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ABSTRACT

Context. The black hole at the Galactic Center, Sgr A*, is the protetgpa galactic nucleus at a very low level of activity. Itsicad
through submm-wave emission is known to come from a regiosecio the event horizon, however, the source of the emissaiitl
under debate. A successful theory explaining the emissibased on a relativistic jet model scaled down from poweytialsars.
Aims. We want to test the predictive power of this established jetleh against newly available measurements of wavelength-
dependent time lags and the size-wavelength structureriA’Sg

Methods. Using all available closure amplitude VLBI data fronffdrent groups, we again derived the intrinsic wavelenggteddent
size of Sgr A*. This allowed us to calculate the expected dezpy-dependent time lags of radio flares, assuming a rafhige o
and outflow velocities. Moreover, we calculated the timeslagpected in the previously published pressure-drivemjetel. The
predicted lags are then compared to radio monitoring obsiens at 22, 43, and 350 GHz.

Results. The combination of time lags and size measurements implyidlynmelativistic outflow with bulk outflow speeds o3 ~
0.5 - 2. The newly measured time lags are reproduced well by thagetel without any major fine tuning.

Conclusions. The results further strengthen the case for the cm-to-mnewaslio emission in Sgr A* as coming from a mildly
relativistic jet-like outflow. The combination of radio terlag and VLBI closure amplitude measurements is a poweewl tool for
assessing the flow speed and direction in Sgr A*. Future VLRI time lag measurements over a range of wavelengths wéhtev
more information about Sgr A*, such as the existence of agetie, and measure the detailed velocity structure of aivistc jet
near its launching point for the first time.

Key words. galaxies: jets — galaxies: active — galaxies: nuclei — blaale physics — Galaxy: center — radiation mechanisms:
non-thermal

1. Introduction event horizon (Falcke et al. 2000; Huang et al. 2007; Bra#teri
& Loeb 2006). However, until recently no structural inforioa
5s available for Sgr A*. At wavelengths shorter than thahef
ubmm-bump, the resolution of current telescopes idfiitéent
bnd at long wavelengths, where high-resolution very lorggba
§ine interferometry (VLBI) techniques can be used, the seur
structure is blurred by interstellar scattering.

The Galactic center hosts by far the best constrained su
massive black hole candidate: the compact radio source Sgr
(see Melia & Falcke 2001, for a review). Its mass is believed
be around 4< 10°M,, based on stellar proper motion measur
ments (Schodel et al. 2002; Ghez et al. 2005). Linear paari
tion measurements indicate that it is extremely underfétt, an
accretion rate of less than 1, /yr (Agol 2000; Bower et al. This ambiguity has led to a longstanding debate about the ac-
2005; Macquart et al. 2006; Marrone et al. 2007). The aammetitual nature of the Sgr A* emission. One class of models sugges
rate and low radio flux put Sgr A* at the tail end of the locahat the radio through X-ray emission is caused by accrétirig
luminosity function (Nagar et al. 2005) of low-luminositgtae  plasma flowing into the black hole (Melia 1992; Narayan et al.
galactic nuclei (LLAGN). This makes Sgr A* an ideal labongto 1998; Quataert & Gruzinov 2000). On the other hand, it has bee
to study supermassive black hole physics in the quasi-ceiies suggested that Sgr A* resembles the compact radio cores of ac
state in which most galactic nuclei exist today. tive galactic nuclei (AGN) and therefore most of the emigsi

Sgr A* has been detected at radio (Balick & Brown 19743ssociated with a (mildly) relativistic outflow or jet (Reyids
and now near-infrared (Genzel et al. 2003) and X-ray wavg-McKee 1980; Falcke et al. 1993; Falcke & Biermann 1999;
lengths (Bagan@ et al. 2001). The radio spectrum of the sourcEalcke & Markdf 2000; Yuan et al. 2002).
is variable, slightly inverted, and peaking in a submm-bump
which originates close to the event horizon (Zylka et al. 299  Only recently have measurements of the intrinsic size of
Falcke et al. 1998, 2000; Melia & Falcke 2001; Miyazaki et agr A* become available (Bower et al. 2004; Shen et al. 2005;
2004; Eckart et al. 2006). The latter is of particular impage Doeleman et al. 2008), providing crucial new input. The new i

since it may eventually allow imaging of the shadow cast ley tirinsic size measurements agree well with the predictidriseo
traditional jet model (Bower et al. 2004; Marfkeet al. 2007),

Send offprint requests to: H. Falcke, e-mailH.Falcke@astro.ru.nl  however, a direct confirmation of an outflow is still lacking.




