RAA 2020 Vol. 20 No. 4, 55(8pp) doi: 10.1088/1674-4527/20/4/55 )
(© 2020 National Astronomical Observatories, CAS and 0P iBhisig Ltd. Research in

http://mww.raa-journal.org  http://iopscience.iop.org/raa iggggg}rg{casnd

Cosmological constraints on ultra-light axion fields

Jian-Gang Kanl?, Yan Gong, Gong Chend? and Xuelei Cheh?3

1 Key Laboratory for Computational Astrophysics, Nationat®nomical Observatories, Chinese Academy of
Sciences, Beijing 100101, Chinggngyan@bao.ac.cn

2 School of Astronomy and Space Science,University of Criresademy of Sciences, Beijing 100049, China

3 Centre for High Energy Physics, Peking University, Beijik@p871, China

Received 2019 July 26; accepted 2019 December 11

Abstract Ultra-light axions (ULAs) with mass less thaid—2° eV have interesting behaviors that may
contribute to either dark energy or dark matter at differgmbchs of the Universe. Their properties can
be explored by cosmological observations, such as expahsstory of the Universe, cosmic large-scale
structure, cosmic microwave background, etc. In this wakkstudy the ULAs with mass around—33 eV,
which means that the ULA field still rolls slowly at presenthwthe equation of state = —1 as dark
energy. To investigate the mass and other properties okitnisof ULA field, we adopt the measurements
of Type la supernova (SN la), baryon acoustic oscillatioh@® and Hubble parametéf(z). The Markov
Chain Monte Carlo (MCMC) technique is employed to perform tonstraints on the parameters. Finally,
by exploring four cases of the model, we find that the massisfhA field is about3 x 10733 eV if
assuming the initial axion field; = M. We also investigate a general case by assumijng M, and
find that the fitting results of; /M, are consistent with or close to 1 for the datasets that we use.
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1 INTRODUCTION oscillate. The equation of state of ULA also oscillates cor-

respondingly between 1 and1, which has an average val-
Axion or axion-like particle (ALP) is a good candidate for e, ~ o acting as dark matter. Since the mass of ULAs

cold dark matter (CDM) (Peccei & Quinn 1977; Weinbergis quite small, the de Broglie wavelength of ULAs can be
1978; Wilczek 1978). It was proposed to solve the strongarge enough to affect the formation of cosmic structure
Charge-conjugation Parity symmetry (CP) problem in the; galaxy or sub-galaxy scales, which is similar to the free-
Quantum Chromodynamics (QCD) theory, and generateghaaming effect of warm dark matter. Therefore, the ULAs

by breaking the Peccei-Quinn (PQ) symmetry (Peccei &an contribute to both dark energy and dark matter at dif-
Quinn 1977). An axion has a huge possible mass rang@rent epochs of the Universe.

spanning over many orders of magnitude, that cannot be )
stringently constrained by theory. In the string theory, ax For 10720 < m, < 1077, the .UL.AS begin to OS'.
ion is allowed to have extremely small mass, i.e., ultr&tlig cillate before the epoch of the radlatlon-matter equality
axion (ULA), which ranges from 020 to 1033 eV or (H (2eq) ~ 10728 eV), a_nd since then behave I|k<_a dark
even smaller (Witten 1984; Svrcek & Witten 2006; Marshmatter with energy density, ~ a~?, that can contribute

2016). Some interesting properties of ULAs appear in thid0 all of dark matter in this mass range (IrSic et ql. 2017,
mass range. Armengaud et al. 2017; Bar et al. 2019; Marsh & Niemeyer

