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Figure 1. Light curves of the prompt gamma-ray emission of GRB 110301A
(top) and GRB 110721A (bottom) detected by GAP. The vertical dashed lines
indicate the time interval of polarization analyses for each burst.

the burst and exhibits a hard-to-soft trend from 110 keV to
26 keV. Therefore, GAP mainly observed the energy range of
E > Ep. The energy fluence in 10–1000 keV is (3.65±0.03)×
10−5 erg cm−2 (Foley 2011).

GRB 110721A was detected on 2011 July 21 at 04:47:38.9
(UT) at 0.699 AU from the Earth. Figure 1 (bottom) shows the
light curve of GRB 110721A. This burst was first discovered by
Fermi-GBM and -LAT (Tierney & von Kienlin 2011; Vasileiou
et al. 2011). The coordinate is measured to be (α, δ) =
(333.4,−39.0), which corresponds to 30 deg off-axis. After that,
Swift-XRT performed the follow-up observation of its X-ray
afterglow candidate (Greiner et al. 2011; Grupe et al. 2011).
The optical counterpart was also detected by GROND (Greiner
et al. 2011) and its redshift was measured to be z = 0.382 from
two absorption lines of Ca II with Gemini-South (Berger 2011).
However, the X-ray and optical counterparts lie just outside the
IPN error box (Hurley et al. 2011), so they may not be due to
GRB 110721A.

The spectral parameters, especially the Ep values, dramat-
ically change during the burst (Tierney & von Kienlin 2011;
Golenetskii et al. 2011; Lu et al. 2012). The Ep around the max-
imum intensity is about Ep = 1130+550

−490 keV, and the one of the
time integrated spectrum is Ep = 393+199

−104 keV. GAP mainly
observed in the energy range E < Ep. The energy fluence in
10–1000 keV is (3.52 ± 0.03) × 10−5 erg cm−2 (Tierney & von
Kienlin 2011), which is very similar to GRB 110301A.

3. DATA ANALYSES

3.1. Average Properties of Polarization

We analyzed polarization data during the time intervals be-
tween the two dashed lines shown in Figure 1 for GRB 110301A
and GRB 110721A. GAP obtained the polarization data be-
tween −16 s and 176 s since the GRB trigger. Since the time
durations of these GRBs are relatively short, we used the back-
ground obtained in the same data. The net background rate

for the polarization data is 60.0 counts s−1 for GRB 110301A
and 51.6 counts s−1 for GRB 110721A. The total numbers of
gamma-ray photons after subtracting the background are 1820
and 1092 photons for each burst, respectively.

To estimate the systematic uncertainty, we first consider
the spin rate of the IKAROS spacecraft. The rotation of the
instrument generally reduces the systematic uncertainty because
the differences of each sensor and the geometrical skewness are
averaged. However, in these case, the time durations of the
bursts are smaller than the period of rotation of the IKAROS
spacecraft. The spin rate is 1.61 rpm and 0.22 rpm for the
epoch of GRB 110301A and GRB 110721A, respectively. Using
the background interval of the data, we created the history of
background modulation curves with the same time interval we
analyzed, and confirmed that each modulation was consistent
with being constant within the statistical error. We confirmed
that the systematic error due to the data analysis of short time
duration is about σsys,1 = 1.0% of the total polarization signals
for each bin of both GRBs.

Next, we estimated the systematic uncertainty between the
detector response calculated by the Geant4 simulator and the
experimental data, which is mainly due to the off-axis direction
of the incident gamma rays. We performed several ground
experiments described in Yonetoku et al. (2011a) with the proto-
flight model of GAP. We estimated the systematic uncertainty
to be σsys,2 = 1.9% of the total polarization signals for each bin.

In Figure 2, we show the modulation curve (polarization
signals) after subtraction of the background. The error bars
accompanying the data (filled circles) includes not only the
statistical error (σstat) but also the systematic uncertainties
described above. The total errors are calculated as σ 2

total =
σ 2

stat + σ 2
sys,1 + σ 2

sys,2 for each bin of polarization data.
The model functions (detector responses) were calculated

with the Geant4 simulator considering the spectral evolutions
reported by Lu et al. (2012), who performed spectral analyses for
20 and 14 time intervals of GRB 110301A and GRB 110721A,
respectively. Using their spectral parameters, we simulated the
model functions for each time interval, and also combined them
into one with the appropriate weighting factor estimated with
the brightness histories.

In these analyses, the free parameters are the polarization
degrees (Π) and angles (φp). We simulated the model function
with step resolutions of 5% for polarization degree and 5 deg for
phase angles. In Figure 2, we show the best-fit model with solid
black lines, and also superposed the non-polarization model as
the dashed lines on the same panel for easy comparison. The
best-fit parameters are Π = 70±22% and φp = 73±11 deg with
χ2 = 14.0 for 10 degrees of freedom (dof) for GRB 110301A,
and Π = 84+16

−28% and φp = 160 ± 11 deg with χ2 = 7.3 for
10 dof for GRB 110721A. Here, the quoted errors are at 1σ
confidence for the two parameters of interest (Π and φp), and
φp is measured counterclockwise from the celestial north.

