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ABSTRACT

Context. The emission region and black hole shadow of Sagittariustiie¢,supermassive black hole at the Galactic Center, can be
probed with millimeter Very Long Baseline Interferometry.

Aims. Our goal is to probe the geometry of the emitting plasma at@&gr A* by using modeled mm-VLBI closure phase calculations
at 1.3 mm and to constrain the observer’s inclination angteosition angle of the black hole spin axis.

Methods. We have simulated images for threéfeient models of the emission of Sgr A*: an orbiting spot, & di®del, and a jet
model. The orbiting spot model was used as a test case szewaiie the disk and jet models are physically driven sciesarased

on standard three-dimensional general relativistic mgiryelrodynamic simulations of hot accretion flows. Our hssare compared

to currently available closure phase observational limits

Results. Our results indicate that more models with closer to edge&iewing angles are consistent with observational limits. |
general, jet and disk geometries can reproduce similauqgshases for dierent sets of viewing and position angles. Consequently,
the favored black hole spin orientation and its magnituges&nongly model dependent.

Conclusions. We find that both the jet and the disk models can explain ctivéBl limits. We conclude that new observations at
1.3 mm and possibly at longer wavelengths including othiangiies of VLBI baselines are necessary to interpret SgrrAission
and the putative black hole spin parameters.
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- 1. Introduction [2009b, | Mdcibrodzkaetal. | 2009, | Dexterefall 2010;
Dexter & Fragile 2011, Mscibrodzka et al. 2012, Dolence et al.
o The compact radio source at the center of the Milky Way, Sadgi012, | Shcherbakov etlal. 2012, Kamruddin & Dexter 2013,
8 tarius A* (Sgr A*¥), is the strongest candidate for a superméeBloscibrodzka et al. 2014 and references therein).
— sive black hole (SMBH)L(Ghez etlal. 2000, Genzel et al. 2010; |n addition to image reconstruction, the geometry of Sgr A*
[Falcke & Markdi [2013). Stellar orbits indicate a central obcan be constrained by using closure phases. This method-is pa
. Ject mass of about four million solar masses concentratedtigularly useful if a small number of VLBI stations is avdila
C\J @ very small volume! (Eisenhauer eflal. 2005; Ghez et al.|20Q8s is the case at present) and tivecoverage in the Fourier do-
O (Gillessen et al. 2009). Sgr A* is the closest known SMBH to Ugsain is too sparse to directly and accurately reconstriecirth
(O and it is an excellent candidate for imaging the shadow of age from the VLBI visibilities.

«— ‘event horizonl(Falcke etal. 2000) and for testing genetlatre ~ The goal of this work is to investigate the geometry of the
= tivity (Broderick et al| 2014; Ricarte & Dexier 2015). ItS@R  plasma near the SMBH using non-imaging VLBI technigues.
.— lar diameter on the sky is approximately p@s, which can be Based on various theoretical models of plasma near the SMBH,
>< resolved by the currently constructed Event Horizon Telpec e here present the expected closure phase variationséor th
— (EHT) (Doeleman et al. 2009a). current triangles of EHT stations and compare them with ob-
The EHT is a global Very Long Baseline Interferomeservational limits. The closure phases are predicted mim

try (VLBI) experiment aimed at imaging Sgr A* (and theVLBI observations for the triangle formed by baselines el
core of M87) atiA=1.3 mm and 0.87 mm (230 GHz andng existing EHT stations (CARMA, Hawaii, SMTO) at which
345 GHz, respectively). Here, the positive spectral index 89r A* has already been detected and observational comstrai
the lower frequencies changes to a negative spectral ingtst. For one of the models, which is used as a simple test
at higher frequencies, which is suggestive of the plasrnase, we also present closure phases for triangles ingléaliro-
becoming optically thin [(Bower et &l 15) and is cruciglean (IRAM PV, IRAM PdB) and American stations (CARMA,
to take an unobscured picture of the SMBH shadow a&MTO, LMT, Hawaii, Chile). Information on all of the statisn
plasma around it. Additionally, at millimeter wavelengtite is summarized in Tablg 1.

interstellar medium scattering screen smearifigots become Determining the intrinsic size and shape of Sgr A* are chal-
negligible and so the EHT promises to take sharp imagemging problems. Measurements of the source morpholaogy ar
of Sgr A*. Various theoretical models have been developd&ibhly affected by calibration uncertainties. These uncertain-
and used to construct the expected source appearance at Eefl arise from the variability of antenna gains and the atmo

wavelengths (e.g.,_Broderick & Laeb 2006, Doeleman et apheric opacity that is due to the low antenna elevatiortsatea
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needed to observe Sgr A* from the Northern hemisphere. Bestohydrodynamic (MHD) models are well suited for model-

cause closure quantities such as closure amplitude andrelosng millimeter emission that comes from the areas closetteo

phase are independent of antenna-based amplitude errdrstdack hole, and therefore regions where relativistieas are

phase shifts due to atmospheric turbulence, they are eglyenstrong. In previous work, time-dependent images of miltene

handy non-imaging tools used to determine the structure ofynchrotron emission from a 3D GRMHD accretion disk model

sourcel(Rogers etlal. 1974, Cotion 11979, Bower &t al.|2004). were fitted to mm-VLBI data (Dexter etlal. 2009). The models
These closure quantities have previously been used to cohthe accretion flow were explored to estimate values for the

strain the structure of Sgr A* at mm wavelengths. VLBI obinclination of the accretion disk with respect to the obserpo-

servations at 3.5 mm resulted in some estimates for the §izesition angle in the sky, accretion rate, and electron teatpes