Clearly, additional information is required to determihe t
speed and direction of the flow responsible for the emissioni 1 00C= L IR N IR |
Sgr A*. Such additional information has now become avaéabl
with the first reliable time lag measurements of radio owgtsur 100
at different wavelengths (Yusef-Zadeh et al. 2006a, 2008).The
observations show that high radio frequencies lead therloave
dio frequencies by some 20 minutes around 43 GHz. Becauge 10
the radio emission is considered to be optically thick duésto @
flat-to-inverted spectrum, and the synchrotron loss timlesis N 1
much longer, the radio flux variations are tracing actuahadi n
batic expansion or contraction of the emitting plasma. Bhis 0.1
nario is in marked contrast to observations in the opticglig
part of the spectrum at near-infrared (NIR) and X-ray bands, (.01
where the cooling time scales are faster than adiabatideset 0102 05 1 2 5 10 20
higher frequencies, observations (Marrone et al. 2008;d3eod
Eden et al. 2008) show a near simultaneity between NIR and X- A[cm]
ray flares within minutes and a delay between XAMR with
respect to the radio emission on ther order of hours. Theatape
tion therefore is that radio timing observations trace Iplidsma
properties, while X-rajNIR variability is dominated by heat-
ing and cooling of particle energy distributions in the pi@s Langevelde et al. 1992; Lo et al. 1998; Bower et al. 2004) the
Which physical parameters determine a potential lag betwegctual source sizgsg . is given by
X-raygNIR and radigsubmm (Marrone et al. 2008), is not im-
mediately obvious. = a2 _ 42 1

In this paper we focus on the radio time lag data and sifggw Pobs ™ Fscar @)
measurements to obtain information on the plasma flow speadheregqns andgscaare the actually observed and the expected
To do this we re-derive the intrinsic size of Sgr A* by comiigi  scattering size respectivelyscacan be obtained by measuring
all existing VLBI data in Sec. 2.1, thereby resolving soméhef the source size at long wavelengths, where the intrinsi isiz
apparent discrepancies between the results fééréint groups negligible, and extrapolating with 2°-dependence to shorter
in the literature. We then compute the predicted time lags faavelengths. The validity of this extrapolation of thelaw has
various inflowoutflow speeds in Sec. 2.3 and present time ldgeen discussed by Bower et al. (2004) and demonstrated using
predictions of the canonical jet model in Sec. 2.4. Here e althe measured Gaussianity of the scattered image.
present the only analytical velocity profile of a pressurigenh In the following we employ this procedure using all currgntl
jetin a closed form. The predictions are then compared Wwih tavailable data, and discuss the origin of apparently cainftic
data under the assumption that the region causing the ilariakesults for the wavelength-size structure of Sgr A*.
ity roughly follows a similar size-frequency relation agsey There are currently only four papers which contain reli-
VLBI, tracing the bulk of the plasma. Our main conclusions arable majorand minor axes for Sgr A*. Bower et al. (2004)
then summarized and discussed in Sec. 3. for 46 cm to A7 mm data, Bower et al. (2006) fa24 cm to
A17 cm data, and Shen et al. (2005) and Shen (2006)13or
mm andA7 mm data. Sizes at wavelengths longer than 20 cm
are from VLBA closure-amplitude measurements and at longer
wavelengths high-quality VLA data is available. There soah
2.1. VLBI size of Sgr A* closure amplitude size a3 mm from Doeleman et al. (2001),