We show the ∆χ2 maps in the (Π,φp) plane in Figure 3. The
white dots are the best-fit results, and we calculate the ∆χ2 val-
ues relative to these points. The 1σ , 2σ , and 3σ confidence con-
tours for the two parameters of interest are shown in the same fig-
ures. The null hypothesis (zero polarization degree) can be ruled
out with 3.7σ confidence level (99.98%) for GRB 110301A,
and 3.3σ (99.91%) confidence level for GRB 110721A. Al-
though these results have relatively large errors compared with
the previous GAP result for GRB 100826A (Π = 27% ± 11%,
2.9σ significance level), the polarization degree of these two
GRBs may be larger than that of GRB 100826A. From these
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Figure 4

Comparison of radio (red), X-ray (blue), and optical images of the Cygnus A FR-II radio galaxy
(center). While the X-ray traces primarily hot old cocoon emission and the radio traces the jet
and new cocoon emission, the three primary hot spots are bright in both energy bands with a
synchrotron peak in the radio and a Compton scattering peak in the X-ray. The nearly-symmetric
black hole jet is shown at bottom, with a scale 20,000 times smaller than the larger image. Credit:
X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Radio: NSF/NRAO/AUI/VLA; VLBI inset:
Boccardi et al. (2017).

In a radio flux density-limited sample of flat-spectrum AGN selected at 5 GHz it was

found that only⇠ 20% of the objects are detected in ��rays (Karouzos et al. 2011). However

all of the Fermi-detected blazars north of declination �20� are detected in the OVRO 40

m Telescope monitoring campaign Richards et al. (2011). Karouzos et al. (2011) find no

strong link between fast apparent speeds and ��ray detectability, as measured with Fermi.

They argue that this is evidence for a “spine-sheath” structure (Sol et al 1989; Laing 1996)

in which the outer layers of the relativistic jet, which form the “sheath” have slower bulk

velocity along the jet axis than do the inner layers, which form the “spine”. Such a structure

could also explain the relative fractions of AGN that are ��ray bright and radio bright, if

the spine is predominantly ��ray-emitting and the sheath is predominantly radio-emitting.

In a comprehensive review of ��ray observations of AGN, Madejski & Sikora (2016)

found that the ��ray flux density variations in blazars show generally greater fractional

amplitudes than the other observed bands, and stronger flares tend to occur when the flux

density is at a higher-than-average level, with the activity lasting anywhere from several

days to several months. It is useful to consider two subclasses of AGN based on the Blazar

Sequence of Ghisellini et al. (1998); Ghisellini (2016): (i) the high-synchrotron-peaked BLL

(HBL), low luminosity, line-less BLL; and (ii) the powerful flat spectrum radio quasars

(FSRQs), which have high luminosities and strong emission lines. (See also Tables 2 & 3

14 Roger Blandford, David Meier, Anthony Readhead
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dt ¼ "dz=½ð1þ zÞH ' and H 2 ¼ H 2
0½!m ð1þ zÞ3 þ!"',

the rotation angle during the propagation from the
redshift z to the present is expressed as

#!ðk; zÞ ’ "
k2FðzÞ
MPlH 0

;

FðzÞ ¼
Z z

0

ð1þ z0Þdz0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!m ð1þ z0Þ3 þ!"

p :

(2)

Here, k is the comoving momentum, H 0 ¼ 1:51 (
10"42 GeV, !m ¼ 0:27, and !" ¼ 0:73.

If the rotation angle differs bymore than#=2 over a range
of momenta (E1 < k < E2) in which a certain proportion of
the total number of photons in a signal are included, then the
net polarization of the signal is significantly depleted and
cannot be as high as the observed level. This is the case,
unless the momentum dependence of the intrinsic polariza-
tion direction of the source is fine-tuned to cancel the
momentum-dependent rotation of the polarization vector
induced by quantum gravity. Such an accidental cancella-
tion is rather unnatural, and thus we shall not consider
this possibility. Hence, the detection of highly polarized
$-ray photons by the GAP implies that j#!ðE2; zÞ "
#!ðE1; zÞj ) #=2. In order to obtain an upper bound on
j"j from this inequality, we set E1 ¼ Emin and determine
E2 by

RE2
Emin

E%dE=
REmax
Emin

E%dE ¼ $, where $ is the net

polarization degree over the GAP energy rangeEmin ) k )
Emax and we have adopted the power law / k% with %< 0
for the photon number spectrum. This prescription for E1;2

corresponds to an ideal situation in which the detected
signal has 100% of the polarization degree and uniform
polarization direction over the range Emin ) k < E2, but
has no polarization in the rangeE2 ) k ) Emax . With more
realistic momentum-dependencies of the polarization
degree and direction, E2 would be higher and, hence, the
bound on j"j would be tighter. Without specifying the
nature of the intrinsic polarization of the source, we adopt
the one that gives theweakest bound on j"j among those that
do not exhibit the accidental cancellation mentioned above.

For GRB 110721A, the 2& lower limits %>"0:98 and
$> 35% in the whole energy band (Emin ¼ 70 keV,
Emax ¼ 300 keV) lead to E2 ’ 120 keV. Setting z > 0:45
in j#!ðE2; zÞ " #!ðEmin ; zÞj ) #=2, we obtain the con-
straint from GRB 110721A as j"j< 7 ( 10"15.

More accurate constraints are obtained by requir-

ing that
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2þU2

p
=N>$, where N ¼ REmax

Emin
E%dE,

Q¼ REmax
Emin

E%$i cos½2#!ðE; zÞ', and U ¼ REmax
Emin

E%$i(
sin ½2#!ðE; zÞ' with the intrinsic polarization degree
$i ¼ 1. Using $> 0:35 and %>"0:98, we obtain the
constraint from GRB 110721A as

j"j< 2 ( 10"15; (3)

which is tighter than the above rough estimate.
Alternatively, wemay assume that the intrinsic polarization

degree is not as high as 100% but given by the maximum
level in the synchrotronmechanism, i.e.,$i ¼ "%=ð"%þ
2=3Þwith% ¼ "0:98. This leads to themore stringent limit
j"j< 8 ( 10"16. Generically speaking, if we assume a
lower intrinsic polarization degree, then the bound on j"j
becomes tighter.
From the other GRBs, we obtain weaker constraints.

