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ABSTRACT

Aims. Our aim is to characterize the polarized continuum emispiaperties including intensity, polarization positiongé and
polarization percentage of Sgr A* at492 GHz. This frequency being well into the submillimeteirip where the emission is
supposed to become optically thin, allows us to see downe@tent horizon. Hence the reported observations contaangially
vital information on black hole properties. We have comgdarer measurements with previous, lower frequency obsengtwhich
provides information in the time domain.

Methods. We report continuum emission properties of Sgr Axd92 GHz, based on the Atacama Large Millimeter Array (ALMA)
observations. We measured fluxes of Sgr A* from the centriidief our ALMA mosaic observations. We used the observation
of the likely unpolarized continuum emission of Titan, ahe bbservations of Qine emission, to gauge the degree of spurious
polarization.

Results. The flux of 3.6:0.72 Jy during our run is consistent with extrapolationsrfiihe previous, lower frequency observations.
We found that the continuum emission of Sgr A*-a492 GHz shows large amplitudefiirences between the XX and the YY
correlations. The observed intensity ratio between the KK4Y correlations as a function of parallactic angle may xganed by

a constant polarization position angle-af58 +3°. The fitted polarization percentage of Sgr A* during our atzagonal period is
14%+1.2%. The calibrator quasar J1744-3116 we observed at the saht can be fitted to Stokes=1252 mJy, with 7.9%0.9%
polarization in position angle P.A. 4.1°+4.2.

Conclusions. The observed polarization percentage and polarizatioitiposingle in the present work appear consistent with those
expected from longer wavelength observations in the perfd®99-2005. In particular, the polarization position enat 492 GHz,
expected from the previously fitted 1677° intrinsic polarization position angle and (-&6.7)x10° rotation measure, is 15% which

is consistent with our new measurement of polarizationtipzsangle within . The polarization percentage and the polarization
position angle may be varying over the period of our ALMA 12may observations, which demands further investigaticth fuiture
polarization observations.

Key words. black hole physics — Galaxy: center — polarization — sulimiiter — techniques: interferometric

1. Introduction Observations of the polarization position angle and the po-
larization percentage of the synchrotron emission overadr
The sub-Eddington accretion of the nearest supermassici birange of frequency, may provide information about the geom-
hole, Sgr A* (~4x10° Mo, e.g. Schidel et al. 2002; Ghez et alry and the magnetic field configuration of the accretion flow
2005; Gillessen et al. 2009), has inspired a tremendous amd@romley etal. 2001; Liu et al. 2007; Huang et al. 2009), azw ¢
of observational and theoretical activity (see Yuan & Naray diagnose the black hole accretion rate on small scale via-der
2014 for a complete review of existing theories). This inigu iNg Faraday rotation (more below). Previous strong coirgsa
monitoring observations at multiple wavelengths to projre s On the linear polarization percentage in the 4.8-112 GHzlban
chrotron emission, which may be from the innermost part of A&gOwer et al. 1999a, 1999¢, 2001), and the detected I|.near po
accretion flow, or the footpoint of a jet (Falcke et al. 200 L larization at the 83-400 GHz bands (Aitken et al. 2000; Bower
et al. 2007; Falcke et al. 2009; Huang et al. 2009; more belog} &l 2003, 2005; Macquart et al. 2006; Marrone et al. 2006a,
and has motivated very long baseline millimeter interfeetin  2007), have given rise to a model in which linearly polarieed
observations (e.g. Johnson et al. 2015, and referencesrther diation is emitted from within a few gravitational radii amd
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Sgr A*, and is further Faraday depolarized by the ionized ac- The range ofuv spatial frequencies sampled by the 12m-
cretion flow foreground to Sgr A*. This model is supported bjrray observations is 25-570tk The system temperaturégy

the detection of circularly polarized emission in the 151dHz ranged fron~500-1000 K. The mosaic field was Nyquist sam-
bands (Bower et al. 1999b; Bower et al. 2002; Sault & Macquanted in hexagonal packing, with an on-source integratiowe tbf
1999; see also the measurements at 230 and 345 GHz by Mufi08 seconds for each of the 149 mosaic fields. We observed
et al. 2012). These observations have constrained thetimecrel1744-3116 approximately every 10 minutes for gain calibra
rate of Sgr A* to be betweenx2.0-° and 2107 Myyr~t. On tions. We observed Titan and J1833-2103 for absolute flux and
the other hand, the observed variation of Sgr A*, includengé passband calibrations, respectively.

mill_imeter flares (Zhao et al. 2003, 2004; I\/_Iarrone etal. 2006 The Atacama Compact Array (ACA; consisting of ten 7 m
indicates that the accretion may not be stationary. dishes) observations were carried out on 2015 April 30 (UTC
In this work, we report new constraints on the polarizegs:35:00.0-07:30:00.1) with 10 available antennas. Allah®
emission of Sgr A* at 492 GHz, based on Atacama Large Milennas shared an identical (Mitsubishi, 7m) design. The ACA
limeter Array (ALMA) 12m-Array and Compact Array (ACA) observations approximately covered the same field of view as
mosaic observations towards the Galactic center. Our ng hithe 12m-Array mosaic. The pointing and phase referencing ce
frequency observations provide important, long lever amtise  ter of the central field was also on Sgr A*. The correlator getu
frequency and time domains for comparison with submillimeyf the ACA observations was identical to that of the 12m-frra