Sgr A*; the data were modeled assuming a circular Gaussiafithe accretion flow. (Dexter et fal. 2010). In the work present

brightness distribution. The data were also consistertt wit here, we introduce for the first time in addition to a relaiid

elliptical Gaussian structure (with an elongation in thetmo disk model a jet model based on 3D GRMHD simulations. Our

south direction) due to interstellar scattering of a pomirse goal is to use the modeled and observed visibility closusesph

I._2001). Additional VLBI observations at 3.® place constraints on the possible structures of Sgr A*mand

mm using the array formed by theffBlsberg telescope, thetative black hole spin orientation in space.

IRAM Pico Veleta telescope, and the IRAM Plateau de Bure in- The paper is organized as follows. In S&¢t. 2 we recall basic

terferometer yielded a closure phase measurement afX° definitions and properties of VLBI visibility amplitudesisibil-

(Krichbaum et al. 2006). ity phases, and closure phases. In Sdct. 3 we present ticagret
Simulated images of jets at 7 mm (43 GHz) based on mageneral relativistic models of Sgr A*. In Seti. 4 we descitiee

els consistent with the spectrum of Sgr A* have also been canethod for simulating the closure phase observations aad th

structed and compared to 7 mm VLBI observations through clparameters we used to reconstruct the observational nafse.

sure quantities_(Markbet al.[2007). These jet models with gpresent the model appearances and the resulting closuse pha

bipolar structure, high-inclination with respect to thegliof sight  evolution for selected VLBI triangles in SeCi. 5. We disctiss

of 9 3 75°, and position angle in the sky of 108ast of north results in Secf.]6 and conclude in Ségt. 7.

produced results that are comparable to Gaussian modets fro

previously done work. Furthermore, by using 7 mm VLBI ob;

servations and closure quantities, limits have been plandte 2. Closure phases

size versus wavelength relation (Bower et al. 2004, Bowati et

[2006), where the intrinsic size of Sgr A* decreases with obse

ing wavelength following a power law with index ef 1.6. The ]

implications are that the source is optically thick and pres 2.1. Closure phase calculation

a photosphere that changes in size depending on the obsenyife visibility function is a Fourier transform of the intétysdis-

wavelength. tribution on the sky and is given by
1.3 mm VLBI closure phases have also been used to con-

strain the structure of the accretion flow of Sgr A*. Radi‘?(u V) = f 1(x.y) o 2UW) gy dy
i 1) - ] )

1)

tively inefficient accretion flow models (RIAFs, as described
[Broderick et al[ 2011b) consistent with observed 1.3 mm VLBI , _ S _ _
visibility amplitudes produced closure phases d£030° with wherel (x,y) is the intensity distribution atagiven set of coordi-
a predicted most probable value of° 8 13 (Broderick et al. natesx, y on the sky _(t_he<,_yangular coordlna_tes are left-handed,

) on the triangle of baselines formed by CARMA-SMTQ-€-, X ar_1dy are positive in east and north directions on the sky,
JCMT. VLBI observations at 1.3 mm on the same triangle &gSpectively), andi, v are the projected (also left-handed) base-
stations reported, for the first time at this wavelength,osate in€ lengths. The/(u,v) is by definition a complex function, so
phase measurement of @ 40° (Fish et al[ 2011). An increaselt has an amplitudel, and a phase;,

in the flux density during one of the nights was detected, bvhi(;/(u V)= Aeit )
is an indicator of time-variability of Sgr A* at Schwarzslthi P '
radius scales. The sum of visibility phases around a closed loop is known

Since the structure of Sgr A* still remains elusive, thas the closure phase, first introduced by Jenhi 1958). Th
work in this paper explores threefldirent emission models closure phase of a triangle formed by the baselines betwtaen s
for Sgr A* at 1.3 mm: an orbiting hot spot, a disk, and &onsi, j, andk is the sum of the visibility phases on each base-
jet model. The hot spot model is presented as a test casejrie:
compare our results with the work done by Doelemanlet al.

