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ABSTRACT

Aims. We report on simultaneous observations and modeling of mid-infrared (MIR), near-infrared (NIR), and submillimeter (sub-
mm) emission of the source Sgr A* associated with the supermassive black hole at the center of our Galaxy. Our goal was to monitor
the activity of Sgr A* at different wavelengths in order to constrain the emitting processes and gain insight into the nature of the close
environment of Sgr A*.
Methods. We used the MIR instrument VISIR in the BURST imaging mode, the adaptive optics assisted NIR camera NACO, and the
sub-mm antenna APEX to monitor Sgr A* over several nights in July 2007.
Results. The observations reveal remarkable variability in the NIR and sub-mm during the five nights of observation. No source
was detected in the MIR, but we derived the lowest upper limit for a flare at 8.59 μm (22.4 mJy with A8.59 μm = 1.6 ± 0.5). This
observational constraint makes us discard the observed NIR emission as coming from a thermal component emitting at sub-mm
frequencies. Moreover, comparison of the sub-mm and NIR variability shows that the highest NIR fluxes (flares) are coincident with
the lowest sub-mm levels of our five-night campaign involving three flares. We explain this behavior by a loss of electrons to the
system and/or by a decrease in the magnetic field, as might conceivably occur in scenarios involving fast outflows and/or magnetic
reconnection.
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1. Introduction

Due to its proximity compared to other galaxies, the center of
our Galaxy is the best place to study the nucleus of a spiral
galaxy and its strong influence on its neighborhood. In the past
two decades, the advent of NIR adaptive optics at 10 m class
telescopes has made it possible to track the movements of stars
in the innermost regions of the Galaxy. The trajectories of these
stars, which are perfect Keplerian ellipses with a common focus
to measurement precision, have demonstrated there is a super-
massive black hole at the center of the Galaxy (Eckart & Genzel
1996, 1997; Ghez et al. 1998, 2003, 2005; Schödel et al. 2002,
2003).

At a distance of about 8.33±0.35 kpc, this object has a mass
of about 4 × 106 M� (Ghez et al. 2008; Gillessen et al. 2009) lo-
cated at the position of the compact radio source named Sgr A*
(Bower et al. 2004). The Schwarzschild radius of the black hole
has an angular size of about 10 μas as viewed from Earth. This is
three times larger than the black holes in M87 (3.66 μas, Bettoni
et al. 2003) and in M31 (2.28 μas, Bender et al. 2005). The
Galactic center (GC) represents the best evidence so far that

� Based on multi-wavelength observations obtained at the ESO
VLT Melipal-Yepun telescopes and at the APEX facility (run ID:
179.B-0261).

there are supermassive black holes in galactic nuclei, making
it the best laboratory for testing the super-massive black-hole
paradigm and for studying its unique astrophysical environment.

One of the peculiarities of Sgr A* is its variability at all
wavelengths (see a review in e.g. Genzel et al. 2010). Distinct
outbursting events in the lightcurves, called flares, have been de-
tected on different timescales from a few minutes to a few hours,
observed in X-rays (e.g., Baganoff et al. 2001, 2003) and the NIR
(e.g., Genzel et al. 2003; Ghez et al. 2004; Clénet et al. 2005).
These X-ray/NIR flares are also sometimes followed by a sub-
mm flare with a time delay of 100 min to a few hours (Eckart
et al. 2008; Yusef-Zadeh et al. 2009; Trap et al. 2011). Flares
are strongly polarized at the highest flux levels (for a review, see
Genzel et al. 2010). Thanks to their detailed polarization anal-
ysis of some Sgr A* flares, Zamaninasab et al. (2010) support
the idea of a compact source for the emission, instead of radially
extended shapes.

Moreover, these flares display a quasi-periodicity of about
20 minutes in the NIR which has been interpreted in terms of
the orbiting motion of a hot spot around a rotating (Kerr) su-
permassive black hole (Genzel et al. 2003; Trippe et al. 2007;
Meyer et al. 2006; Eckart et al. 2006a). Accelerated electrons
of Lorentz factor γ ∼ 103−106 are required to produce the
NIR and X-ray emission via synchrotron emission and/or inverse
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Compton scattering (Markoff et al. 2001; Yuan et al. 2003, 2004;
Dodds-Eden et al. 2009; Eckart et al. 2006b). The possible ori-
gins of the hot electrons include magnetic reconnection in the ac-
cretion flow (Baganoff et al. 2001; Markoff et al. 2001), stochas-
tic acceleration (Liu et al. 2006), fluctuations in the accretion
rate, or even the tidal disruption of a small infalling body such
as an asteroid (Čadež et al. 2008).