ter, millimeter, and radio bands observations carried etwben mosaic. The ACA observations samplediaspacing range of
1999 and 2005. In particular, our observing frequency shbal 14-80 ki. The mosaic field was Nyquist sampled in hexagonal
above the turnover frequency at which the emission becomes gacking. Due to unspecified technical issues, the ACA olaserv
tically thin (Marrone et al. 2006b). Moreover, we are ablesi>  tions were terminated at the middle of the track. Therefitre,
ably diagnose polarizion, which provides the highest fesily  southeastern half of the observed region had a 60.6 secords o
interferometric polarization observations so far, anddeetells source integration time for each mosaic field, while the mort
of the intrinsic polarization. Our works are pioneeringitetob- estern half had a 30.3 seconds on-source integration time f
servations to probe variability, which are crucial to urel@nd each mosaic field. This led toftérent sensitivity andv cover-
the physics of Sgr A*. ages for the southeastern and the northwestern fields. hie t
Details of our observations and data reduction are providé® m observationsT sys values ranged from500-1000 K. We
in Sectior[ 2. Our results are given in Secfidn 3. In Sedtlore4 wigain observed J1744-3116 approximately every 10 minates f
address potential systematic biases, and present the dsorpagain calibrations, and observed Titan and J1517-2422 fep-ab
of our results with previous observations. A brief conabusis lute flux and passband calibrations, respectively.

provided in Sectiohls. There are currently no available single-dish data to pmvid
information on the zero-spacing fluxes for these obsematio

) . A priori calibrations including the application dfsys data,
2. Observations and Data Reduction the water vapor radiometer (wvr) solution (which is only pro

The ALMA 12m-Array (consisting of 12 m dishes) mosaic ob\-/id.ed fo_r the 12m-Array observations), antenna based passh
servations of 149 fields were carried out on 2015 April 3 librations, gain amplitude and phase calibrations, asdlate

Aq- A ; ling, were carried out using the CASA software pack-
(UTC 06:48:32.4-08:04:38.4), with 39 antennas. The aroay ¢ "UX Scaiing, , .
sisted of 19 Alcatel antennas (DA), 18 Vertex antennas (D\A9€ (McMullin et afl.' 2007|) v(ejr?mn 463'1' 1;9 gnhhané:ee theéﬂlgn
and 2 Mitsubishi antennas (PM). These observations appr |n0|s<; ra;tlo, we |rst|so_ Vg orban glpp 1ed pha ﬁjs e- b
mately covered a 580" rectangular region. The pointing and Ve€n the four spectral windows, based on scans on the pabsba

phase referencing center of the central field was R.A. (Jpod@!iPrator. We then derived gain calibration solutionse Gain
—17'45"40°.036, and decl. (J20003-29°00'28".17, which is phase solutlo_ns were (_:ierlved _separately_ for the XX an_d YY cor
approximately centered upon Sgr A*. We configured the corr&ations, while the gain amplitude solutions were derfirech
lator to provide four 1.875 GHz wide spectral windows (spwsy'€ 8verage of XX and YY correlations. We derived gain phase
covering the frequency ranges of 491.3-493.2 GHz (spw lutions fpr both individual spectral windows and avengall
489.3-491.2 GHz (spw 1), 479.2-481.1 GHz (spw 2), and 481 jectral windows together. We ultimately chose to use the la
482.9 GHz (spw 3), respectively. The observations were d&b @S the wvr solutions for the 12m-Array data in spw 1 and 3
signed to cover the Cline and the CS 10-9 line, with rest ave poorer qualities, Wh'Ch led to massive data flaggm_gwhe
frequencies are 492.16065 GHz and 489.75093 GHz, respdglVing gain phase solutions for individual spectral vang in-
tively. The frequency channel spacing was 1953.125 kizZq ependently. We also tested whether applying or not applyin
kms™1). The receivers are aligned in a parallel-linear configurﬁle wvr solutions changed the quality of our final images; ult

tion, which yielded the XX and YY linear correlations. The )(Eately altr}oqgh the ?]ierigce (\j/vas n\w/{/nimal,fyve cgor?e t%applyl
polarization of the receivers is aligned radially in theaiger LU€ WVI solutions to the 12m data. We confirmed that the qual-

cryostat, with Y being aligned perpendicular to X (privatere ities of continuum images generated from all spectral wivglo

munications with Ted Huang and Shin‘ichiro Asayama). A(gre consistent (e.g., anyfflirences are a result of the available

cording to ALMA specifications, the accuracy of this aligmine Pandwidths in spectral line-free channels). There was sifyo
ficant interference due to atmospheric lines in spw 3, tvhic

is within 2 degrees. The absolute feed alignment was otﬂair& ded | . o
from the raw data, using the CASA software package (McMullf€gdraded its continuum sensitivity.

et al. 2007) commandb.getcol (’RECEPTOR_ANGLE’), and The absolute flux scaling was derived incrementally from the
can be referenced from the ALMA Cycle 3 Technical Handyain amplitude solutions, combining all scans. The scariB-on
boold. tan were largely flagged due to interference from specmakli