, where a hot spot embedded in an accretion disk cofbigk = ¢ij + ik + Bk - )
be a plausible explanation for the flares observed in Sgr A* jn nce, the closure phase is the sum of the arguments of the com
-Iﬁnﬁw&%ﬁm@ﬁﬂd (Bagahet alﬁlzzQwQWEt plex visibilities on the baselines forming a triangle oftstas:
disk and jet models, the three-dimensional general rédtitv ¢, ., — VS v v
magnetohydrodynamic (3D GRMHD) simulations are used %Jk arglV (. vi)] + argl (Ui viud] + arglV (U, via)] - (4)
model the emission of magnetized plasma accreting ontana spi  The closure phase is a good observable because it is un-
ning SMBH (Mdscibrodzka & Falcke 2013; Mszibrodzka et al. affected by phase errors introduced by individual stations due
and references therein). These 3D GRMHD models @&oeatmospheric turbulence or instrumental instabilit@snsider
investigated because they can provide a more physically-acthree stationsj,k. A blob of air with high moisture content over
rate description of the accretion flow than an orbiting haitspstationj will introduce a phase delay above this station, so that
model (Broderick & Loel 2006) or an adiabatically expandinipe fringes detected by the baselines formed bapdj will be
blob model [(Yusef-Zadeh etlal. 2009). These relativistigmashifted in phase. However, because there will also be anlequa
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but opposite phase shift in the fringes detected by stajiansl the source with the elliptical scattering Gaussian functithe

k, then the overall sum of phases over the triangle of statioBsaussian parameters were adopted from radio observations o

will be insensitive to the phase delay introduced by statiéior the source at long wavelengths at which the source is coetplet

point sources, Gaussian distributions (symmetric angtahl), dominated by the scattering (Bower etlal. 2004, 2006). We not

and annular distributions the closure phase is always @quathat the adopted scattering screen is described by a fumfciio

0° or 180. Non-zero (non-187 values of closure phase indi-which the complex visibility only has a non-zero real part.

cate asymmetries or skewness in the source structure (Mionni For each model (described in detail in the next subsections)
). For Sgr A*, on the triangle formed by the CARMA.we created frames showing the observed image of the model ev-

SMTO-JCMT baselines, a closure phase ©f2040° has been ery 10 seconds over the 12-hour observation interval (theceo

measured at 1.3 mrm (Fish eflal. 2011). is visible at various VLBI stations at fierent times). For each

model, we created frames with a resolution of 32828 pixels

of the Milky Way central 4&40Ry. TheRy = GM/c? is the grav-

itational radius of the SMBH and for Sgr ARy = 6.6 x 10*'cm.

The errors on the closure phases are dependent on the sighagrefore our modeled field of view is about 200uason the

to-noise-ratio (8\, si) of the complex visibilities on individual sky. The visibility amplitude and phase at each moment iretim

2.2. Closure phase errors

baselines (Broderick [.2011a), were computed from the complex visibility function proddce
_by a 2D Fourier transformation of the corresponding theécaet

w2 5 ™age Eol) - | |

Sj = |Vij SEFQ SEFD ’ We considered three emission models. The first, an orbit-

ing spot model, is a simplified model of a quiescent accretion
flow with a variable component to simulate a flaring event, and

where[V;j| is the complex visibility amplitudeB is the band- e computations were carried out for reference only. Therot

width, 7 is the coherence time of the atmosphere, and SE : : L .
h ’ . . ; » 0, the disk and jet models, are realistic models of emissio
is the system equivalent flux density for a given stationu¥al from an accreting black hole derived from 3D GRMHD simula-

for the coherence time, which depends on the observing wayer o 'Mckcibrodzka & Falcké 2013, Maibrodzk [ 2014

length, at these sites can range from a few seconds-t@0 s ;

undqer good weather conditiorigs (Doeleman ét al. 2002). For (ﬁjnd references therein).

work, we chose a value @&20 s. Since, as we previously men-

tioned, the closure phases are independent of phase dalays3ii. Images of the orbiting spot

troduced by atmospheric instabilities, they can be averager

timescales longer than Nevertheless, we have to take into ac- . N

count some limiting factors such as the timescales on wiieh t _ OUr orbiting spot model is similar to the spot model stud-
structure of Sgr A* and the orientation of the baselines do nigd in'Doeleman etall (2009b) (and references thereinib t
change significantly. When Sgr A* is not in a quiescent stal’é],odel_' the_ background radiation (or a qu%n
that is, flaring, these timescales could be shorter. Thewigitid  €MISSIon) is produced by a RIAF (see, e . Klet al.
is chosen to be one of the observing bandwidths for the E ) onto a spinning black hole (hereafiers the dimension-
with B=4 GHz of total on-sky bandwidth with 2 GHz per polar/€SS Spin of the SMBH). In our RIAF model, the plasma number
ization. The values for the SEFD of given observatories tbp d€NSity; the electron temperature (always defined in elecgst

from/Doeleman et al. 2000b are listed in Table 1 mass units, i.e®, = kTe/mec?), and the magnetic field strength

The noise estimates can be calculated as shown &k constantin time and have the following radial distiits:
R (1 : r.-
|_QQ§L5_91_3 L(_%S) Ne = ng(@) l'leXp(Zz/Zrz), (7)

\/4 + S+ 56+ S + 2 + S+ 56) (rad] 0, = ®O(L)—O,84 ®)
Oh.. = I al , - e ’
on (55580 (T /)72 "
(6) and
2 2

whereT is the integration time. It is important to note thag,, SB_n =[;”1nempg—Rg, 9)

is model dependent because its value depends on/thefS
the complex visibilities on individual baselines. Equafi® for Whereng, @g, andg (a parameter describing the ratio of gas to
high SN (sj, Sk, S > 1) convergesto Eq.llm almagnetic field pressurg, = Pgas/Pmag) are the model free pa-