GRB 100826A has 2& limits as $> 6%, %>"1:41
[11], and z > 0:71. Setting $i ¼ 1 (or $i ¼ "%=½"%þ
2=3'), we obtain the constraint j"j< 2 ( 10"14 (or j"j<
1 ( 10"14). GRB 110301A has 2& limits as $> 31%,
%>"2:8 [20], and z > 0:21. Setting $i ¼ 1 [or $i ¼
"%=ð"%þ 2=3Þ], we obtain the constraint j"j< 2 (
10"14 (or j"j< 1 ( 10"14).
One may consider a more direct constraint from the

difference of the polarization angles in the two energy bands
for GRB 110721A, say #!ðE ¼ 170 keV; zÞ "#!ðE ¼
80 keV; zÞ< 64 degree at 2& confidence level. This pro-
vides j"j< 2 ( 10"15. If polarization angles are measured
more accurately as a function of energy for GRBs in the
future, a more stringent limit would be obtained.
Comparison with other limits.—Our bound (3) is the

strictest limit on the CPT invariance posed by directly
observing the photon sector, and it is about 8 orders better
than the previous limit j"j< 10"7 [4]. (As already
explained, we consider the limit claimed in Ref. [5] unreli-
able.) The constraint from nondetection of ultrahigh-energy
photons (E> 1019 GeV), j"j< 10"14 [21], appears to be
closer to our bound. However, the constraint from ultrahigh-
energy photons relies on the assumption that the dimension-5
LVoperator in the electron sector is sufficiently suppressed
[22]. On the other hand, the previous bound in Ref. [4] and
our bound do not depend on such an assumption.
The dimension-5 LVoperator in the photon sector indu-

ces dimension-3 CPT-odd LV operators in the fermion
sector by radiative corrections due to particle interactions.
Assuming supersymmetry [23] above Msusy ð>TeVÞ, the
radiatively generated dimension-3 CPT-odd LV operators
generically have coefficients of order b ’ M2

susy =MPl.

Hence, existing experimental bounds on b can be reinter-
preted as bounds on ". For example, the bound jbj<
10"27 GeV from the Xe/He maser [24] implies j"j<
10"14. Our bound (3) is slightly stronger than this. On the
other hand, the bound jbj< 10"33 GeV from the K/He
magnetometer [25] corresponds to the stronger bound j"j<
10"20. Note, however, that these bounds inferred from
radiatively generated dimension-3 CPT-odd LV operators
are indirect and rely on supersymmetry. Our bound (3), on
the contrary, does not rely on supersymmetry and is direct.
In the effective field theory approach [18], there is only

one operator that leads to a linear energy dependence of the
speed of light in vacuum, and it is the dimension-5
CPT-odd LV operator considered in the present Letter.
Constraints on the same operator from observation of
energy dependence of GRB light curves [26] are not as

PRL 109, 241104 (2012) P HY S I CA L R EV I EW LE T T E R S
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rent high-quality polarimetric observations of PPDs can
be used to diagnose the photon birefringence during its
propagation.

With our new approach the best constraint on ga� for
m ⇠ 10�22eV without the uncertainty of magnetic fields
is obtained, and we open a fresh new possibility of PPD
observations as dark matter search.

II. ROTATION OF POLARIZATION PLANE

In this section, we show that the linear polarization
plane of a propagating photon rotates under the back-
ground of the ADM. It can be shown that the equation
of motion for the photon field (i.e. the vector potential)
Ai(t,x) is modified by the photon-axion coupling La� as

Äi �r
2Ai + ga� �̇(t) ✏ijk@jAk = 0 , (1)

where ga� is the coupling constant of the photon-axion
coupling, �(t) is the background field value of the ADM
and dot denotes the time derivative. Here, we chose the
temporal gauge A0 = 0 and the Coulomb gauger·A = 0.
Ignoring the cosmic expansion, the present background
axion field is well approximated by

�(t) = �0 cos(mt+ �) , (2)

with the constant amplitude �0, the axion mass m and a
phase factor �. Note that the spatial dependence of the
phase factor �(x) will be discussed later.

Eq. (1) can be reduced if one decomposes Ai into the
circular polarization modes in the Fourier space,

Ai(t,x) =
X

p=±

Z
d3k

(2⇡)3
Ap

k(t)e
p
i (k̂)e

ik·x , (3)

where epi (k̂) = ep⇤i (�k̂) is the circular polarization vec-

tor which obeys epi (k̂)e
⇤p0

i (k̂) = �pp
0
, and ✏ijmkje±m(k̂) =

±ke±i (k̂). Then Eq. (1) reads

Ä±
k + !2

±A
±
k = 0 , (4)

with

!± ' k ± �!, �! ⌘
1

2
ga��0m sin(mt+ �), (5)

where we assume k � |�!|. Therefore under the oscillat-
ing axion background, the dispersion relation of photon is
modified and the phase velocities of the left/right-handed
modes are di↵erent. This is because the parity symmetry
is spontaneously broken by the axion field. This photon
birefringence caused by the axion background leads to
the rotation of the linear polarization plane.

