	density	
behaviour	of	materials	(YIG,	LiF,	BDPA	and	other	paramagnets)	at	
low	temperatures.		
	

•  Cavity	design	for	magne.c	field	opera.on	(LNF,	LNL,	PD)	
design	of	a	high-Q	(∼	106)	cavity	with	a	geometry	useful	to	maximize	
the	signal	and	opera%ng	in	2	T	magne%c	field.		
	
 
 
 

 
•  Sta.c	magne.c	field	source	(NA/Salerno)		

realiza%on	of	a	highly	uniform	magne%c	field	(up	
to	10ppm	for	a	2	T	field).	