. rameters. The RIAF rotates around the central object witlke-a K
plerian angular velocity:

1

. o , (r/Rg)¥? + a.
The theoretical emission images are produced using the gen- ) . )
eral relativistic ray-tracing method used[in Btibrodzka et al. and has a zero radial velocity. The model variable component
(2009/2014). These numerical ray-tracing calculatiomsiate the orbiting spot, as in_ Doeleman et al. (2009b), is desdriiye
the radiative transfer equations for synchrotron radietiom a & Gaussian shape of siRgyt = 0.75Rs and it is orbiting at a
thermal distribution of electrons near a black hole. Keplerian orbit at the equatorial plane of the BH at a radigs
To simulate the fects of source smearing by free elecimodel parameter). The density inside of a spot is enhanced:
trons in the Galaxy, we convolved all the theoretical imagies 12
n -0 exp| - X = Xspot ()]
! Note the typo in power in Eq.11 in Broderick ef al. (2011a). espot = Te.spot 2R? ’

'Spot

3. Theoretical emission models Qx(r,a.) = (10)

(11)

Article number, page 3 ¢f13
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Table 1. Estimated system equivalent flux densities (SEFD) at 1.3Mra.diameter is thefective aperture when the given number of antennas
are phased together. The expected SEFD values for obsgvati Sgr A* include typical weather conditions and opasiti

Facility Acronym  Facility Name Antennas  Diameter  SEFD
(m) Jy)

Hawaii 3 facilities are phased: Caltech Submillimeter @ts®ry (CSO),

James Clerk Maxwell Telescope (JCMT) and Submillimete@pASMA) 8 23 4,900
CARMA Combined Array for Research in Millimeter Wave Astamy 8 27 6,500
SMTO Arizona Radio Observatory Submillimeter Telescope 1 0 1 11,900
LMT Large Millimeter Telescope 1 32 10,000
APEX Atacama Pathfinder Experiment 1 12 6,500
ALMA Atacama Large Millimeter Array (ALMA) 10 38 500
IRAM-PV 30-m Institut de Radioastronomie Millimétriqudeascope on Pico Veleta 1 30 2,900
IRAM-PdB Institut de Radioastronomie Millimétrique inferometer on Plateau de Bure 6 15 1,600

a Upgrades to the dish and receiver will lower the SEFD of theTLihy a factor of~ 10.

where|x — Xspot(t)] is the varying distance between the photojets produced in the GRMHD simulations have two components:
geodesics and the spot center to account for a delay betWeeretjet spine and a jet sheath. The spine of the jet is strongiynera
observer time and the current coordinate time at the positfo tized and has a low matter component, and therefore it daes no
the spot (for more details on the spot model see, [e.g.. Sufait produce any detectable electromagnetic signal. The jettislie

). a thin layer of outflowing gas surrounding the empty spine, it

To check the consistency of our computations with the reoves away from the BH relatively slowly at the consideresd di
sults presented in_Doeleman et al. (2009b), we adopted free fances and is made of baryonic plasma that originates frem th
rameters of the model to reconstruct models similar to ruimer parts of the accretion disk. As a result of the much &igh
A230, B230, C230, and D230 shown in their work. Our modehatter content of the jet sheath in comparison to the spime, a
parameters are summarized in TdBle 2. synchrotron emission produced by the jet will be dominated b
the sheath component.

Both models, disk and jet, were normalized to produce a sim-
ilar total flux of approximately 2 Jansky a£1.3 mm, in accor-
dance with observations (Doeleman €t al. 2008). The rerlerma

The theoretical images of a disk and a jet were constructéation was made by changing the mass accretionvaige.,
by combining the ray-tracing radiative transfer model véiteD multiplying the matter densities in the entire model by a-con
GRMHD simulation of magnetized, turbulent plasma accgatlr‘{?tant scaling density factor)
onto a spinning SMBH4, ~ 0.94). In the 3D GRMHD sim- __ As _shown in e [(2013) and in
ulations, the magnetized jet is naturally produced by dstexMoscibrodzka et al. (2014), the firent electron temperature
ing, poloidal magnetic fields and the spinning black holee Thprescriptions in regions around the SMBH defined as the disk
plasma density and the magnetic field strength used in thia-radnd jet significantly change a single GRMHD model appearance
tive transfer models are taken directly from the simulatiorhe and the shape of its observed spectral energy distribu@oin.
synchrotron emission that we observe is most probably mediu current prescription that defines electron temperaturéssijet
by electrons. The electron temperatdrg,is not explicitly com- and disk has been slightly modified compared to that used in

3.2. Images of disk and jet based on GRMHD simulations

puted in the current GRMHD simulations and so it has to be pioScibrodzka et al. 4). This was done to obtain smoother
rameterized. In this work, we used the following prescadptior images, that is, avoid sharp boundaries between the disjeaind
electron temperatures: zones (see, e.g., Moibrodzka et al. 2015).