Provided that a photon propagating along the z-axis
is linearly polarized into the x-direction, its polarization
components can be decomposed into the circular ones,

✓
1
0

◆
=

1

2

✓
1
i

◆
+

1

2

✓
1
�i

◆
, (6)

where we suppress the z-component which is always zero.
When this photon travels under the axion background
from t till t + T , the evolved polarization components
can be calculated with the WKB approximation as

eikT

2


ei

R t+T
t �!dt

✓
1
i

◆
+ e�i

R t+T
t �!dt

✓
1
�i

◆�

= eikT
 

cos(
R t+T
t �! dt)

� sin(
R t+T
t �! dt)

!
. (7)

The rotation angle of the linear polarization plane is
given by

✓(t, T ) = �

Z t+T

t
�!(t) dt ,

⇡ 2⇥ 10�2 sin⌅ sin(mt+ ⌅+ �) g12 m
�1
22 , (8)

where g12 ⌘ ga�/(10�12GeV�1), m22 ⌘ m/(10�22eV)
and we used the dark matter density around us,
⇢DM = m2�2

0/2 ⇡ 0.3 GeV/cm3 [22]. ⌅ ⌘ mT/2 ⇡

750(c T/100pc)m22 is typically much larger than unity
and hence the factor sin⌅ is expected to be O(1).
So far, we have considered that the axion background

coherently oscillates everywhere with a constant phase
factor �. However, on larger scale than its de Broglie
wavelength

� =
2⇡~
mv

⇡ 400pc m�1
22 v

�1
3 , (9)

with v3 ⌘ v/(10�3) [23], the axion field is not expect to
show a coherent oscillation. Thus, as a simple model, we
assume that the phase factor � takes a random constant
value in each patch of the size �. If a photon travels
longer than �, namely c T > �, the rotation angle ✓ is

✓(t, T ) = �

NX

i=1

Z t+iT/N

t+(i�1)T/N
dt �!i ,

⇡ 2⇥ 10�2g12m
�1
22 sin(⌅/N)AN (�̃i) sin(mt+ const.),

(10)

where �!i has the phase factor �i of the i-th patch,

N '
c T

�
⇡

✓
c T

400pc

◆
m22v3, (11)

is the number of the patches which the photon passes
through, �̃i ⌘ �i + (2i � 1)⌅/N is shifted random vari-

ables, and AN = [(
PN

i=1 cos �̃i)
2 + (

PN
i=1 sin �̃i)

2]1/2. In-
terestingly, irrespective of m and T , the argument of
the first sine function is always huge, ⌅/N ' ⇡/v ⇡

3 ⇥ 103v3, and the factor sin(⌅/N) is expected to be
O(1) again. Since the mean amplitude hAN i is always
smaller than its standard deviation (hA2

N i)1/2 =
p
N ,

where hXi ⌘ ⇧N
i (
R 2⇡
0 d�i/2⇡)X, it is reasonable to ap-

proximate AN '
p
N .

hP i = h1
2
(�̇2 �m2�2)i ! 0

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Hu, Barkana & Gruzinov 2000; Schive, Chiueh & 
Broadhurst 2014; Hui, Ostriker, Tremaine & Witten 2017
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Äi �r2Ai = �gg� �̇(t)✏ijk@jAk
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Hunting Axion Dark Matter with Protoplanetary Disks
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We find that the polarimetric observations of protoplanetary disks are useful to search for ultra-
light axion dark matter. Axion dark matter predicts the rotation of the linear polarization plane
of propagating light, and protoplanetary disks are ideal targets to observe it. We show that a
recent observation puts the tightest constraint on the axion-photon coupling constant for axion
mass m . 10�20eV.

I. INTRODUCTION

The identity of dark matter has been one of the
most fundamental questions in physics and astronomy for
decades. Among many dark matter candidates, axion or
axion like particles (ALPs) are particularly studied for
their strong motivations in particle physics. Axion was
originally proposed to solve the strong CP problem by
Peccei and Quinn [1], while similar pseudo-scalar fields
are ubiquitously predicted by string theory and they are
called ALPs [2] (see recent reviews [3, 4]). In this letter,
we call both of them axion for short in the context of
dark matter. It is known that the axion field �(t) should
oscillate around its mass potential � ⇠ cos(mt) to behave
as dark matter, where m is the axion mass. Therefore,
to verify the axion dark matter (ADM), the mass is an
important parameter. Since its allowed region spans 28
orders of magnitude, 10�25eV . m . 103eV [5, 6], and
the optimized experiment to discover the ADM depends
on m, we need to select our target mass range to devise
a detection scheme.

Comological simulations of the cold dark matter dy-
namics tend to predict more cuspy halo profiles and a
larger number of low-mass halos than the observations
on small scales [7]. These issues are called the core-
cusp problem and the satellite problem, respectively, and
they are under intense debate. The possibility of dark
matter with an extremely small mass m ⇠ 10�22eV
attracts attention as a solution for these issues [8, 9].
Having such a tiny mass, the dark matter significantly
shows its quantum nature even on astrophysical scales,
and the quantum pressure from the uncertainty princi-
ple suppresses the smaller structure formation so that
the predictions and the observations are consistent if
m ⇠ 10�22eV [8, 10]. The fit to the rotation curves
of galaxies also favors the same mass [11]. Therefore, the
dark matters with such a small mass (called as fuzzy dark
matter) have an enhanced motivation, and the ADM is
its ideal candidate, because it is natural for axion to have
a small mass by virtue of the shift symmetry. Note that
a tension between the fuzzy dark matter scenario and

observations of the Lyman-↵ forest was pointed out [12]
which is still under discussion [13].

Several previous works attempted to test the ultra-
light ADM with m ⇠ 10�22eV by using the coupling be-
tween axion and photon, La� = �ga��Fµ⌫ F̃µ⌫/4. This
interaction predicts two di↵erent phenomena: One is the
conversion between an axion particle and a photon un-
der magnetic fields, and the other is the photon birefrin-
gence under axion background. Exploiting the former
phenomenon, axion helioscope [14, 15] and “light shin-
ing through a wall” experiments [16] are searching for
axion. Astrophysical observations of SN1987A [17] and
quasars [18] were also studied to detect the signatures
of the conversion. However, no signal is yet to be ob-
served. Since the conversion probability is controlled by
the coupling constant ga� , the previous works put the
upper bound, ga� . 10�11GeV�1 for m . 10�14eV. It
should be noted that these astrophysical constraints suf-
fer from the uncertainty of cosmic magnetic fields, be-
cause the conversion probability also depends on their
strength and structure.