While many papers conceive of flares as independent events
that are limited in time, other teams claim that the IR emission
from Sgr A* is made up of permanently fluctuating emission that
could be described by red noise statistics. The proponents of this
picture consider the term “flare” as improper (Do et al. 2009).
More recently, Dodds-Eden et al. (2011) has resolved the dis-
crepancy in these two viewpoints, finding that the NIR emission
has a dual nature, consisting of two components: the first a low-
level, permanently fluctuating component, identified as the NIR
“quiescent” state, the second consisting of additional, sporadic,
high flux “flare” events.

Revealing the enigmatic origin of the flares of Sgr A* is
one of the aims of an ESO large program (LP) of observa-
tions (Proposal ID: 179.B-0261, PI: Pr. R. Genzel). This project
combined all VLT instruments available for high-resolution in-
frared studies, as well as sub-mm observations with the Atacama
Pathfinder EXperiment (APEX), and was part of a large ground-
based and space-based, international multi-wavelength cam-
paign. Constraining the spectral energy distribution (SED) of
flares by photometry at a high sampling rate in sub-mm, MIR,
and NIR can constrain the emission process responsible for
the flares. A part of this LP was therefore devoted to observ-
ing Sgr A* simultaneously in these three wavelength ranges.
Throughout this paper we use β for the spectral index that is
defined through νLν ∝ νβ. For synchrotron emission this can be
related to the particle index, p, of the synchrotron-emitting elec-
tron distribution defined as n(γ) ∝ γ−p through β = (3 − p)/2.

In this paper, we analyze simultaneous observations of
Sgr A* at NIR, MIR, and sub-mm wavelengths, carried out over
five consecutive nights in July 2007. We begin with the obser-
vations and data reduction in Sect. 2. In Sect. 3, we present our
results. After discussing the implications on the SED of our ob-
servations in Sect. 4, we conclude in Sect. 5.

2. Observations and data reduction

In this section we present simultaneous multi-wavelength ob-
servations carried out during July 2007 at NIR (2.18 μm and
3.80 μm), MIR (8.59 μm) and sub-mm (850 μm). A schematic
log of the observations is presented Fig. 1.

The July 2007 campaign ran for five nights from 18
July 2007 to 23 July 2007. On most nights NACO operated in
polarimetric imaging mode in K-band, with some short obser-
vations at other wavelengths (H, L′-band), except for July 22
when most of the night was observed in L′-band. A computer
crash at APEX on July 18 stopped the sub-mm observations
short at ∼2:00 UT. On the night of July 21, technical problems
with NACO prevented us from obtaining any data, so this night
is not included.

2.1. NIR

Here we describe the Ks and L′-band imaging observations ob-
tained with NAOS-CONICA on UT4 at the VLT (Lenzen et al.
2003; Rousset et al. 2003). The data reduction was the same as
in Dodds-Eden et al. (2009), when we subjected the raw data to a

Fig. 1. Chronogram of the observations.

sky subtraction computed from jittered object images, followed
by flat-fielding and a correction for dead/hot pixels.

The lightcurves were created with aperture photometry in
the same way as in Dodds-Eden et al. (2011), using two small
apertures, one centered on Sgr A*, the other centered on the
close contaminating star S17. At the time of these observations,
Sgr A* was confused with the star S17, adding ≈3.8 mJy to the
Ks-band flux (Dodds-Eden et al. 2011), but only a contribution
of ≈1 mJy to the L′-band flux. We subtracted the contribution
due to S17 from the lightcurves shown in Fig. 3. However, we
note that there may be an additional contribution from faint stars
(Dodds-Eden et al. 2011), and in L′-band, perhaps some small
contribution from the dust cloud Sgr A*-f that is very close to
Sgr A* (Clénet et al. 2005). We concentrate only on lightcurves
in this paper and leave the polarimetric properties for a future
paper.