Since our electron temperature prescriptions in the disk an
Tp _ Cu B +C 1 (12) jet models are still robust, we time-averaged the images pro
T, CUsq + 32 €+ 2 duced by time-dependent simulations over the duration efa f

hours. Hence, any closure phase variations, based on tke tim
where T, is the temperature of protons (provided by theveraged disk and jet images, will be due to the VLBI bassline
GRMHD simulations), andl,/Te is the unknown proton-to- rotation due to Earth’s rotation and probindgfdientuv-values
electron temperature ratio. We assumed figiTe is a func- in the Fourier space. This is not the case for the orbiting spo
tion of thes plasma parameter. The coupling constéhis and model, which is fully time-dependent.
Cja« describe the proton-to-electron coupling in the weakly and
strongly magnetized plasma, respectively. In the case efkly
magnetized plasma > 1 (e.g., inside of a turbulent accretiory simulated data
disk), Tp/Te — Cais. For a strongly magnetized plasnfas 1
(e.g., along the jef)p/Te = Cja.

In particular, we assumed in our disk model that electrons The closure phase observations were simulated using the im-
are strongly coupled to protons both in the disk and in the jagjes of the orbiting spot model, the time-averaged disk mode
(Caisk = 1, Cje = 1). Since the plasma density is the highest iand the time-averaged jet model. For a given= 10-second
the equatorial plane of the accretion di€k;g = 1 will lead to  scan, the Fourier transform of the brightness distributi@as
an image with a bright disk. computed using E@l 1, and the components of the complex vis-

In the jet model, the electrons are weakly coupled to protoitility function (amplitude and phase) were obtained foctea
in the accretion diskQgis = 20), but remain strongly coupled tobaseline. The 8l for individual baselines was calculated using
protons in the jet€j« = 1); and synchrotron emission from theEq.[§ with a coherence time for the atmosphere=20 s and
jet will overcome the disk emission. It is worth mentionimgt the appropriate system equivalent flux densities given €@

Article number, page 4 ¢f13
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Table 2. Summary of parameters for four orbiting spot models (A, Ba@g D). Parameters include the black hole spiy), (the spot orbital
period (), observer’s inclination angle)(which is the angle between the observer's line of sight &edotack hole spin axis, position angle of
the black hole spin axis on the skip4, note that Doeleman etlal. 2009b defirfe#l as a disk major axis position angle, i.e., theiis offset by
+90° from our values), observing frequenoy),(ADAF flux (Disk), minimum and maximum fluxesMin andMax), electron number densityd),
electron temperaturé), gas-to-magnetic-field-pressure parameggrtbe spot orbital radius {), and the spot electron densityggpot).

ID a. P[min] i[*] PAP] v[GHz] Disk[Jy] Min[Jy] MaxQy] nJlcm®] 07 B realRgdl mgulecm™]
A O 27 30 0 230 2.1 3.02 446 3x10° 80 10 5.5234 Bx 107
B 0 27 60 0 230 2.6 2.80 444  @x10° 80 10 55234 &Hx10°
C 0 27 60 -90 230 2.6 2.80 444 0410 80 10 55234 &Hx10°
D 09 27 60 0 230 2.2 2.37 385 . 10° 80 10 5.2650 DHx 10°

Values for the closure phase and its errors were calculaied u lower values of the closure phase than large triangles aé-bas
Egs[4 andl, respectively. lines. This is simply a consequence of the scale of the feaiar

the brightness distribution on the sky and the angular utisol

that goes with the projected baseline length. Since ine¢imy
5. Results closure phases is highly non-trivial, we can only safelyatode

at this point that closure phases can be used to distingaish b

tween models with dierent position and inclination angles.

The observational noise is plotted in Hig. 2 as black points.
5.1. Theoretical closure phase evolution for the orbiting spot Here we assumB = 4 GHZ:T =10s, and—lz 20 s to calculate
model o, and generate Gaussian random noise. The closure phases

that include the Chile station assume the SEFD of APEX, hence
As a test case, we studied the radiation and VLBI observabthe noise is slightly higher than in other triangles.
produced by the orbiting spot model. Figlife 1 shows the or- Our results (curve shape, phase signs, and evolution of the
biting spot model B (see Tabl@ 2) at various moments in timelosure phases), although not identical, are roughly stersi
The panels from left to right show the image of the model, theith those presented in Fig. 5 in_Doeleman ét 09b). We
same image convolved with the scattering screen, the Nigibi conclude that our tools for calculating visibilities andslire
amplitude map with contours, and lastly the phase of théidsi phases are hereby found to be valid, and therefore we proceed
ity function. The rows representftirent orbital phases rangingexplore the brightness distribution functions that aredpozd
from 0 to 0.8 from top to bottom. by more physically driven scenarios.