In this Letter, we demonstrate a novel approach to
search for ultra-light ADM with m & 10�22eV. First, we
consider not the axion-photon conversion but the photon
birefringence. With the oscillating ADM background,
the photon dispersion relation is modified and the lin-
ear polarization plane of photon rotates, as we will see
in Sec. II. Although this phenomenon has been known
for a long time [19], the experiments for the ADM with
birefringence were discussed only recently [20]. Second,
we propose a new observed object suitable for the ultra-
light ADM search, protoplanetary disk (PPD). PPD is a
flattened gaseous object surrounding a young star, where
planets are thought to be formed. Recent study of planet
formation mechanism has been rapidly developed by in-
tense observational e↵orts with a number of new instru-
ments at optical, infrared, and radio wavebands. They
revealed that PPDs are bright simply by scattering the
central star’s light at optical and near-infrared wave-
bands [21]. This simple physics enables us to figure out
the linear polarization pattern at the source, so that cur-
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rent high-quality polarimetric observations of PPDs can
be used to diagnose the photon birefringence during its
propagation.

With our new approach the best constraint on ga� for
m ⇠ 10�22eV without the uncertainty of magnetic fields
is obtained, and we open a fresh new possibility of PPD
observations as dark matter search.

II. ROTATION OF POLARIZATION PLANE

In this section, we show that the linear polarization
plane of a propagating photon rotates under the back-
ground of the ADM. It can be shown that the equation
of motion for the photon field (i.e. the vector potential)
Ai(t,x) is modified by the photon-axion coupling La� as

Äi �r
2Ai + ga� �̇(t) ✏ijk@jAk = 0 , (1)

where ga� is the coupling constant of the photon-axion
coupling, �(t) is the background field value of the ADM
and dot denotes the time derivative. Here, we chose the
temporal gauge A0 = 0 and the Coulomb gauger·A = 0.
Ignoring the cosmic expansion, the present background
axion field is well approximated by

�(t) = �0 cos(mt+ �) , (2)

with the constant amplitude �0, the axion mass m and a
phase factor �. Note that the spatial dependence of the
phase factor �(x) will be discussed later.

Eq. (1) can be reduced if one decomposes Ai into the
circular polarization modes in the Fourier space,

Ai(t,x) =
X

p=±

Z
d3k

(2⇡)3
Ap

k(t)e
p
i (k̂)e

ik·x , (3)

where epi (k̂) = ep⇤i (�k̂) is the circular polarization vec-

tor which obeys epi (k̂)e
⇤p0

i (k̂) = �pp
0
, and ✏ijmkje±m(k̂) =

±ke±i (k̂). Then Eq. (1) reads

Ä±
k + !2

±A
±
k = 0 , (4)

with

!± ' k ± �!, �! ⌘
1

2
ga��0m sin(mt+ �), (5)

where we assume k � |�!|. Therefore under the oscillat-
ing axion background, the dispersion relation of photon is
modified and the phase velocities of the left/right-handed
modes are di↵erent. This is because the parity symmetry
is spontaneously broken by the axion field. This photon
birefringence caused by the axion background leads to
the rotation of the linear polarization plane.

Provided that a photon propagating along the z-axis
is linearly polarized into the x-direction, its polarization
components can be decomposed into the circular ones,
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, (6)

where we suppress the z-component which is always zero.
When this photon travels under the axion background
from t till t + T , the evolved polarization components
can be calculated with the WKB approximation as

eikT

2


ei

R t+T
t �!dt

✓
1
i

◆
+ e�i

R t+T
t �!dt

✓
1
�i
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= eikT
 

cos(
R t+T
t �! dt)

� sin(
R t+T
t �! dt)

!
. (7)

The rotation angle of the linear polarization plane is
given by

✓(t, T ) = �

Z t+T

t
�!(t) dt ,

⇡ 2⇥ 10�2 sin⌅ sin(mt+ ⌅+ �) g12 m
�1
22 , (8)

where g12 ⌘ ga�/(10�12GeV�1), m22 ⌘ m/(10�22eV)
and we used the dark matter density around us,
⇢DM = m2�2

0/2 ⇡ 0.3 GeV/cm3 [22]. ⌅ ⌘ mT/2 ⇡

750(c T/100pc)m22 is typically much larger than unity
and hence the factor sin⌅ is expected to be O(1).
So far, we have considered that the axion background

coherently oscillates everywhere with a constant phase
factor �. However, on larger scale than its de Broglie
wavelength

� =
2⇡~
mv

⇡ 400pc m�1
22 v

�1
3 , (9)

with v3 ⌘ v/(10�3) [23], the axion field is not expect to
show a coherent oscillation. Thus, as a simple model, we
assume that the phase factor � takes a random constant
value in each patch of the size �. If a photon travels
longer than �, namely c T > �, the rotation angle ✓ is

✓(t, T ) = �

NX

i=1

Z t+iT/N

t+(i�1)T/N
dt �!i ,

⇡ 2⇥ 10�2g12m
�1
22 sin(⌅/N)AN (�̃i) sin(mt+ const.),

(10)

where �!i has the phase factor �i of the i-th patch,

N '
c T

�
⇡

✓
c T

400pc

◆
m22v3, (11)

is the number of the patches which the photon passes
through, �̃i ⌘ �i + (2i � 1)⌅/N is shifted random vari-

ables, and AN = [(
PN

i=1 cos �̃i)
2 + (

PN
i=1 sin �̃i)