Therefore, absolute flux referencing for both the 12m-Aaagt

! httpsy/almascience.eso.gpyoposingcall-for-proposalgechnical- ~ ACA observations is subject to a large uncertainty (e2f) %,
handbook empirically). This can lead to the mismatched flux levels be-
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Table 1. Observed fluxes of Sgr A* (from a vector averaging at Sgr A*ia visibility domain, prior to correction of primary beaneatuation)

Field ID Correlation Average amplitude Amplitude StandBel/iations  Parallactic angle

(Jy) (Jy) ()

18 XX 2.23 0.54 -42.4
YY 1.85 0.52

25 XX 2.05 0.54 -40.3
YY 1.69 0.51

0 XX 4.18 0.54 -23.0
YY 3.14 0.53

94 XX 2.39 0.69 5.5
YY 2.03 0.64

101 XX 1.99 0.66 9.0
YY 1.76 0.63

133 XX 1.83 0.62 28.6
YY 2.00 0.64

134 XX 1.75 0.62 29.0
YY 1.89 0.63

1The apparently higher amplitudes measured from field O tham the other fields is because that Sgr A* was observed ajppabely at the
center of field O (see Figuké 1).

tween the 12m-Array and the ACA observations, and errorsserved. A wide coverage gfduring the observations, will allow
the observed spectral indices. unambiguously fitting, P and¥.
We fitted the continuum baselines from line-free channels,

using the CASA taskivcontsub. After executinguvcontsub, .

we generated a continuum data set for each spectral Win(;ow,aol' Continuum data

averaging the line free channels. We then exported therasdith After a priori calibrations, we found that the continuum esibn

continuum data and the continuum-subtracted line dateaim-stfrom Sgr A* was significantly detected in the central 19 mosai

dard fits formatfiles, using the CASA taskport£fits. Finally, fields. To inspect the residual phase errors, we used the CASA

we used the Miriad 4.3.8 (Sault et al. 1995) tdsks to convert taskfixvis to shift the phase referencing centers of these fields

the fits format data into the Miriad data format, for furtheak to the position of Sgr A*. We observed up to+50° of residual

yses including imaging. phase @fsets, and a phase RMS-016.5. The phasefisets and

~ We then used Miriad to make synthesized images (i.e. difjiase RMS of the XX and YY correlations are consistent.

images) of the continuum using naturally weighed data fer th e attribute the phase errors to phase variations that are

12m-Array and ACA with beam widths (FWHMjnajx0min =  faster than our gain calibration cycle time, as well as pluise

0070x0742 (P.A=-88") andbmgjxtmin = 374x2!2 (P.A=78) , sets between the gain calibrator and the target source.fiisds

respectively. For the Qine, we tapered the 12m-Array data Uscorrect for these phase errors we used the Miriad tasios,

ing a Gaussian weighting function of FWHM1"5 to enhance assuming the nominal ALMA primary beam shape, to generate

the signal-to-noise ratio of the line, and then generatedsyim-  models of Sgr A* for the central 7 mosaic fields (Figlle 1). We

thesized images. For all of these images we do not make dec@iinoved the phase errors of the central 7 fields using thet¥liri

volved G line (i.e. cleaned) maps, to avoid any possibility oftask selfcal options=mosaic, with a 0.01 minute solution

uncertainties caused by tkhéean process. interval. Then, we used the Miriad taskflux to fit the ob-
served amplitudes from the visibility data. Our measuremien
for Sgr A* are summarized in Tablé 1 and Figlte 2. After self-

3. Results calibration, the averaged flux of Sgr A* at 492 GHz is-80672

Throughout this manuscript, the X and Y polarization, and- The application of phase self-calibration solutionssinot

Stokes Q, are defined in the receiver coordinate frame if npg@nificantly change the observed amplitude (or flux) raies
specifically mentioned. In the nearly ideal observatiomal - tween the XX and the YY correlations. We do not present flux

strumental condition, the polarization percentage angtiar- Mmeasurements of Sgr A* from outside of the central 7 mosaic
ization position angle of a non-variable source are relaged fi€lds due to the potential for large amplitude uncertasire

these quantities based on the following formula: duced by antenna pointing errors (e.g. up~’, according
to private communication among members in the ALMA Re-

XX =YY gional Centers), and the poorly understood primary beamnsgha
IQ —0=——— - 6=P-cos(2tf -1 -9¢)), (1) responses.