The emission from RIAF that we see in the images of the
model, where the peak brightness has been scaled to 1, hasstge
shape of a crescent. The crescent is formed by light-bereding™ "
fects because the strong gravity dominates the SMBH sudroun
ings as well as relativistic Doppler beaminffeets due to the Our disk model is shown in Figl] 4. The panels, from left to
Keplerian orbital motion of the gas. Relativistic Doppleaim- right, show the intrinsic image of the disk model, its comvol
ing of the approaching plasma causes the prograde orbjiioty sion with the scattering screen, the amplitude of the viijbi
to become brighter only when moving toward the observer, (i.€unction (overplotted with contours), and lastly the phakthe
see the second panel in the first column), while the spot besonisibility function. From top to bottom, the inclinationg the
dimmer as it recedes from the observer (i.e., last two panelsdisk range from=30° to i=15C, while the BH spin position an-
the first column). In addition, the spot intensity is not ekac gle (PA) is kept at O (BH spin is pointing north). In our models,
Gaussian due to relativistidfects (time delays) of ray tracing.i is the angle between the observer’s line of sight and the BH
All the panels in the second column show a much broader agsin axis, withi=0° being face-on ant=90° being edge-orPA
brighter image of the crescent shape because of the cormluis the position angle of the BH spin axis on the sky, wHees
with the scattering screen and because of tifewrint amplitude positive in the direction west of north (see Hig. 3).
scaling. Changes in the phase of the visibility functionsirewn In Fig.[4 the disk model emission is more extended than in
in the last column. the RIAF images shown in Fi§l 1. The disk appearance is dom-

Figure[2 shows the predicted closure phase evolution (saiigited by the gravitational lensing and relativistic Dagrpéf-
red line) for the four orbiting spot models summarized in Tdects. The ring shape is evident in the top and bottom panels
ble[2. Each row from top to bottom shows models from A twith inclinations that are more face-oix=80° and 150). How-

D, and each column shows a given model for the following setver, ati=90° the disk appears as a Gaussian-like spot rather
of triangles of VLBI stations, from left to right: Hawaii-SMD- than a crescent. Another important feature to note is that th
CARMA, Hawaii-CARMA-LMT, Hawaii-CARMA-Chile, and emission is dominated by the left side of the disk. This is be-
IRAM PV-IRAM PdB-Chile. These models and specific trianeause the orbiting plasma in the disk becomes Doppler bdoste
gles of baselines were chosen to compare our results wigethas it approaches the observer. The panels depicting tHalvisi
presented in Fig. 5 by Doeleman et al. (2009b). ity function, third column, indicate that the black hole dbe

All the models display periodicity on the closure phases digeonly clearly discernible as two minima in cases when tis& di
to the short (27 minutes) orbital period of the spot aroure tlis observed face-on. The last column represents the phélse of
SMBH. However, we also observe a secular trend in the closwamplex visibility for the dfferent inclinations.
phase evolution due to the Earth’s rotation. At first glaribe, The jet model is shown in Fifll 5 (panels are the same as in
most noticeable feature of the panels in Eig. 2 is that thewks Fig.[4). Compared to the disk model, the image of a jet near
phase prediction depends strongly on the parameters cfarsethe SMBH horizon is not well represented by a Gaussian or by
a given model. Small triangles of baselines are expecteittd y a crescent, it has a more complicated structure. In the jet im

Theoretical closure phase evolution for the disk and jet
models
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Fig. 1. Images of model B al =1.3mm (herePA = 0°). Rows show orbital phases of the spot-=s01t0.2, 0.4, 0.6, and 0.8 from top to bottom.
Left to right panels show an image of the model, that imageaerd with the scattering screen, the visibility ampligdudnd the visibility phase
of the scatter-broadened images. The color intensity ferpimels in the first two columns indicates the intensity dfaton, which has been
normalized to unity. The visibility amplitude is in units d&nsky, and eighth contours are spaced by a factof@fThe last column shows the
corresponding map of the visibility phase. The range of uuasfor Cols. 3 and 4 is the same.
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Fig. 2. Closure phases at=1.3mm on various triangles of VLBI stations.flrent models of the orbiting spot are presented (from toptmin)
with parameters given in Tablé 2. Each point represents tgration time of 10s, and the same 2h period is shown excephé triangle
including the European stations. The solid red line showsctbsure phase without noise. Chile refers to the APEX teles and Hawaii refers
to 3 Hawaiian facilities phased together as described iteThb

N ponent is best visible a£90° as two spots separated by a dim-
mer disk tongue-like feature. These two spots are the foupr
of the large-scale jet.

In general, both the intrinsic and the scatter-broadened im
ages of the jet model are more extended compared to the disk
images. One contributing factor is that the accretion ratees
for the jet model is approximatelyl ~ a few x10°8Mg/yr,
whereas for the disk model is aroul ~ 10-°My/yr. These

D values are used for the normalization of the flux at 1.3 mm.-Con
observer's line of sight sequently, in our jet scenario the black hole shadow is lgle&s-
ible at all viewing angles. In the visibility amplitude pds¢he
two minima denoting the shadow are detectable regardlghs of
inclination angle. Again, the last column represents clarig
the phase of the visibility function with inclination. Fo£60°—
120, the jet model phase maps are significantlfedent from
the corresponding maps computed based on the disk images.