2]1/2. In-
terestingly, irrespective of m and T , the argument of
the first sine function is always huge, ⌅/N ' ⇡/v ⇡

3 ⇥ 103v3, and the factor sin(⌅/N) is expected to be
O(1) again. Since the mean amplitude hAN i is always
smaller than its standard deviation (hA2

N i)1/2 =
p
N ,

where hXi ⌘ ⇧N
i (
R 2⇡
0 d�i/2⇡)X, it is reasonable to ap-

proximate AN '
p
N .
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Figure 3. Polarization vector pattern of AB Aur. Left: polarization vectors superposed on the PI image of AB Aur in the H band. The plotted vectors are based on
6 × 6 pixel binning which corresponds to the spatial resolution and have a polarized intensity larger than 50σ . Not all the vectors are plotted and their lengths are not
to scale for the purposes of presentation. Right: histogram of angles between polarization vectors and lines from the mask center to the vector position. As a result of
Gaussian fitting, the central position and FWHM are 90.◦1± 0.◦2 and 4.◦3± 0.◦4, respectively.
(A color version of this figure is available in the online journal.)

The presence of unseen planets in the disk can also result
in perturbations which extend over the disk scale even in the
absence of GI. A low-mass planet in a disk excites a spiral
density wave that co-rotates with the planet (Goldreich &
Tremaine 1979; Tanaka et al. 2002), while a high-mass planet
opens a gap in addition to the excitation of a spiral (Lin &
Papaloizou 1986), thereby inducing a more significant, globally
extended perturbation in the disk (see Papaloizou et al. 2007,
for the review of disk–planet interaction). The gap opens when
the amplitude of the perturbation caused by the embedded
planet exceeds the order of unity. Since the amplitude of the
perturbation scales with q/h3, where qis the mass ratio between
the planet and the central star and h = H/r is the disk aspect
ratio (Tanaka et al. 2002), a crude estimate of the gap-opening
mass is q > h3. For the disk around AB Aur, the temperature
of the disk at the location of the ring gap (∼ 80 AU) is 20–30 K
(Piétu et al. 2005; Lin et al. 2006), and therefore, the disk aspect
ratio is expected to be ∼ 0.1. Therefore, a planet with a mass of
only ∼ 1 MJ (consistent with the fact that we detected no point
sources) situated in the ring gap in the vicinity of Dip A can
form a gap at these distances. Such a planet cannot be directly
seen if it is embedded in the disk equatorial plane; however,
its perturbation can induce the observed structures such as
the ring gap and the largest Dip A and is seen as “shadows”
(Jang-Condell & Kuchner 2010), while other peaks and small
dips might be due to small perturbations. Furthermore, a warp
in the inner region may be explained by the gravitational
perturbation from unseen planets (Mouillet et al. 1997). It is also
noted that there is a possibility that the inner ring is intrinsically
elliptical due to the influence of an unseen gravitating object,
which could be another indication of the presence of a planet
(Kley & Dirksen 2006). From the present data, it is rather
difficult to distinguish the cause of the elliptical shape of the
inner ring: either a warped circular ring or an intrinsically
elliptical ring. However, we consider that both possibility may
be accounted for by at least one gravitating object embedded in
a disk.

The perturbation caused by an embedded planet generally
tends to co-rotate with the planet, and therefore the deviation
of the pattern speed from the local rotation speed would be
smoking-gun proof of the existence of the planet. The pattern

speed of the spiral structure is given by

ω = 0.78
!

M
2.4 M⊙

" 1
2 # rp

80 AU

$− 3
2
(deg yr−1),

where M is the mass of the central star and rp is the orbital
radius of the planet. Such time variability can be observed for
the next several years. We note that the existence of a planet
in the AB Aur system, whose age is only 3–5 Myr, may pose
a unique constraint on the planet formation timescale because
their formation via gas accretion have been considered to take
about 10 Myr (e.g., Pollack et al. 1996).

Another intriguing explanation for the observed structure is
magneto-rotational instability (MRI; Balbus & Hawley 1998).
Although global numerical simulations of MRI are numerically
challenging, some MRI calculations show that perturbation may
extend over the disk (Steinacker & Papaloizou 2002). It is also
shown that MRI drives the disk wind which causes a significant
perturbation at the disk surface (Suzuki et al. 2010). In this case,
the timescale of variability is on the order of the local rotation
timescale, which is longer than that caused by the inner unseen
planet.

In summary, the fine structures including the double ring
structure with a warp as well as the ring gap detected by our ob-
servations most likely have an origin in planetary perturbation,
but GI or MRI can also be a promising cause of the detailed
structure. A key future investigation would be the detection of
the time variability of the structures, which can provide clues
for understanding the formation mechanisms of the wide-orbit
companions discovered by direct imaging observations around
A stars (Marois et al. 2008; Kalas et al. 2008) and a G star
(Thalmann et al. 2009; Janson et al. 2011) as well as a number
of physical processes ongoing in the active protoplanetary disk.
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useful comments leading to an improved paper. This work is
partly supported by a Grant-in-Aid for Science Research in a
Priority Area from MEXT and by the Mitsubishi Foundation.
We also acknowledge support from AST-1008440 (C.A.G.),
AST-1009314 (J.P.W.), and a Chretien International Research
Grant (J.P.W.).
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In summary, we calculated the rotation angle ✓(t, T )
of the linear polarization plane of a photon propagating
under the oscillating axion background from t till t+ T ,
and find

✓(t, T ) ' 1.4⇥ 10�2 sin(mt+ const.) g12

⇥

(
m�1

22 (N < 1)

m�1/2
22 v1/23

⇣
c T

400pc

⌘1/2
(N > 1)

, (12)

where we replaced the sine function by its standard devi-
ation for a random argument sin(⌅/N), sin(⌅) ' 1/

p
2.