however, that was only reliably obtained for a circular Gaas

The radio size of Sgr A* is extremely fliicult to determine source and has been superseded by Shen (2006), who fit an ellip
for several reasons. The radio source itself is very com@adt tical Gaussian. In addition there was one older measureatent
hence VLBI techniques have to be used, where radio telescope.3 mm, by Krichbaum et al. (1998), based on a single baseline
with separations of several thousand kilometers are coedbirjetection. The latter has now been superceded by a moretrecen
to obtain interferometric information of the source stwret detection by Doeleman et al. (2008), based on three baseline
However, the major high-frequency VLBI telescopes are & thand higher signal-to-noise ratio. Th&.3 mm observations yield
Northern hemisphere, making Sgr A* a low-elevation sourge smallest sizes and the largest excursion from the sicatte
which is dificult to calibrate. Moreover, the source is located ifaw. We therefore include these data points in our analysis f
the Galactic center behind a large scattering screen tbatlbr completeness, even though they do not represent a closure am
ens the intrinsic source size significantly at long wavelesg plitude measurement and one cannot distinguish betweesr maj
To escape scatteringdfects requires observing at shorter waveand minor axis. Their inclusion, however, does not change ou
lengths, which are even morefidcult to calibrate. Hence, the results significantly.
breakthrough for the detection of the intrinsic size (Boeteal. Figure 1 shows the size data of Sgr A* as function of wave-
2004) came via the introduction of closure amplitude analygength together with the scattering law from Bower et al Q&)
(Doeleman et al. 2001), a method relatively insensitivedim€ ¢, = (1.31+ 0.02) mas {/cm)?. One can clearly see how the
mon station-based calibration errors. overall size of Sgr A* follows thel?-law closely at long wave-

Closure amplitudes provide good means to measure tfleagths.
source size with very high accuracy, especially if the seurc The next step is to subtract the scattering law in quadrature
structure is simple. Since the broadening of the sources-strdrom the observed size according to Equation 1. For this, the
ture by scattering follows a2 law (Davies et al. 1976; van exact normalization of the scattering law is vitally imgont.
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Fig. 1. Measured radio source size (major axis) of Sgr A* as function
of observing wavelength in centimeters.

2. Size and time lag data in Sgr A*



The normalizations used by Bower et al. (2006) and Shen et al.
(2005) diter only slightly. This has little impact on the intrinsic T | LR L BRI T
source size at3 mm andi7 mm, but markedlyiects the size at
longer wavelengths. As Bower et al. (2006) showed, thisghan
the size-vs-wavelength relation (sizel™). Bower et al. (2006)
find power laws in the range betweem= 1.3 andm = 1.7.
(Shen et al. 2005), who use only short-wavelength datapfird
1.09.

The biggest problem, therefore, is the systematic unceytai
introduced by the inclusion or non-inclusion of long-waargith
data sets. We investigate this uncertainty in the followdig} 5 S SR o7
cussion. Note however that theffdirence in the scattering law ¢? I ———— B e —Epa—— il

primarily affects intrinsic sizes at long wavelengths; short wave- - | | | | | | |
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length sizes are largely ufiacted because the contribution of
the scattering angle to the observed size is much less. 0102 05 1 2 5 10 20

A [cm]

Fig. 2. Measured radio source size (major axis) of Sgr A* divided by

Figure 2 shows the observed sizes divided{5y|—|ere we have 42 as function of observing wavelength in cm. The solid linerespnts

averaged the data for the various observing bands, in oodetthe average scattering law used here, where the dashedridiested

avoid having the final fit be biased by the number of obsermatiothe 3 limits found by randomly dropping one data point.

in one band. For the averaging we divided the sizeg%dyp take

out the frequency dependence, and weighted them by their err

bars. This gives us one data point per band. In particula20al

cm data from Bower et al. (2006) are averaged into one point 4

here. The error bars we show are the standard deviationg of thy

measurements in one band, where multiple measurements wete

available. In principle this should be a more robust meastire T

the error. N
The non-homogeneous error distribution is problematit, bw)

as it is a limit of the available observational data baseait-c ¢,

not be overcome. The three data pointstdtmm, 43.5 cm, ‘©n

andA20 cm tend to dominate any fitting and a combined multi.%

parameter fit of scattering-law and intrinsic size does mot-c £

verge. Therefore it is customary to only fit the scattering la —

to long-wavelength data. The range of currently used siagte T T T

laws then depends exclusively on which data to include. Any u 0O 05 1 15 2 25 3 35

known systematic error at3.5 cm or120 cm would drastically

affect the result. To quantify the robustness of the inferreessi A[cm]

we performed a series of weighted fits to the data beldvem,

with one random data point dropped. Doing this we find a ran 11%3 '“_”insrilc radio S(.’urcs. size (major aéis) of S%g‘; Oé’tai”eﬂ b
; ; ; ; ubtracting the scattering diameter in quadrature. ok repre-
of possible scattering laws (Fig. 2) given by sents the best fit powerlaw. The upper and lower dashed lieetha

bsca= (1.36+ 0.02) masx (/l/cm)z. 2) intrinsic sizes fitted by Bower et al. (2006) and Shen et 208 re-
spectively.