The closure phases at 1.3 mm for the CARMA-Hawaii-
SMTO triangle are shown in Fif] 6 for both the disk and jet
models. This is the main new result delivered by this work. In
Fig.[d the colored lines represent the predicted closursgsha
for different BH spin position angleBA is positive in the direc-
tion west of north, i.e., we rotated the images shown in tle se
ages, most of the emission is produced by the jet componentd column of Figd.]4 arld 5 in the clock-wise direction, which
The disk component is weaker, but still visible as a ring€80° is opposite of the normal convention) and the panels from top
andi=150), or as a ring plus a tongue-like feature that sweeps bottom show dferent inclinations. We present closure phases
across the near side of the black hoteg(°—120). The jet com- for PAs ranging from 0to 18C. Position anglesfiset by 180

BH spin axis

PA

Fig. 3. Geometry of our models in terms of observer’s inclinatioglan
(i) and BH spin axis position angl®A).
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Fig. 4. Images of the disk model at = 1.3mm (here BH spirPA = 0°). Rows show inclinations of 3060°, 9C¢°, 120, and 150 from top to
bottom. Left to right panels show an image of the disk modwlt tmage convolved with the scattering screen, the vigitAmplitude, and the
visibility phase of the scatter-broadened images. Therdotensity for the panels in the first two columns indicates intensity of radiation,
which has been normalized to unity. In the third column thiercimtensity indicates the amplitude of the visibility ig dnd contours are spaced

by a factor of V2. The last column shows the corresponding map of the \itsifphase. The range of uv values for Cols. 3 and 4 is the same.
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Fig. 5. Images of the jet model at= 1.3mm (here BH spifPA = 0°). Rows show inclinations of 3060°, 9¢°, 120, and 150 from top to bottom.
Left to right panels show an image of the jet model, that imeg@/olved with the scattering screen, the visibility aryale, and the visibility
phase of the scatter-broadened images. The color intefositiie panels in the first two columns indicates the intgnsitradiation, which has
been normalized to unity. In the third column the color isignindicates the amplitude of the visibility in Jy and comts are spaced by a factor
of V2. The last column shows the corresponding map of the \itsilphase. The range of uv values for Cols. 3 and 4 is the same.
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yield mirror results. We plot & =5 minute average of the clo-servational signatures such as a flat-to-inverted radiotspa
sure phase (average of thirty 10-second scans) with the-coresembling that of an AGN, changes in source size depending
sponding error bars, spanning a measurement period of abmuthe observing frequency (Bower etlal. 2004), time lags be-
seven hours. In Fidl] 6 we have included dotted lines to intdicaween flares at 43 GHz and 22 GHz indicating the presence of
a closure Ehase value af40° as was measured over a 3.5 houelativistic outflows [(Yusef-Zadeh etlal. 2006), and Chandr

interval b 11(2011). ray observations suggesting an outflow from the accretion flo
First, for both models the closure phases are the larges [ 2013) are all clues indicating the presence eff.a |
face-on viewing angles, as expected for the ring-like $tmas. In our jet models the preferred orientations that fall withi

Second, the most obviousfiiirence between the closure phasesservational and modeled closure phase limita#e0°, 30,

of the disk model and the jet model is that for the jet modey the 50°, and 180, and preferred inclinations are more edge-on, so

tend to have higher values at viewing angle§0-120. This the jet would seem to be pointing close to the plane of thelsky.

is expected since closure phases give us information abeut terms of the inclination angle, but not necessarily posidogle,

amount of asymmetric flux the source has, and we can see indlie results seem to agree with previous analyses of 7 mm data

images of the jet model (see FIg. 5) that their structure isemdhat favored a highly inclined jet (Markbet al.[2007). Regard-

asymmetric than that of the disk model. ing the systematic uncertainties in this work, it is impattaen-
Based on the+ 40° closure phase measurements btjon that we sample the parameter space sparsely in our sjodel

[Fish et al. [(2011) (dotted lines in Figl 6), models can alyeathoth the inclination and position angle change in incremeit

be constrained. For example, the disk model, at inclinatimin 30°. As a result, we do not cover the whole parameter space.

i=60° to 120 cannot be ruled out for any PAs since all hav&herefore, it would be possible to have models that are st re

closure phase values that are close to zero. For more facer@sented here and are still consistent with the closuregdimais

inclinations (30 and 150), a disk model with BH spin axis po- described.

sition angle ofPA=60°, 90C°, or 120 can be discarded since the  Furthermore, all the models investigated here have the axis

predicted closure phases fall outside the measured vdtoes. of the BH angular momentum aligned with the accretion disk

all inclinations of the jet model, position anglesPA=60°, 9C°, axis. Past work has posed the idea that the accretion disthand

and 120 are clearly inconsistent with the preliminary observalack hole angular momentum axes do not necessarily have to

tions. Other orientations require further inspection. be aligned (tilt of 18), and that it is possible to reproduce the
FigurelT depicts the same jet and disk models, but zoomirmpserved time-variable mm and NIR emission and the crescent
in into the area of interest:(13° limits from [Broderick et al. shape of Sgr A* with a tilted model (Dexter & Fraglle 2013).