The Stokes | intensity of the Sgr A* may be varying with
whereQ denotes the observed Stokes Q flaXQ offset, here- time, however, cannot be clearly distinguished given oasent
after) is an assumed constant normalizetbat of observed flux calibration accuracy (Figurid 2). In addition, we find ttha
Stokes Q due to amplitude calibration errors or polarizetiak- Sgr A* and the gain calibrator J1744-3116 have several times
age;Pis the polarization percentag¥; n, andg are the polariza- higher fractional amplitude fierences between the XX and the
tion position angle in the sky (e.g. right ascengitatlination) YY correlations, than that of the continuum emission of fiita
frame, the parallactic angle, and the angular separatiemegen From the<100 meter baselines, the XXY flux ratios of Titan
the X polarization and the local vertical (which is known ameasured from spw 0, 1, 2, and 3, are 0.99, 0.98, 1.0, and 1.0,
Evecto). Evector of ALMA is O for the frequency band we ob-respectively. The relative amplitudefiirences of Sgr A* and
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J1744-3116 cannot be attributed to decoherence due to phase
errors. The observed XX and YY amplitudes of the gain cal- R AR AR AR RARR RARR RARRE RARRR RARRNRARRERRRS
ibrator J1744-3116 can be fitted to Stokes P52 mJy, with
7.9%+0.9% polarization in position angle P.A.4.1°+4.2°, and
a constant normalized Stokes @s®t (i.e. Q) of —0.02+0.02,
which may be caused by amplitude calibration errors or polar
ization leakage (Figufd 3). However, the XX and YY amplitsde
of Sgr A*, obtained from the inner 7 mosaic fields, do not vary
smoothly with parallactic angle. To first order, taking théen-
sity ratio of these two correlations removes the total isitgn
variations. Plotting the XX to YY intensity ratio versus par
lactic angle shows a peak at a parallactic angle2#, with an
intensity ratio close to 1 around parallactic ang@0°, From a
least square fit to constant polarization position angke ntiea-
sured XX to YY intensity ratios for Sgr A* are consistent with
the polarization percentage e14%+1.2% and a position angle
of ~158+3° (Figure[4). For comparison, previously measured
polarization position angles at 340 GHz wer#36°-163, and 29 00" 40"
showed variations on daily timescales (Marrone et al. 2p06a
The imperfect fits of Figurgl4, if not due to calibration issue p oo b oo bocedeon b oo oo
(more discussion in Secti¢n 4), may be attributed to timé- var 177457 41.0740.67  40.2 5087 394
ation in the polarization percentage and position anglesmgu RA (J2000)
the period of our ALMA observations. However we cannot ea
lly verify this WithOUt observing and calibrating the XY aiX tions. Black circle shows the field (FWHM) centered on Sgr &fa
cross correlations. We refer to _Bower et al. (2003) a_nd IVlﬂ‘a'arrocircles show the 6 fields which aré the ne)arest to the cen?iml 'ﬁh)(/a
et al. (2006a) for the observational evidence and discOSH0 iameter of these circles is 18 IDs of the fields which are covered
polarization percentage variability at the 230 and the 3#HX G i the same target source scan (i.e. a target source scafiriedioy
bands. We refer to Eckart et al. (2006), Fish etal. (2009 @& a time period bracketed by two scans on gain calibrator)abeled
inasab et al. (2010) and references therein, for modelagér with the same color. These fields were observed in a time seguef
works of the polarized emission. 18-25-0—-94—-101-133-134 (see also Figufé 2).

To determine whether there might be a spurious polarization

signal due to the heterogeneity of dishes in the 12m-Array, W 53005677 and R.A (J20003-17'45M385.885, and decl

split the 12m-Array visibility data into subsets contaiionly J2000)=—2§°59’56" 77 r.espectively We ver.ify that using the
qorrelatlon products between the DA antennas, only correg, images for estimétin&c' v t)/FC'(v ) does not change the
tion products between the DV antennas, and a subset Cmga'r}'esults, although it can chxz;(ng’e theYr\qoi’se behavior. We a¢és6 m

wecgkr)rtgi?]t(le%niggr)](tjiggrsmbsggjrz%tﬁtsDﬁo?}:]?htg:eDtxr:gt;;]t?s red the XX to YY amplitude ratio of the 12m-Array continuum
servations of Titan, using the same method. The continuum

TQIZ rﬁ;g{%ﬂg%ﬁ;etg%@?gﬁfg ;\h;r:éhDe\r/e;ﬁtggnd;ézz[?almrremission from Titan shows a3% intensity dfference between
P gns. the XX and the YY correlations. The XX to YY continuum in-

were only two PM antennas in our 12m-Array observations, fé)nsity ratios of both Sgr A* and Titan are shown in Figlre 2.

we could not reliably check the cross products indepengen ) p cl cl
Nevertheless, we found that including or not including the P Ve define[ F(v.0)dv / [ dv = FE(1), and [ F (v t)dt/

antennas does not significantly change our measuremergs. Tht = F4(v). In practice, we measure&; () / F2\(t) of the
XX and YY intensity diferences of Sgr A* observed from thel2m-Array observations from spectral channels which are-do
four spectral windows are also consistent (Fidgure 5). inated by @ emission(the case in which it is dominated by ab-
sorption is described further below), for each of the tasgetrce
. scans (i.e. every time period bracketed by two adjacentagdin
3.2. Spectral line data ibration scans)F&.(t) / FS(t) for the ACA observations were

We are not aware of any mechanism which can uniformly poldpéasured in the same way, but over the entire ACA observing
ize G line emission to a high percentage over our mosaic figh§fiod- We also measurde; (v) / Fyy(v) for every 2.5 kmst
of view. Thermal continuum emission of Titan is also not kmow*!de velocity channels, by averaging over all 12m-Arrajeint
to be polarized. Therefore, we use these observations tgegadations. Hgyvever, we were not able to obtain a meaningi co
the magnitude of spurious polarization caused by thigeoof Straint of Fi5(v) / Fyy(v) from the ACA observations, due to
antenna response in XX and YY, and polarization leakage. their limited sensitivity. Figur€]5 shows the measuFgg,(t) /