In the early Universe, the Hubble parameteis larg- 2019; Nebn_n et al_. 2019). Meanwhll_e,fma <107 eV,_
er than the axion mass,,: i.e., H > m, (the natural u- the ULAs will _oscHIate after the radmtpn-mattereguyalﬁ
nits are used with — 1 hereafter). Then, the axion field anql can contribute to the late acceleratlng expansion of the
is overdamped by the Hubble friction and would roll s- Universe as dark energy (Marsh & Ferreira 2010; Hlozek
lowly. It means the ULA equation of state, = —1 act- etal. 2015; Marsh 2016).
ing as dark energy with negative pressure. Later, when the In this work, we explore the ULAs with masa, ~
Universe expanding slowly and slowly, we halle< m,,. 1033, which meansm, ~ H, where Hy, ~ 1.5 x
At this time, the ULA field is underdamped and begins to10~33 eV is the present Hubble constant. This implies that
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the axion field has not or just entered the oscillation stage In the radiation or matter dominated era, we have
and still acts as dark energy at present with the equatioa(t) ~ t” wherep = 1/2 or 2/3, respectively. In this
of state around-1. The data of Type la supernova (SN Ia), case, Equation (4) has an exact solution, and it is found that
baryon acoustic oscillation (BAO), and Hubble parameterg) = const for m,t < 1 at early time ¢ < aqsc), ande be-
at different redshiftd7(z) are used to constrain this kind gins to oscillate forn,t > 1 atlate time ¢ > aos.), where
of ULA field and its mass. The Markov Chain Monte Carlo a.s. is the scale factor when oscillation occurs (Hlozek
(MCMC) method is adopted in the constraint to derive theet al. 2015; Marsh 2016). Then the equation of state of the
probability distribution functions (PDFs) of the paramste axion fieldw = P,/p, can be derived from Equations (5)
in the model. and (6). For extremely smaih,, (orm,t < 1), » = const
This paper is organized as follows: in Section 2, weand¢ = 0, and we can find that = —1, which means the
discuss the ULA model and derive the relevant equationaxion field behaves like dark energy (DE, e.g., cosmolog-
used in the constraint; in Section 3, we describe the SN ld¢cal constant) with constant energy density. On the other
BAO, and H (z) data we adopt in the fitting process; in hand, for largen,, (or m,t > 1), w will oscillate around
Section 4, we show the constraint result; we summariz€ between-1 and1, that acts like ordinary matter.

and discuss the result in Section 5. For DE-like axion field, the energy density parame-
ter Q. = pa/peo, Wherep, = 1/2m2¢2, andp,y =

2 MODEL 3Hg /8mG = 3Hj M} is the current critical density, where
Hy is the Hubble constant inV and M, is the Planck

The action of the ULA field is given by mass. Consideringn, is quite small that the ULA field

1 has not begun to oscillate at present (s, > 1), and
Sy = / dz*\/—g [—E(aqs)? — V)|, (1)  thenwe have
H H H H . H 1 /m, g ¢i ?
where¢ is the canonically normalized axion field which Qp = = <—) ( ) , @)
has a shift symmetry — ¢ + const, andV (¢) is a peri- 6\ Ho M
odic potential with the minimum at = 0. A simple choice  whereg; = #(a < aes) is the initial homogeneous axion
of V(¢) is given by (Marsh & Ferreira 2010; Hlozek et al. fig|d, andf, = ¢;/My < 1 (Hlozek et al. 2015; Marsh

~

2015; Marsh 2016). 2016). We will explore the constraints fig = 1 andf,, <
é 1 cases, respectively, in the following discussion. Then, in
V(p) = AL (1 - cosf—) (2)  our model, the Hubble parameter can be written as
. . . L 1/2
HereA, is the amplitude of the potential which indicates H(z) =Ho [(1 = Qa)(1 + 2)* + Q4] (®)
the energy scale of non-perturbative physics, anis the in flat case,
PQ symmetry-breaking energy scale. Expanding the poten-
tial for ¢ < f, as a Taylor series, then the dominantterm  H(z) =Hy [ (1 + 2)* 4+ Qq + Q(1 + 2)°] 1z ©)
is 1 in nonflat case.
V(g) ~ —m?2¢? 3
(9) 2m"¢ ’ ®) Here Hy = 100 h km s~ *Mpc~1, Q,, is the matter energy

where the axion mass is given by? = AZ/f2. We can  density parameter, arid, = 1 — €, — (), is the cosmic
find that the axion mass can be extremely Sma‘y{aif>> curvature parameter. The comoving distance can be esti-

A,, which is the case we discuss in this work. mated by
Assuming a flat Friedmann-Robertson-Walker (FRW) 1 Z edy
metric, the variation of the action witl'(¢) given in De¢(z) = \/msmn [\/ |Qk|/ m] . (10)
K 0

Equation (3), the equation of motion can be derived as
. . ) wheresinn(z) = sinh(x), z, andsin(z) for open, flat, and
¢+3H¢+meop=0. (4) closed geometries, respectively.