This includes the best-fit scattering laws used by Bower .et al

(2006) and Shen et al. (2005) withirs3imits, which have scal-

ing factors of 131+ 0.02 and 139+ 0.02 respectively.

~ Subtraction of this scattering law in quadrature yields gith 4 more extended tail towards smaller values. The median
slightly revised intrinsic size as shown in Figure 3. Theesiz owever, is again an = 1.44 - 0.19 + 0.16, where the errors
at 42 cm and13.5 cm are relatively sensitive to the scatteringre the 25% and 75% quantiles, respectively. These may be the

law and therefore “negative” source sizes are possibleinvithy,qre realistic error estimates than the ones from the sianpe
the errors. Negative sizes are treated as lower limits af@ero |ytic fiting.

with the respective error bars. We fit the error-weightedristc
source size with a powerlaw function, yielding:

2.2. Robustness of the Sgr A* size measurements
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To improve on this result in the future, more and better
closure-amplitude size measurements need to be obtained at
dsgra = (0.52+ 0.03) mas< (1/cm)301 3) longer wavelengths, espe'cially/lﬁ andi6 cm. '

In any case, the combined set of currently available data and

Again, this is consistent with the previous results and withe error analysis confirm previous conclusions that thera i
be used in the following analysis. We have further verified thwavelength-dependent photosphere in Sgr A* from a strdtifie
result by running a Monte Carlo simulation, excluding thg 1. medium. As expected for optically thick synchrotron raidiaf
mm data, by randomly varying the observed data and the sdae optical depth is indeed frequency dependent. This means
tering law within the errors quoted here. To each of thesdstri that observations of Sgr A* at two fiierent radio wavelengths
we then fitted the intrinsic size law and determined the sfape provide information about two tferent spatial scales where the
rameterm. We find that the distribution ofn is non-Gaussian, emission originates.



2.3. Variability and time lags

iy : 15C
In addition to the size measurement, we now have another new
crucial parameter: the time lags betweeffatient wavelengths 100
during small-scale variability outbursts. In the absenodirect
imaging of source substructure, this provides the only re¢an
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determine flow or signal speeds in Sgr A*. £ 50
The overall variability of Sgr A* has been established for ag
long time. The most comprehensive data sets stem from long- o =
term monitoring programs with the Green Bank Interferomete™> |~
(Falcke 1999) and the VLA (Herrnstein et al. 2004) at cm wave- -50 -

lengths. The reported rms variations of the radio spectrtan a

2.5%, 6%, 16%, 17%, and 21% at wavelengths of 13, 3.6, 2, —100—_---- . . . . .
1.3, and 0.7 cm respectively. Macquart & Bower (2006) argue e
that most of the variation at longer timescales (severas)dayd 02 04 06 038 1 1.2
at long wavelengths is due to interstellar scintillatiorowéver, A [cm]

for time scales less than four days the variations may baintr

sic with an rms of~ 10% for wavelengths 0.7-3 cm. Variability Fig. 4. Expected time lag of Sgr A* versus wavelength relative 103
is also seen at mm and sub-mm wavelengths (Zylka et al. 1998 (22 GHz) for the observed size-wavelength relation andoagy
Zhao et al. 2003; Miyazaki et al. 2004; Mauerhan et al. 2008ow or signal speed of3 = 1 (red, solid line) ory8 = 0.5 and 2
Marrone et al. 2008) with yet larger rms variations and orgtsu (0range, dashed). The data points are measured time lagsyiieef-
of a factor of several over the quiescent level. Zadeh et al. (2008). The top black solid line shows the Neiatotime