We used the Miriad taskmdiff to systematically esti- FyU(t) andFi(v) / FU(v) from our observations.
mate the multiplicative factor that minimizes thefdrence be- Extended emission from ther Gne is detected in channels
tween the XX and YY synthesized images of i a max- over a range of velocities, following a similar velocity fieto
imum likelihood sense. We note that this multiplicative -fachat of the molecular circumnuclear disk (Guesten et al.7198
tor (FS3 (v, 1)/F$4(r. 1), hereafter) can depend o, and time. Wrightetal. 2001; Liu etal. 2012, 2013, and referencesstingr
To avoid the high noise at the edge of the 12m-Array m&xamples of the Cline velocity channekynthesizedmages
saic field, we limited the derivation d¥$} (v, t)/FSU(v,t) to a from the 12m-Array observations, are given in Figire 6. The C
box-shaped region containing the most significane@ission. emission will be discussed in more detail in a separate paper
The coordinates of the bottom left and top right corners @fiu et al. in prep.) However, we found that for several vétipc
this region are R.A. (J2008)17"45™415.332, and decl. (J2000) channels arounus;~20 kms?, the extended Cl line emission

Decl (J2000)
W
Q

T ‘ UL ‘ UL ‘ UL ‘ L ‘ L
N
11 ‘ N I ‘ N I ‘ N I ‘ N I | ‘ N I |

Efg. 1. The central 7 mosaic field of views of the 12m-Array observa-
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Fig. 3. Fittings of the (XX-YY)I intensity ratio of quasar J1744-3116, to determine pp#dion percentages and polarization position angles. The
best fits of polarization percentage, polarization positiagle (in the receiver frame; P.A.), and a constant noredlStokes Qffisets (Q dset),

are provided in the upper left of each panel, which are remtesl by a black curve. For each observed frequency, erfditted quantities were
determined by one standard deviation of fittings of 1000 eamdealizations of noisy data. Gray lines in each panel pletye100 of the random
realizations.

from the Galactic center is nearly completely absorbed bg-fo from vis, = 20 kms? (Figure[5), is 0.043. For the veloc-
ground gas. In these channels, the dominant feature isgtisor ity range in which we significantly detected,Ghe value of
against the continuum emission of Sgr A*, which is not spigtia [Max(Fgi(v) / FSU(v) ) - MeanF5i(v) / FSL() 1/ 05 is 7.8
resolved by our observations. (Figure{ﬁs. We have visually inspected the XX and YY intepsit
Atthe same velocity as the absorption we detect a local maraps (**(v.t), I"Y(v,t)f3, and the residuaR(v,t) = I**(,1) -
imum of FE.L(v) / FSY(v) (Figure[5). The local peak value of(F3y(%1) / FE4(,1))xI"¥(x,1). Based on the statistics of pixel
FS!(v) / FSL(v) is ~1.3 (or 0.11 in logarithm). This peak valugvalues and the visual inspection of images, we foundffat),
of FSL(v) / FSL(v) is consistent within & with the XX and YY and its time integration, are consistent with thermal no@e
continuum intensity ratio of Sgr A*, measured from the infier the other ha?d,xwxe found tha\t{jor spectral channels away from
fields mosaic of the 12m-Array observations. In fact, theehr Visr~20 Kms=, 177(,1) —1.3<1 "(v, 1) presents significant (i.e.
most prominent absorption line features afagainst the con- >37) features of over subtraction. L L
tinuum emission of the Sgr A*, consistently present a deeper Figure[3 ar_1dD7 may be understoog con5|der|ng the radiative
absorption in XX correlation than in YY (FiguEé 7). In the ACAlansfer equatiof = (Tex— Tog)(1 — €), whereTy, is the ob-

observations, the fference of the absorption line intensities bes"Ved Cbrightness temperatur@ey is the gas excitation tem-
tween the XX and the YY correlations, are lower than tle 1PETalUreIpg is the background brightness tempergture,a_m:i
noise level of the ACA observations ' the optical depth of gas. For the foregroundBsorption against

! . 9¢ . o
F%((V) / F%{(V) is close to 1 in the remaining Velocitythe continuum emission of Sgr A%, it is safe to assume That

channels with significant emission. The standard deviatibn 2 Herel*XYY(y,1) refers to the intensity maps taken at a specific time
F () / FSU(v), of', measured from velocity channels away, rather than time variation of intensity at any specific posi

v 1
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e Fig. 4. The normalized intensity ffierence of the XX and YY correla-
0.9F ACA Titan = tions of Sgr A*, observed by the ALMA 12m-Array (symbols),caa
0.8E . ‘ ‘ ‘ ‘ ‘ black curve representing our best fit to these data. Theaoisblariza-

380 400 420 440 460 480 tion percentage and polarization position angle obtaineah four best
Time — UTC 2015.April.30 (minutes) fit model are 14%1.2% and 158t3°, respectively. Gray curves show

50 independent random realizations of models with congialariza-
tion percentage and polarization position angle, whichrattarize the
Fig. 2. Top :—Fluxes of Sgr A*, measured from images made usingrror bars we give. We caution that these quantities areutigtdon-
only the inner 7 12m-Array mosaic fields, and the flux of Sgr Adrh  strained without the measurements of the XY and YX correfeti
an average of the ACA observations, are both plotted agtinst Error
bars in the horizontal direction represent the scan duratiertical er- jntensity diferences between the XX and the YY correlations
ror bars in the upper panel include both the uncertainty erptiinting observed from the-492 GHz continuum emission of Sgr A*