HereH = a/a is the Hubble parameter, ands the scale
factor. The energy density and pressure of the axion field DATA
can be also obtained from the energy momentum tensor &s1 gn |a Data

1. 1
Pa = 5(;52 + §m§¢2, (5)  We adopt Pantheon SN la sample in the constraints, which
1. 1 contains 1048 SNela from Pan-STARRS1 (PS1), Sloan
P, = 5(252 - 5m§¢2- (6)  Digital Sky Survey (SDSS), SNLS, and various low-z and
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Hubble Space Telescope samples in the range < z < Thex? for the BAO data can be estimated by
2.3 (Scolnic et al. 2018). The? distribution is used to esti- ) - .
mate the likelihood functiolf o exp(—x?/2), and it can XBao =AD" -Cp ™" - AD, (17)

be written as whereD = D, — Dy, andD,,s andDy,;, are the obser-

X%N —Am”.C,," ! Am. (11) vational and theoretical quantities shown in Tabl€%. is
the corresponding covariance matrix.
Here Am = mg,s — my, wherem,,s and my, are
the vectors of observational and theoretical apparent mag.3 H(z) Data
nitudes, respectively, an@,, is the covariance matrix.
Mmen = pen + M wherep, is the theoretical distance mod- The H(z) data are also used in this work, which contain-
ulus, andM/ is the absolute magnitude. This can be furtherS 51 data points in the redshift ranging from 0 to 2.36

expressed as (see table 1 in Geng et al. 2018). These data are mea-
sured by the two methods. The first method is called the
men = 5log g DL(z) + 25 + M, (12)  differential-age method, that is proposed to compare the

= 5log;(DL(z) + M. (13)  ages of passively-evolving galaxies with similar metallic

_ S ity, as cosmic chronometers, separated in a small redshift
Here D(z) = (1 + 2)Dc(2) is the luminosity distance, jnterval (Jimenez & Loeb 2002). The second one is using

Dy, is the Hubble-constant free luminosity distance, anghe BAO measurement as a standard ruler along the radial
M is a nuisance parameter that is combined with thgjirection (Gaztanaga et al. 2009).

Hubble constant and/. The covariance matriC takes They? of the H(z) data is given by
the form as
C = Dgtat + Csysa (14) X2 o Nisl [Hobs(zi) — Hyp (21)]2 (18)
= )
where Dy, is the vector of statistic error, which in- i=1 U%I

C.|Udes photometnc error of the SN dlstance_, uncerta|_n|-_|ereH0bs and Hy;, are the observational and theoretical
ties of distance from the mass step correction, the dis- . .
) . . ) ) Hubble parameters, respectively, and is the error.

tance bias correction, the peculiar velocity, redshift mea . . o
. o . . Finally, the jointy* of the three datasets is given by
surement, stochastic gravitational lensing, and thensiti
scatter.Ch:ys is the systematic covariance matrix for the da- x> = x&n + XBao T XH- (19)
ta (Scolnic et al. 2018).
By fitting these three datasets, we will constrain the
3.2 BAO Data mass of DE-like ULA fieldm, and other parameters as-

sumingf, = ¢i/Mp = 1 and< 1, respectively, in the flat
In Table 1, we list the adopted quantities that derived fronyng non-flat Universe.