| t h Itiol | th b lag for an outflow just at _the_ escape speed. Long lags abovdiriea
N MOst cases, where mulliple wavelengins were o Se_rvg\fguld correspond to gravitationally bound outflows.
the time coverage was not dense enough to find a reliable
time lag between two wavelengths, despite several attempts
Recently, Yusef-Zadeh et al. (2006a) and Yusef-Zadeh et al.
(2008) published data obtained with the VLA in fast switgchincrease of the time lags with decreasing wavelength relative
mode allowing quasi-simultaneous high-time resolutioramea fixed reference wavelength. For comparison, we also show
surements of time variability in Sgr A* at two fiierent wave- the time lags if the outflow would propagate always with the
lengths. They find a lag betweeri.3 and 0.7 cm on the order(Newtonian) escape speed/ZGM/r) for a 36 x 10°M;, black
of 20 minutes. Taking the weighted average of Table 1 in Yusdfole. Here the time lags would become longer and grow non-
Zadeh et al. (2008) one finds a lag of 28 minutes. Millimeter linearly towards shorter wavelengths, since the escapedsise
and submm-millimeter wave timing observations by the sanségnificantly slower than the speed of light. Figure 4 shdves &
group are less significant, but seem to go in the same directigravitationally bound flow would predict much longer timgsa
with a lag between 22 and 350 GHz of &5+10 — 23 minutes than what is actually observed.
(Yusef-Zadeh et al. 2008).
The sign of the lag between 43 and 22 GH2(.7 & 1.3 ' . .
cm) is such that the shorter wavelengths lead the longer. on2e'§l' Time lags in the jet model
Keeping in mind that shorter wavelength emission origis@te Given that the time lags suggest a mildly relativistic owtfld
smaller size regions, this immediately implies that bupstda- seems appropriate to investigate what an actual jet moeel pr
gate outwards from small to larger scales. dicts. The basic jet model for Sgr A* (Falcke et al. 1993; kalc
Given that we know the projected size= ¢sgra.Doc Of & Markoff 2000) naturally fits the spectrum, properly predicted
Sgr A* from observations Bgc is the Galactic center distancethe low accretion rate of Sgr A* now inferred from polarizatj
D = 8 kpc (Eisenhauer et al. 2003) — the time lag providesamd also was able to explain the VLBI size (Mafiket al. 2007).
straightforward estimate for the flow speed. Using equéd@r8 The only major property that could not be tested so far isdn fa
we find that the intrinsic size of Sgr A* ig; = 0.73 mas and the flow speed.
¢2 = 0.32 mas ors; = 8.8 x 10" cm ands; = 3.9 x 10" cm So far, the underlying assumption for the jet model has been
at 11.3 cm andA7 mm respectively. Hence\s is ~ 27 light  that Sgr A* is not a strongly relativistic outflow. Energetily
minutes. Given a time lag on the order/f = 20 min the flow  this is an optimal solution in terms of the ratio betweenltjatia
velocity isv = (s; — s)/At = 1.4c. Therefore, Sgr A* needs t0 power and emitted synchrotron radiation (Falcke et al. 1993
a harbor at least a mildly relativistic outflow, even if onlats  On the other hand, the sound speed for a relativistic plasma a
for an error of~50%. Projection #ects would tend to increaseyell as the escape speed from the black hole are on the order of
this value even further. ~ 0.5c, which sets a lower bound for a supersonic jet in Sgr A*.
Alternatively, if one has a model for a flow spee(t) one In the standard Blandford & Konigl (1979) model for the
can predict the time lags witht = (s1/V(s1) - $2/V(s2))- The  fjat-spectrum radio emission of compact jets, a constarmicvel
easiest model is one with a constant flow spei =const. To jty js assumed and introduced as a free parameter. FalcR€)19
allow for relativistic speeds we write this &s) = yBc, where pointed out that this is in principle inconsistent, since ingi-
y = y/1-p2"1andp = v/c. For this subsection, we will ignore tudinal pressure gradient would inevitably lead to somelkete
projection éfects for the sake of simplicity. The time lag then istion of a modestly relativistic jet. As a first-order asstiomp
At = DgcAdsgra/vBC. Figure 4 shows the time lags for propethe velocity was then assumed to be simply given by a purely
speedgg in the range 0.5-2 c for the measured size-wavelengthessure-driven wind in the supersonic regime. This agroa
relation. had the advantage that the actual acceleration mechanira of
We note that the source size in Sgr A* is close to linear witfet, which is likely magnetohydrodynamic in origin, coulé b
wavelength, hence, for constant velocity one expects alime treated as a black box.
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Previously the solution of the equation was only available

L B B L L numerically in the code. In in the following we present it in a
2 2,:5_ 3 closed form that allows testing it against time lag obséovast
e 3 For an adiabatic index df = 4/3 the solution (see Fig. 5) is
2F 3 givenimplicitly as
1.75F =
Q 1 55— = Bi = f’[8+ 12(4X—35)1/6— 28|n(i) +42In(z)] (5)
2 Ele 56 %7 V21 ’
1;— —z wheref’(y) = x is the inverse function of such thatf(x) = v,
0.755 3 x=vhand
0500'5'11'5'22'55 f(x):—28lnx+2422/3x5/3+42x2. (6)
109 2/Znoz2 vj andg;c are the bulk jet Lorentz factor and velocitys: Z/Znoz,

is the dimensionless length along the jet aXiy @ndz,,,; marks
Fig.5. The proper flow speed (Eg. 5) of a pressure driven jet plottétie location of the jet nozzle. The equation thus has a atitic
versus the logarithm of the distance, in units of the noze #.., point atz = 1, wherey;s; equals the proper sound spegds =

along the z-axis. VI(T = 1) + 1)1, and is only valid in the supersonic regime
z>1.