( ~1”) and the uncertainty on the primary beam response funcfiog. . 1 cont . - 0 0 - .
vertical error bar of the ACA data additionally includes aequdial 20% (dlff(IXXYY)’ hereatter), implies &14%:1.2% lower limit on its

absolute flux calibration uncertainty, relative to the 12may obser- Polarization percentage.

vations. Horizontal error bars for the continuum data oftBm-Array Potential causes of the observed( (;2\1(\() are synchrotron
observations are shorter than the symbol sémitom :—The intensity emission from ionized gas close to Sgr A* (Falcke et al. 1998;
ratio between the XX and the YY intensity maps derived fromebn-  Ajtken et al. 2000; Bower et al. 2001, 2003; Marrone et al.
tinuum and the dine observations are plotted against time. Filled blacgooﬁa; Bromley et al. 2001; Liu et al. 2007; Huang et al. 2009)
and green symbols show the 12m-Array measurements fromSgidh - insirymental fects including (1) beam squint, (2) relative
Titan, respectively. Errors are negligibly small for thepshot on field drifts of instrumental gain amplitude between the XX and YY

0, which is centered on Sgr A* (see Figlife 1). Thdiz measurements |ati 3) oh d h f : i
are averages from high/!$ spectral channels (see also Figure 5). Thefforrelations, (3) phase decoherence for a certain potaniza

vertical error bars are given byl standard deviations of the intensity@nd (4) primary beam polarization. As addressed in Setlion 2
ratio, which were derived from those higi\Sspectral channels. we find no evidence that the decoherence due to phase errors ca

lead to the diterences of intensities measured by the XX and YY
. o ] o ) correlations. In addition, our analysis of theli@e emission has
is negligible, and the gas optical depths identical for the or- ryled out the possibilities that the relative drifts of imshental
thogonal linear polarizations X and Y. The assumption of thgyin amplitude as well as thefects of phase decoherence can

identical gas optical depthfor the X and Y polarizations can bejgad to the observed S ) in continuum emission (Section

.. . . XXY
supported by the observed XXY ~1 from emission line (Fig- 37y Beam squint does not apply to the observations on e ce

ure[B). Therefore, thei@bsorption line ratio of the XX and YY 44/ field (field 0, see Figur 1). The observeﬁ(dlf(‘;gh) from
correlations, is expected to be nearly identical to th¢ WKflux ¢ qther mosaic fields also appears too big to be explained by
ratio of the continuum emission of Sgr A*. beam squint, unless the actual primary beam response dascti
of the ALMA antennas seriously deviate from the present unde
. . standing. Nevertheless, the comparisons of tkigl Q‘Qﬁw) taken
4. Discussion from the pairs of fields (18, 25), (94, 101), and (133, 134)chh

The significant dierence between the XX and YY correlationg/ere observed closely in time, empirically provide a limittbe

can be used to make a reliable determination of Stokes Qsggle of beam squintiects (FiguréR). On the other hand, each
492 GHz. However, lacking the cross-correlations XY and Yo exposures of these three pairs of fields show rather sonsi
which were not sampled in these observations, we are not aigtt dif(I5&Y), which may indicate that there is no significant
to determine Stokes U. Nevertheless, the ALMA observatiowariation of polarization on the very short timescales by
give a meaningful lower limit on the linear polarization ¢tion their time separations. Primary beam polarization canxyuitgn

uum emission from Sgr A* at this highest frequency that hae observed highestfiil$%Y,,) from the central field (i.e. Field
been studied in polarization there with any submillimet@ndts 0, see Figur€l2), and cannot explain the frequency depeadenc
available on interferometer arrays to date.. The maximuthef of F%((v)/ FS'Y(V) (Figure[®). We are not aware of other instru-
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Fig. 7. The G line spectra taken from a single synthesized beam area
. i surrounding the Sgr A*. Blue and red lines present the XX antl Y
L T ALEEEE PRI TPy polarizations.

0.0 ,'{‘W'-%ﬁ. e
' mean=0.996 &° Tewe
[ slope=—2.8e—4 N square fitting of our measured polarization position ang#9a
i . o GHz, together with the records provided by Bower et al. (2003
S e o] 2005), Macquart et al. (2006), and Marrone (2006a, 200&)yi
] x0=167+7°, and RM of (-4.9+1.2)x10° rad nT2, which essen-
—0sr B tially cannot be distinguished from the aforementioneuhfitte-
I o o 1 sults of Marrone et al. (2007), and the resultg©£168°+8° and
e | RM=(—4.4+0.3)x10° rad nT2 given by Macquart et al. (2006).
| . | We note that there is a discrepancy between the intrinsic po-
N R R N larization position angle determined with millimeter arubs
—100 o 100 200 millimeter band observations, and that determined withr nea
velocity (km/<) infrared observations (Eckart et al. 2006; Shahzamania. et
—_ 2015). Assuming a thin Keplerian rotating disk geometryhef t
E accretion flow, and the toroidal magnetic field perpendictda
E the rotating axis, this nearly 9@lip of polarization position an-
E gle may be interpreted by the spatially (projected) shitteth-
* . -~ E inant polarization emission area, when the observationgemo
E 0,.-".,)‘,* K E gradually from the optically thicker (low frequency) to tbpti-
F ‘ e o o = cally thinner (high frequency) regime (e.g. Bromley et &02;
100 0 100 200 Liu etal. 2007; Huang et al. 2009). Therefore, at which ekaet
velocity (km/s) guency the 90polarization position angle flip occurs, will pro-