Note that ⌅ � 1 is assumed in the case with N < 1. It
should be stressed that since the rotation angle oscillates
with the same frequency as the ADM field �(t), one can
in principle measure the axion mass from the photon po-
larization. This oscillatory behavior of the signal is also
advantageous to distinguish it from other various e↵ects.

III. POLARIMETRY OF PPDS

It is well known as Faraday rotation that the linear po-
larization plane of a photon propagating in a magnetized
plasma rotates. The photon linear polarization plane ro-
tates even in vacuum if CPT invariance is broken either
spontaneously or explicitly [24, 25]. In these cases the ro-
tation angle depends on the photon energy, so that one
can detect this e↵ect without knowing the intrinic linear
polarization angle at the source by comparing the angles
measured at di↵erent frequencies. In contrast, ✓(t, T )
due to the ADM e↵ect (eq. 12) does not depend on the
photon energy. To detect or constrain the ADM e↵ect,
we require the intrinsic linear polarization angle at the
source.

The best source for this purpose as far as we are
aware is PPD. From optical to near-infrared wavelengths,
(sub)micron-sized dust particles at the disk surface scat-
ter the central star’s light. Since the disk scattered light
dominates disk surface brightness in these wavelengths,
polarimetric observations can provide polarization angles
of scattered light [e.g. 26]. Since scattered light is polar-
ized perpendicular to the scattering plane, polarization
angles become perpendicular to radial vectors from the
star in observed images. For example, for a face-on disk,
polarization vectors are azimuthal direction. Even if the
disk is inclined toward the observer or has some physical
structures such as dust density fluctuations, disk regions
directly illuminated by the star will produce polariza-
tion perpendicular to the radial vectors (see e.g., [27] for
some examples of simulated polarization pattern in in-
clined disks).

In order to detect polarization from disks, high-
spatial resolution observation is necessary because low-
resolution observation depolarizes the signal. PPDs have
typically ⇡ 102 au radii. The di↵raction limit of a 8 me-
ter telescope at � = 1.6 µm is about 0.05 arcsec, which

can spatially resolve 5 au structure of PPDs at distance of
100 pc. Therefore, current telescopes have enough power
to spatially resolve PPDs, although atmospheric fluctu-
ation may make angular resolution worse. In addition,
disk radii are much smaller than the de Broglie wave-
length; therefore, scattered light is expected to arise in
the same coherent axion field.
At near-infrared wavelengths, a number of polarimet-

ric imaging observations of PPD have been performed.
These observations have demonstrated that observed po-
larimetric pattern is consistent with disk scattered light
interpretation [e.g. 26, 28]. Among these, an observa-
tion of the object, AB Aur, performed by Hashimoto et
al. [26] presents a useful data to assess the birefringence.
They showed that a histogram of polarization angles with
respect to radial vectors can be fitted by a Gaussian func-
tion with central position of 90�.1± 0�.2 and FWHM of
4�.3 + 0�.4. Within the 1� accuracy, polarization an-
gles are consistent with those of scattered light. In other
words, rotation of polarization angles due to the axion
field should be less than 0�.3 for 1�, which corresponds
to 5⇥ 10�3 radian. Therefore, the current upper bound
on the rotation angle ✓ caused by the ADM is

|✓| < 5⇥ 10�3, (13)

where the distance to the source is 162.9pc [29, 30].

IV. CONSTRAINT ON COUPLING CONSTANT

Comparing eqs. (12) and (13), we can place upper limit
on ga� .

ga� <5⇥ 10�13GeV�1

⇥

⇢
m22 (m22 < 2.5)

1.6m1/2
22 v�1/2

3 (m22 > 2.5)
, (14)

where cT = 162.9pc is substituted and sin(mt + const.)
is replaced by 1/

p
2 again. It is worth noting that to-

tal integration time of the polarized intensity image in
Hashimoto et al. [26] is 189.6 s, and hence, the oscilla-
tion of the axion field can be negligible.
In fig. 1, we show our new constraint with the previ-

ous bounds as well as the sensitivity curves of the future
experiments which are taken from a review paper [3].
One can see that we improve the constraint on ga� for
m . 10�20eV. Note that the red broken lines in fig. 1 are
the lower bound on ga� obtained by assuming the soft X-
ray excess in the Coma cluster and the transparency of
very high-energy �-ray are caused by the axion-photon
conversion [31, 32]. Although these arguments are not
necessarily firm against astrophysical uncertainties (e.g.
intrinsic photon spectra at the sources in TeV energy
range [33]), it is remarkable that our bound reach them
for the first time in this ultra-light mass region.

• AB Aurigae (cT = 162.9 pc)
mT/2 ~ 103 >> 1

• Subaru HiCHAO (near IR)
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star in observed images. For example, for a face-on disk,
polarization vectors are azimuthal direction. Even if the
disk is inclined toward the observer or has some physical
structures such as dust density fluctuations, disk regions
directly illuminated by the star will produce polariza-
tion perpendicular to the radial vectors (see e.g., [27] for
some examples of simulated polarization pattern in in-
clined disks).