. . , This relatively simple quasi-analytical description hadtfi
Simulations of the actual acceleration process are agtuglaen developed for M81* and was then integrated into the Sgr

very difficult and time consuming (e.g., Meier et al. 2001; D@+ jet papers thereafter. While naturally overly simplifiede
Villiers et al. 2005). However, they all start with some ialt (e(ain it here, treating it as a published prediction. Hosveane
magnetohydrodynamic collimation regime (here referred$o gnqyid not consider this as the only possible solution, filitar
the “nozzle”). After passing through the fast magnetospoiot, 5 representative of a broader class of models for modesaly r
_the flow eventually becomes over'—pressured in a phase'v\)hmreﬂvistic accelerating jets.
jet expands more or less freely into the ambient medium. The jgjng this description we now calculate the time lags based
latter situation is mainly addressed by simulations of @&l&s , the assumption that any flare is essentially due to andsere
jets observed with VLBI (e.g., Mimica et al. 2008). in the accretion power. This increased accretion will tuto ian
Since for our simple Sgr A* jet model only the part afincreased outflow rate, based on the “jet-disk symbiosisiasz
ter the sonic point was considered, the only main paramsteiy 5 finear coupling between inflow and outflow rate (Falcke &
then the location of the sonic point and the sound speed. Fjermann 1995). The increased power and mass flow will then
powerful, relativistic jets the sonic point is expected ®Up propagate along the jet essentially with the local flow speed
to thousands of Schwarzschlld_ radii away from the_ central eQere we ignore the slightly increased acceleration dueddrth
gine (Marscher et al. 2008) while for Sgr A* a relatively sinalyregsed longitudinal pressure gradient in an overdensenieg
value, of a few Schwarzschild radii, seems required by tha d@yhich would be a second ordeffect.
(Markoff et al. 2007). The magnetized plasma is here treated as e note that earlier we have argued that the X-ray flares in
a sm_g_le-_co_mponenE fluid with a,(’allabatlc indef4-i.e., in the ggr A* are not due to a similar increase in accretion, buteath
relativistic limit of a “photon gas”. The supersonic jet @tion e to additional heating or acceleration of the internatipa
is then calculated from the modified, relativistic Euler @on  cje distributions (Marké et al. 2001). This is entirely consistent
for a freely expanding jet propagating along #eis in a cylin- ith our approach here, since in the same paper we showed that
drical coordinate system, which we reproduce here fromkealcg,ch heating processes only marginalfieet the radio flux in

(1996): the optically thick region. Hence simultaneous radio-Xtare
are not necessarily required. Radio flares, however, red@in

y»ﬁ»nﬁ (%3_ 2) _ _ﬂp (4) actual increase in accretion rate as also argued here. @fesou
Y%0z\"n dz is not inconceivable that a sudden increase in accretieratad

leads to additional heating and particle accreleratiohénitiner
w = mync? + U;j + P is the enthalpy density of the jetl; is  region of disk and jet.
the internal energy density, is the particle density, ang;, = Indeed, recent observations Marrone et al. (2008) seem to
(' — 1)U, is the pressure in the jet (all in the local rest frameghow that there is a rather long lag (on the order of hours) be-
With a “total equipartition” assumption one gdts ~ mync?, tween X-raylR-flares and radio ﬂgres. This time scale; is_much
hencew = (1+ I'U; andw/n = (1 + [m,c2 =const at the sonic longer than free-fall or rotational time scales and coesisiith
pointz = . In the free jet with conical shape the energy densil{/SCOUS Processes in the accretion flow linking the two tygfes

-r 2 . . . . .
evolves ag)j o (y8))  Z% The final equation is then given by e predicted radio time lags in the jet model are then cal-