the BAO surveysr; is the radius of the comoving sound

horizon at the drag epoch, which takes the form as 4 CONSTRAINT RESULTS
tS
- :/ csﬁ’ (15) To constrain the free parameters, the MCMC technique
0 a is adopted in this work. We make use of the public

wherec; is the sound speed, is the epoch of last scat- codeMonte Python' to perform the constraint, and the
tering, a is the scale factor. Since, are not sensitive to Metropolis-Hastings algorithm is employed to extract the
physics at low redshifts, we find that it will not be affect- chain points. Four cases in our model are explored; i.e.,
ed in our model significantly. Hence, for simplicity, we fix /¢ = 1 in flat and non-flat spaces, and < 1 in flat

the value as; = 147.09 + 0.26 given by Planck 2018 and non-flat spaces. The flat priors are taken for the free
result (Planck Collaboration et al. 2018). The sphericallyparameters, and set as follows; /10~**eV € (1,20),

averaged distancBy is given by logiofs € (=4,0), h € (0.5,1), 2y, € (0,1), and the
SN la absolute magnitud® € (—30,—10). In each case,
Dy(z) = | D2, (2) cz 13 (16) we generate 20 chains and totally obtain 1 000000 chain
V= PME ) ’ points to illustrate the 1-D and 2-D probability distritwri

functions (PDFs) of the free parameters.
In Figure 1, we show the contour maps and 1-D PDFs
of mg, h, andM for f4 = 1 and flat case. The best-fits and

whereDy(z) = (1 + z)Da is the comoving angular di-
ameter distance, an®y, = D¢ /(1 + 2) is the physical
angular diameter distanc®&y = ¢/H(z) is the Hubble
distance. 1 https://baudren. github.io/ nont epyt hon. ht ni
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Table 1 The BAO data used in this work. There are 16 data points ftom0.1 to 2.4 are included.

Redshift Measurement Value s fd Survey Reference
0.106 rs/ Dy 0.3360£0.015 - 6dFGS (Beutler et al. 2011)
0.15 rs/Dy 0.2239%-0.0084 - SDSS DR7 (Ross et al. 2015)
0.32 rs/ Dy 0.11841-0.0024 - BOSS LOW-Z (Anderson et al. 2014)
0.57 rs/ Dy 0.0726+0.0007 - BOSS CMASS (Padmanabhan et al. 2012)
0.44 rs/ Dy 0.0870Q£0.0042 - Wigglez (Blake et al. 2012)
0.60 rs/ Dy 0.0672+0.0031 - WiggleZ (Blake et al. 2012)
0.73 rs/ Dy 0.0593:0.0020 - Wigglez (Blake et al. 2012)
2.34 rs/ Dy 0.032G£0.0013 - SDSS-IlIl DR11 (Delubac et al. 2015)
2.36 rs/Dy 0.0329+-0.0009 - SDSS-IlIl DR11 (Hell et al. 2015)
0.15 Dy (7s,64/7s) 664+25 148.69 SDSS DR7 (Aubourg et al. 2015)
1.52 DV(T‘S’ﬁd /rs) 3843+147 147.78 SDSS DR14 (Ata et al. 2018)
038 Dum(re.nd/ms) 1518+22 147.78 SDSS DR12 (Alam et al. 2017)
0.51 DM(rSﬁd/rs) 19727 147.78 SDSS DR12 (Alam et al. 2017)
0.61 Dni(rs,64/7s) 2283132 147.78 SDSS DR12 (Alam et al. 2017)
2.40 Dy /rs 36.6+:1.2 - SDSS DR12 (du Mas des Bourboux et al. 2017)
2.40 Dy /rs 8.94+0.22 - SDSS DR12 (du Mas des Bourboux et al. 2017)
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Fig.1 The constraint results ofi,, h, and for f, = 1 and flat case. Theed, blue, green, andorange contours andcurves are for
the results from SN la, BAOH (z), and joint datasets, respectively. The 168.3%), and 25 (95.5%) C.L. are shown for the contour

maps.

1-0 errors of the parameters for the SN la, BA®(z), and
joint datasets have been shown in Table 2. The reduced chand SN la+BAO+/ (z) data, andy?; ~ 1.6 for the BAO
squarex?., = x2,:,/(N — M) is also shown, wherg? .
is the minimumy?, and N and M are the numbers of data and SN la+BAO+ (z) datasets from 0.69 to 0.71, and the
and free parameters, respectively. We find that our modeksult from SN la only is slightly higher than~ 0.73. The

can fit the data well becausé., ~ 1 forthe SN la,H(z),

data. The best-fits df are around 0.7 for the BAQ{ (2),
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Fig.2 Same as Fig. 1, but for non-flat spa€g,, is included in this case.