In order to detect polarization from disks, high-
spatial resolution observation is necessary because low-
resolution observation depolarizes the signal. PPDs have
typically ⇡ 102 au radii. The di↵raction limit of a 8 me-
ter telescope at � = 1.6 µm is about 0.05 arcsec, which

can spatially resolve 5 au structure of PPDs at distance of
100 pc. Therefore, current telescopes have enough power
to spatially resolve PPDs, although atmospheric fluctu-
ation may make angular resolution worse. In addition,
disk radii are much smaller than the de Broglie wave-
length; therefore, scattered light is expected to arise in
the same coherent axion field.
At near-infrared wavelengths, a number of polarimet-

ric imaging observations of PPD have been performed.
These observations have demonstrated that observed po-
larimetric pattern is consistent with disk scattered light
interpretation [e.g. 26, 28]. Among these, an observa-
tion of the object, AB Aur, performed by Hashimoto et
al. [26] presents a useful data to assess the birefringence.
They showed that a histogram of polarization angles with
respect to radial vectors can be fitted by a Gaussian func-
tion with central position of 90�.1± 0�.2 and FWHM of
4�.3 + 0�.4. Within the 1� accuracy, polarization an-
gles are consistent with those of scattered light. In other
words, rotation of polarization angles due to the axion
field should be less than 0�.3 for 1�, which corresponds
to 5⇥ 10�3 radian. Therefore, the current upper bound
on the rotation angle ✓ caused by the ADM is

|✓| < 5⇥ 10�3, (13)

where the distance to the source is 162.9pc [29, 30].

IV. CONSTRAINT ON COUPLING CONSTANT

Comparing eqs. (12) and (13), we can place upper limit
on ga� .

ga� <5⇥ 10�13GeV�1

⇥

⇢
m22 (m22 < 2.5)

1.6m1/2
22 v�1/2

3 (m22 > 2.5)
, (14)

where cT = 162.9pc is substituted and sin(mt + const.)
is replaced by 1/

p
2 again. It is worth noting that to-

tal integration time of the polarized intensity image in
Hashimoto et al. [26] is 189.6 s, and hence, the oscilla-
tion of the axion field can be negligible.
In fig. 1, we show our new constraint with the previ-

ous bounds as well as the sensitivity curves of the future
experiments which are taken from a review paper [3].
One can see that we improve the constraint on ga� for
m . 10�20eV. Note that the red broken lines in fig. 1 are
the lower bound on ga� obtained by assuming the soft X-
ray excess in the Coma cluster and the transparency of
very high-energy �-ray are caused by the axion-photon
conversion [31, 32]. Although these arguments are not
necessarily firm against astrophysical uncertainties (e.g.
intrinsic photon spectra at the sources in TeV energy
range [33]), it is remarkable that our bound reach them
for the first time in this ultra-light mass region.

Hashimoto+ 2011
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FIG. 1: Constraint on the coupling constant ga� for varying
mass of the axion dark matter m. The solid line indicates
the upper bound derived in eq. (14). Blue, green, and red
regions are rejected by the experiment (CAST [14]) and as-
tronomical observations (SN 1987A [17] and Quasor polariza-
tion [18]). Black broken lines are the expected sensitivities
of future projects (ALPS-II [16] and IAXO [15]) and red bro-
ken lines are presumptive lower limits from observations (Soft
X-ray [31] and �-ray transparency [32]).

V. DISCUSSION

In this Letter, we considered the rotation of the lin-
ear polarization plane of propagating photon due to the
ADM and its observation with PPDs. Our new approach
derived a stronger constraint on ga� than the previous
works for m . 10�20eV. Although the photon birefrin-
gence caused by the ADM was also studied with the CMB
polarizations, the reported bound on ga� with a similar
axion mass dependence was 2 orders magnitude weaker
than ours [34]. It implies that PPDs are suitable obser-
vation targets to search for the ultra-light ADM, while
the connection between axion and PPDs have never been
considered to the best of our knowledge.

Furthermore, as we saw in eq. (12), the rotation angle ✓
is predicted to oscillate with period ⇠ 1.3 m�1

22 yr. If one
continuously observes the polarized light from a PPD for
a long time tobs & 1.3 m�1

22 yr, the oscillation of the angle
✓ may be seen and it can be a smoking-gun evidence for
the ADM. This property should be useful to distinguish
the ADM signature from the other potential e↵ects which
also modify the polarization pattern of PPDs. It should
be noted that the distance between source and earth L =
c T varies in time due to the relative motion and it might
distort the predicted oscillatory behavior of ✓. However,
we can measure the relative motion through the Doppler
e↵ect and correct its influence.

While the rotation angle of the photon linear polariza-
tion plane highly depends on the photon energy and the
propagation distance for the Faraday e↵ect under magne-

tized plasmas and for the CPT -invariance violation e↵ect
[24, 25], those dependences are quite weak for the ADM
e↵ect as we showed above. Furthermore, the polarization
of purely scattered radiation in PPDs can be observed in
only optical and near-infrared wavebands, and most of
well-observed PPDs are clustered in several star-forming
regions in our Galaxy so that they are at similar dis-
tances. Then in order to put more stringent constraint on
(or detect) the ADM e↵ect with our method, one should
keep increasing the sensitivity of polarimetic measure-
ments of PPDs.
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Summary & Discussion
• Axion dark matter

• m � 10-22 eV (for a solution of the structure formation problems)
• Oscillating scalar field φ(t)

• >(�axion���!"��3<K>4	):��
• -7EDA*G���$1D�IF>�K>4	'1*;
����
����#���axion�?9�B�����
• .9�@H/6���m < 10-21eV�gag�,�C��%=
•  ���50J���&8+�K>@H	2����

• For more details, see Fujita, Tazaki & Toma, arXiv:1811.03525
• See also Ivanov+2018 for a constraint from AGN jet pol., and Sigl & Trivedi 2018 

(and references therein) from CMB pol.
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Faraday rotation
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