Fig. 5. Top panel shows the derived intensity ratio between the X a¥{/d€ & particular important constraint on the property @ #c-
the YY correlations FC. (v)/FS! (v)) from Ci line velocity channesyn- ~ cretion flow model. By comparing the Stokes | flux we detected
thesizedmage, as a function ofs;. We overplotted the XX and YY in- at 492 GHz with the previous observations at lower frequesci
tensity ratios derived from the continuum data of the inng2i-Array  (Marrone et al. 2006b), we found that the 492 GHz emission is
mosaic fields (dashed lines, color coding the four spectiatiows). very likely to be in the transition from the optically thick the
The large scattering in the redshifted and blueshifted enelbecause optically thin regime of the spectrum. Our 492 GHz measure-
ch| did ngt detect Cemission or absorption and therefore fittings ofnent does not yet present the suggestedfigd of polarization
E.Xxh(")/ Fyv(v) d'? ”r?t CO“I"erged\éve Peg‘;ged "Eea(; :jegr.es.s'on for thsosition angle, which may suggest that the blueshiftediitiee
igh SN spectral channels, and derived thestandard deviation(")) 4 ccretion flow does not yet fully dominate the polarized siois
pf the d(ferer)ces from the regression line. Results of Ilnear.rergrraassat this observing frequency (Huang et al. 2009). Nevertisele
is shown by light blue symbols. We pldEg.(v)/FEL()) / (') in the erving Irequency g et al. -
bottom panel. our observing frequency may not be high enough to reseaech th
turning point of polarization position angle, which is exfed
to be>1 THz in some recent radiative transfer modelings (Liu
mental defects which can cause similfeets, and consider po-et al. 2007; Huang et al. 2009). In addition, the comparison o
larized synchrotron emission as the most probable exptanatthe Stokes | fluxes is subject to the large time separations of
for the d'lf(lfggw) we measured from Sgr A*. those measurements. Therefore, whether our 492 GHz observa
The ~14%+1.2% polarization percentage and 158> po- tions were indeed probing the optically thin regime is uteier
larization position angle of the continuum emission of Sgr AResolving the nature of this discrepancy will require fetao-
appear realistic when compared with previous (sub)miliene ordinated monitoring observations.
observations at other frequency bands (Aitken 2000, Bower e We point out that the polarization position angle observed i
al. 2003, 2005, Marrone et al. 2006a, 2007), despite thes lathe 230 GHz band is reported to present a larger time variabil
time separations of these observations (Fidurél8, 9). Ia p#y than that observed in the 340 GHz band (see also Figure 8).
ticular, Marrone et al. (2007) reported the fitted intrinpic- Bower et al. (2005) favored an interpretation in which theara
larization position angleo=167+7° and the rotation measuretion is attributed to variations in the medium through whilh
RM=(-5.6+0.7)x10° rad nT2, which inplies a 15§° polariza- polarization propagates (i.e. the variation of rotatioramee),
tion position angle at 492 GHz. This is consistent with ouwneand thereby proposed a scenario of a hot and turbulent autret
measurement of polarization position angle within. Least flow. On the contrary, Marrone et al. (2007) argued that the ob

Log(XX / YY intensity ratio)

significance
a N M~ O O
I
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served time variation of the polarization position anglenisre s0o T
likely due to the variation of the emission source. Since W o
have a single epoch of observations at 492 GHz, it is probable
that the consistency of our observed polarization posgiogle
with the extrapolation of the previous observations is ryese
coincidence. We cannot yet distinguish between these two pro g
posed scenarios, which require future multi-epoch obsiens
We note, however, that these two scenarios are not mutually e2
clusive. o
As indicated in recent studies, Sgr A* is believed to be the
source for the major events episodically along with largeefla
emitting luminosity up to 1642 ergs?. The time-interval be-
tween these events is about 100 year suggested by the frontsof
fluorescent X-ray propagating away from Sgr A* (Ponti et als
2010; Clavel et al. 2013). Such extraordinary X-ray flares ar’é
also expected from the statistical analysis of the flux-dgns s _
fluctuations observed in the past decades in the near IR bapd
(Witzel et al 2012). In comparison to the measurements made
about 10 years ago, our new measurements of the rotation mea-
sure with the ALMA may imply that both the accretion rate to i
and the magnetic configuration around Sgr A* have not been 7200{,
significantly changed in the past decade. No extraordinargs| o R I B B
have been found from the monitoring programs in multiple 100 200 300 400 500
wavelengths from radio, submillimeter, IR and X-ray lavegh frequency (GHz)
in the past decade. Our current results may be expectedigen ;g g The observed polarization position angle of Sgr A* at 492 GHz
inactivity. We note that the total flux may have varied4§0% s compared with prior data from Aitken et al. (2000), Bowérak
during our observations (see Figlide 2). This might alsolres{poo3, 2005), the mean of Macquart et al. (2006), and Mareggre.
from pointing errors or other calibration problems in theke (2006a, 2007). The polarization position angles of the Macget al.
servations. More frequent calibrations in future obséovatvill  (2006) data were unwrapped byl80. We overplot the mean fitted
be more robust for addressing this point. intrinsic polarization position angle the and rotation swea by Mar-
Finally, our simple analysis technique may also be appliéene et al. (2007), and the updated fit including our measenerat
to ALMA observations of quasars used for gain calibrations, 492 GHz. Gray curves show 50 independent random realizatitich
order to generate a large database of rotation measurasilrsi characterize our fitting errors. We note that our fitting ersanot well

technique has been used to estimate rotation measure of lggg]ed because our observations did not include the XY andréxs
q correlations. We omit error bars due to the crowded datatgoftow-