(20114) are the most likely limits based on accretion flow et®d Because we have not yet investigated the dependence ofelosu
consistent with measured visibility amplitudes). Th&atence phase on BH spin, magnetic field strength (free parametard),

in the predicted values of closure phases based on the dtudiisk and black hole spin axes alignment, the conclusions pre
models can also be examined. Jet and disk geometries can repented here might change in the future if a more comprehensiv
duce similar closure phases foffféirent sets of and PA. Con- study of magnetized models and spin models is carried out.
sequently, the black hole spin orientation (and possibdysihin Finally, it is important to note that we have examined emis-
value) will be strongly model dependent. We conclude that nesion models based on standard GR, but other studies have been
observations at 1.3 mm (and possibly simultaneous obsengat conducted using a quasi-Kerr metric to predict the image of
at longer wavelengths) including other triangles of bassliare the accretion flow/[(Johannsen & Psaltis 2010, Brodericklet al
necessary to constrain the source geometry and the oi@mta2014).

of the black hole spin, for instance.

7. Conclusions

6. Discussion Disk and jet models of Sgr A* have been investigated to try to

We have constructed a number of images of the SMBH shadoanstrain the intrinsic geometry of the source by usinguwies
for various surrounding plasma configurations and have pphase values. We showed that a significant fraction of the dis
dicted the observed 1.3 mm VLBI closure phases. and jet models can be excluded for a certain combinationeof th
Previous work on RIAF models has resulted in most proparameters observer’s inclination angle and BH spin axis po
able values for the BH spin o0&, ~ 0, inclination ofi ~ sition angle. However, we cannot yet distinguish betweesk di
68 and position angles oPA ~ -52° or +128 east of north and jet models given the range of allowed parameters for both
(Broderick et all 2011b). Their values &A ~ -52° or +128 models. Similar analyses of observations and simulati@esin
would be consistent with our disk models with inclinatioasg- to be conducted at wavelengths of 0.8 mm, 3.5 mm, and 7 mm
ing from 60 to 120, but our jet model at corresponding:60°  to further constrain the emission models for Sgr A*. At these
and PA=60° west of north is inconsistent with the observationalavelengths the emission regions probed will be veffedent
limits. In previous 3D GRMHD models of a disk, although quitéo those presented here. At VLBI wavelengths longer than 1.3
dynamically diterent from the RIAF models, similar favoredmm interstellar scattering broadens the images of Sgr Aficlwvh
values ofi ~ 50° andPA ~ -23° east of north have been reportedends to dilute the structural information. At VLBI wavetghs
for instance by Dexter et al. (2010) based on visibility aitople  much shorter than 1.3 mm observations are not possible becau
analyses. the atmosphere becomes optically thick. Although the disk a
As is evident from the jet models (Fids. 6 ddd 7), the closujet models have a fierent appearance because the geometry and
phases show more variability and higher values at closede-edemission mechanism are intrinsic properties of Sgr A*, t®ns
on inclinations than for the disk models, and more possigdli tent values for the observer’s inclination angle and BH gain
for orientations are discarded if we follow the constraiftao sition angle are expected for the aforementioned wavetsngt
modeled closure phase #f13° compared to a measured closurélence, analyses of closure phases at 0.8 mm, 3.5 mm, and 7
phase of: 40°. Nevertheless, we should not be too quick to disnm will help to distinguish among the types of emission mod-
card the possibility that Sgr A* has a mildly relativistid.j©b- els. Additional measurements of closure phases in mordibase
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triangles will help us to distinguish even better among tbs-p
sible model solutions because this work was mainly focused o
the CARMA-Hawaii-SMTO triangle of stations.
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Closure Phases for the CARMA - Hawaii - SMTO triangle
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Fig. 6. Plots of closure phase values.at=1.3mm for the disk model and jet model for the triangle fornbgdthe CARMA-Hawaii-SMTO
baselines. Rows show inclination angles between the obisefine of sight and the BH spin axis with valuesieB0°, 60°, 90°, 120°, and 150
(from top to bottom) with the left column displaying the dislodel and the right column the jet model. Solid colored lirgsesent the simulated
measurements atféérent BH spin position angles &A= 0°, 30°, 60°, 90°, 120, 150, and 180 west of north (the images shown in the second
column of Figs[# anfl5 are rotated in the clock-wise diredtidhe horizontal dotted lines represent values @i’ closure phase as measured
byl[Fish et al.[(2011) over a 3.5 hour interval. The gap betvi#Er0-5 hours is due to the lack of baselines visible from Sgr Afruthis period

of time for this triangle.
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Closure Phases for the CARMA - Hawaii - SMTO triangle
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Fig. 7. Same as Fid.]6, but zooming-in into the area of interest. ThAeiyrange has been set#d 3, this limit represents the most likely values
for closure phase as shown in the models by Broderick et@L1(@). Solid lines are closure phases without noise, shaded represent the noise
for the corresponding curve.
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