Eqg. 2 in Falcke (1996). culated as

Note that for simplicity this equation lacks a gravitatibna
term. This term becomes negligible quickly at larger disen ,_ _ _A¢Dcc (1 _p cosi) )
and for unbound flows corresponding to typical radio frequen sinig;(z)c ) '

cies for Sgr A*. This is clearly a deficiency when discussimg t
nozzle region in detail. In the following we will subsumeshiA¢ = ¢sgra.(do) — Psgra.(1) andp = 1.35 cm is chosen as the
effect in the nozzle size as a free parameter. reference wavelength. This formulation recovers the \wetwn
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Fig. 6. Expected time lag of Sgr A* versus wavelength relativa1c3 ~ Fig. 7. Same as Fig. 6 but extended to longer wavelengths. For nefere
cm (22 GHz) for the observed size-wavelength relation anahadpeed we also show the time lags for a marginally bound outflow asgn4

according to the jet model for three inclination angles. @t points
are the same as in Fig. 4.

10 ]
formula for apparent superluminal motigug, = ApD/A7), if . —
the implied flares were observed as moving blobs. O .

For the dimensionless length we take = - -]
dsgrad(d)/dsgra(dnoz) With Aoz = 0.8mm. The latter & _ 10 _‘
represents the next observing band above the highest dyrrerr— C ]
available VLBI measurements and corresponds to a projectedl C 7
size of about By (Ry = GM./c?), for a black hole mass of -20— S
M. = 3.6 x 10°M,. This is also the typical nozzle size used in N .
spectral fits (e.g., Falcke & Markiv2000; Markdf et al. 2007). - —

Figure 6 shows the expected time lag for the measured size _30—'_ L1
and the velocity field of the pressure-driven jet. The priealic 0 20

is consistent with the 21 min time lag found betwa@mm and
A1.3 cm. We stress that this is based solely on the combination A [cm]
?Ofrt?heeqbserved sizes and the previously published veldieity Fig.8. Same as Fig. 7 but now we show the time lags for a jet model
jet model. i . ; ; ;
. . . . . . . inclined by 60 for the diferent size-wavelength laws considered. This
Quite noticeable is the quick rise of the time lag, relativg,g a significantféect at long cm waves.
to 11.3 cm, towards shorter wavelengths. The rise comes from
the fact that the jet first needs to accelerate beyond the noz-
zle, which yields initially slower flow velocities and accamgly
longer time lags. This should be a characteristic signaldza 3. Summary and discussion
zle, which future time lag measurements could help to identi
Of course, one has to bear in mind that the model is overly sifdy now Sgr A* is probably the best studied supermassive black
plistic and in reality this feature may look less drasticplr- hole with imaging and timing information on scales very elts
ticular, general relativisticféects will start to play an important the event horizon over a wide range of frequencies. New VLBI
role. Also, the exact location of this kink is very sensitteethe measurements, which we have here revisited, have confirmed
size of the nozzle, which is a free parameter within a facfor theoretical predictions that Sgr A* has a frequency-depehd
two or so and therefore flicult to predict. On the other hand,photosphere at radio wavelengths, with sizes scaling fyugh
an exact localization of the kink wouldfectively constrain the 11301,
nozzle size. The time lag of individual bursts seen atffdrent wave-
For future use, we also extrapolate the predicted time laglemgths provides a powerful new tool to constrain the ptyysic
longer wavelengths (Fig. 7). One can see that the lag becomagwork in Sgr A*. Combining this timing data with the increas
on the order of a day at cm wavelengths. This may therefore ingly better intrinsic size measurements obtained with Ve&h
difficult to observe, given the limited observability of Sgr A* insignificantly constrain flow speeds. The latter is otherwise
the Northern hemisphere, but would certainly provide @lioi measurable with directimaging due to the extreme scatterdar
formation on the large-scale structure of Sgr A* that is otlise  ening in the Galactic center.
impossible to obtain due to the strong scatter broadening. The well-established lag of 20 min betweem7mm and
In addition we consider theffiect of the range of possible 11.3 cm found by Yusef-Zadeh et al. (2006b), together with the
size-wavelength relations for Sgr A* in Figure 8. Not suspri intrinsic size diference of~ 27 light minutes at these wave-
ingly the time lags do not show much of affédrence at short lengths, already suggests that the radio emitting plasnia-is
wavelengths, but éier markedly at long wavelengths. bound and flows out with mildly relativistic speeds.
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