1830-211. For details see Marti-Vidal et al. (2015). ever, we note that the scattering of data points due to dgiiaserved
time variations (e.g. Bower et al. 2005, Marrone et al. 20@687), is

. more significant than the measurement errors. Therefoeedata we

5. Conclusions present in this figure are adequate for providing a sense_crga‘rt&inties

We have performed Band 8 (479-482 GHz; 489-493 GHz) mif-rotation measure. The same arguments are also appligduref.

saic observations towards the Galactic center, using tHed AL N . _ o

12m-Array and the ACA. The observed Stokes | flux of Sgr A* g0Sition angle P.A= 4.1°+4.2 from the gain calibration quasar
492 GHz is 3.60.72 Jy. We found that the continuum emissiof1744-3116, which was observed at the same night with Sgr A*.
of Sgr A*, and the Cabsorption line against Sgr A*, exhibit sub-acknowledgementswe thank our referee for the very precise and useful opin-
stantial intensity dtferences between the XX and the YY correens. HBL thanks ASIAA for support. HBL thanks Yu-Nung Su five help

lations. However. the XX and YY intensities of the kDie emis- When organizing the observational proposal; and thanksHuging for some
' h basic discussion made in 2004-2006. This paper makes ude dbllowing

sion are essentially identical, at all velocity channelswich (s 2 ADSIAO.ALMA 2013.1.00071.S. ALMA is a partnership of ESO
there is significant emission and over the entire time pesfdle  (representing its member states), NSF (USA) and NINS (Japagether with
12m-Array observations. The maximum value of the observ8&8C (Canada) and NSC and ASIAA (Taiwan), in cooperation with Repub-
intensity dfferences from Sgr A* |mp||es ald%+1.2% lower lic of Chile. The Joint ALMA Observatory is operated by ESOJMNRAO
imiton the polarization percentage. A comparable or higiwe 250 MA0), Ve herk aron yane and Toas e fr povirigaton
larization percentage of the continuum emission of Sgr AXs  oshi Nagai, Dirk Petry, George Moellenbrock and Charledl fn providing
pected from prior observations at other frequencies (B@wal. clarification on the ALMA feed orientation.

2003, 2005). The intrinsic polarization position angle ee\ed
from the observed XX to YY intensity ratios is167°, which
is surprisingly, in good agreement with the polarizatiorsipo eferences
tion angles reported by the SMA observations at 230-340 GI—PFZ

about one decade ago (Marrone et al. 2006a, 2007). Theyeféitsen, D. K., Greaves, J., Chrysostomou, A., et al. 2000] 484, L173

we attribute the observed intensityfférences to linearly polar- Bo‘gg g‘é;' Backer, D. C., Zhao, J.-H., Goss, M., & Falcke 18993, ApJ,
ized synchrotron emission from hot ionized gas immediatety pgoyer, G. C., Falcke, H., & Backer, D. C. 1999b, ApJ, 523, L29
rounding Sgr A*. We found that the polarization percentafje Bower, G. C., Wright, M. C. H., Backer, D. C., & Falcke, H. 189%\pJ, 527,
our observing frequency may be varying over the time period851 _

of our 12m-Array observations. Improved constraints orapol Bower':f' C., Wright, M. C. H., Falcke, H., & Backer, D. C. 2004pJ, 555,
ization will require new measurements that include the X¥ argower, G. C., Falcke, H., Sault, R. J., & Backer, D. C. 2002) /71, 843
YX correlations. We also detected 7.9%.9% polarization in Bower, G. C., Wright, M. C. H., Falcke, H., & Backer, D. C. 20@%J, 588, 331

eqgr

sition

. chi_0=167 deg, RM=-5.6e5 rad m~? (Morrone+07)
. chi_0=167 deg, RM=—4.9¢5 rad m~ (This work)
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Fig. 9. The observed polarization percentage of Sgr A* at 492 GHz is
plotted with prior data from Aitken et al. (2000), Bower et €003,
2005), the mean of Macquart et al. (2006), and Marrone e2aD@a,
2007). We overplot the power-law models with indices of 2.0, 2.5
and 4, which were presented by Bower et al. (2003) with dabhes.
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Fig. 6. Left to right columns show the XX, YY , XX - YY, and XX a®'(»)YY synthesizeihtensity maps of selected velocity channels. These
images were generated using the 12m-Array data only (S€8jicand were further tapered by a Gaussian weighting fomaf FWHM = 17/5.

The G line emission close ta,,~20 km s? is subject to foreground absorption, such that the imaged@minated by the point-like absorption
signature against Sgr A*. Extended é@nission features surrounding Sgr A* are present away figm20 km s,
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