Table 2 Best-fit Values and = Errors of the Parameters fgy, = 1 and Flat Case

Parameter SNla BAO H(z) SN la+BAO+H (z)
h 0.7307051%  0.69175:907  0.712+0510 0.69710-508
ma /10733 eV 3.14610 591 2.99475-057  3.17010 578 3.04810 092
M —-19.267052 — — —-19.3770:00
X2y 0.982 1.624 1.104 0.997

Table 3 Best-fit Values and &= Errors of the Parameters fgg, = 1 and Non-flat Case

Parameter SNla BAO H(z) SN la+BAO+H (z)
Qm 0.38470091  0.27475:0%1  0.30010 529 0.29510522
h 0.71970515  0.67175018  0.714%0518 0.6900-596
ma/10733 eV 3.332F0415 248570352 319110290 2.86810129
M ~19.301004 - - —19.4210:01

2
X 1.072 1.612 1.129 0.997
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Fig.3 The constraint results ofi,, log,, fs, h, andM for f, < 1 and flat case. Theed, blue, green, andorange contours andcurves
are for the results from SN la, BAG7(z), and joint datasets, respectively. The 168.3%), and 25 (95.5%) C.L. are shown for the
contour maps.

Table 4 Best-fit Values and b Errors of the Parameters f@y, < 1 and Flat Case

Parameter SNla BAO H(z) SN la+BAO+H (z)
h 0.78170122  0.69175:997  0.70975-9%9 0.69710-508
me /10733 eV 273411302 1.25079-52 1.7859-7¢2 2.40319-372
logiofs  -0539%035 04330 0366030 —0a79%0380
M —19.08%039 - - -19.371061
X2y 1.011 1.382 1.002 0.976
results ofm, are basically consistent in &for the four The fitting results of2,,,, mg, h, andM for f, =1

datasets givingn, ~ 3 x 10733 eV. The nuisance param- and non-flat case are shown in Figure 2 and Table 3. We
eter, the absolute magnitudé shown in Equation (12),in find that the fitting is as good as the flat case, but the con-
the SN la data is also considered in the fitting process, anstraint results from SN la data is significantly looser than
the results from SN la only and SN la+BA®H z) areina  other datasets, which is due to the combination effect of
good agreement. non-flat assumption and additional paraméterWe also
notice that, although the best-fit 6f,, from SN la only
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Fig.4 Same as Fig. 3, but for non-flat spa€g,, is included in this case.

Table 5 Best-fit Values and = Errors of the Parameters fgy, < 1 and Non-flat Case

Parameter SNla BAO H(z) SN la+BAO+H (z)
Qm 0.36770:0%0  0.30870015  0.3101505% 0.30515:029
h 0.80170 230 0.68375012  0.71370:0:8 0.69170595
me /10733 eV 1.02475-821 100973662 979112322 2.12177-517
logiofs  —0344%533  —0.0825523  —0367IGRYT  —0.346157358
M —19.037038 - - -19.3870 61
X2y 1.009 1.281 1.103 0.981

is as large as- 0.38, which is consistent with the results that the constraints on the parameters are generally looser
from other dataset in &-with the best-fitting(2,,, ~ 0.3.  than thef, = 1 case, especially for the SN la data (with
The SN la dataset gives obviously largeandm, com-  additional nuisance parametief) because there are strong
pared to BAO dataset in this case, but basically the foudegeneracies betwegf and bothm, andh as shown in
datasets provide similar results as the flat case, in whickquation (7). The SN la data cannot provide stringent con-
h ~0.7andm, ~ 3 x 10733 eV. straint onh, which gives the best-fitting ~ 0.78 with

In Figure 3 and Table 4. we show the constraint resu]téarge error, but it is still consistent with the results from
of Ma, log10f¢' h, andM for f¢ <1 and flat case. We find other datasets gIVIng ~ 0.7. The best-fits Ofna are ba-
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