The infrared extinction towards the GC has recently been
investigated in detail by Fritz et al. (2011), who derived an
accurate extinction law from hydrogen lines, calibrated with a
(extinction-free) radio map. We thus used the Fritz et al. (2011)
updated extinctions of AL′ = 1.09 and AKs = 2.42 for a red
(compared to a stellar source) Sgr A*-like source.

2.2. MIR

MIR observations of Sgr A* at a wavelength of λ = 8.59 μm
were carried out on 20, 22 and 23 July 2007, using the instru-
ment VISIR (Lagage et al. 2004), on UT3 at the VLT. These ob-
servations were taken in parallel with the NIR observations in a
“trigger” mode; i.e., whenever increased NIR emission was seen
in real time with NACO, VISIR began immediately to observe
Sgr A* to increase the likelihood that a flare would be detected in
both spectral bands. On July 22 for example, our first VISIR data
point on Sgr A* was obtained around 0:23 UT, about 30 min af-
ter the first (L′-band) peak, and at the beginning of the brightest,
second peak.

We observed in the PAH1 filter centered on 8.59 μm, the fil-
ter with the highest transmission available on VISIR according
to the user manual1. At these wavelengths, the thermal back-
ground emission dominates the images. We used the classical
chopping/nodding technique with chopping and nodding throw
angles of 10′′. We chose this parameter because we wanted to
continuously monitor the GC on the detector in order to increase
the signal-to-noise ratio and to avoid gaps in the temporal cov-
erage. The principle of this chopping/nodding technique is to
subtract the high-level sky background (by chopping the sec-
ondary mirror) and correct the differential instrumental back-
ground caused by the chopping (by nodding the telescope, de-
tails can be found in the VISIR user manual).

VISIR was used in BURST mode (Doucet et al. 2006). The
principle of the BURST mode is to take shorter exposures than
the atmospheric coherence time. The main asset of this technique

1 http://www.eso.org/sci/facilities/paranal/
instruments/visir/doc/index.html
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Fig. 2. Image of the GC zone taken in the PAH1 filter resulting from the co-added images of 3 h of observation on 22 July 2007. Upper panel:
Sgr A* surroundings compound of stellar sources and gas filaments. Lower panel: close-up on the Sgr A* zone. No extinction correction was
performed at this point.

is its spatial resolution. In principle, it allows one to reach the
diffraction limit in good observing conditions (0.22′′ at 8.59 mi-
crons, about three times the pixel scale, with an optical seeing
<0.5′′), since the atmospheric turbulence is frozen at the rate at
which the images are recorded (an integration time of 20 ms in
our case). This gain in angular resolution increases the sensitiv-
ity since we have a sharper point spread function (PSF) than with
the usual mode.

In BURST mode, a typical data set is composed of two
nodding cubes (nodding position A and nodding position B).
One cube contains 3000 images of the two chopping positions
recorded by sequences of 100 frames. The exposure time of one
single frame is 20 ms. Thus, a whole cube spans one minute in
total. For reduction, the raw frames were first divided by a flat-
field calibration image. Using the classical chopping/nodding
correction, one obtains four quadrant images with the target ap-
pearing as a positive source in two quadrants and a negative
source in the other two. However, due to variations in the at-
mospheric conditions, the image quality varies from frame to
frame and a fraction of them are unusable. We thus selected bet-
ter frames, based on the sharpness of the PSF as estimated on
IRS21 (which was the only available star to do so in the field

of view we observed). Altogether, 85% of the data are combined
in a single cube to increase the signal-to-noise ratio. Photometric
calibration was performed using the observations of several stan-
dard stars obtained with our scientific data and the stellar fluxes
from Cohen et al. (1999). The final images correspond to about
three minutes of accumulated integration time, and they have
been co-added in Fig. 2 to show the detected structures better.

We performed aperture photometry at the position of Sgr A*
on all the images taken during the three VISIR half nights to
search for variability. The position of Sgr A* was determined
using the positions of the GCIRS stars listed in Paumard et al.
(2006) and in Ott et al. (1999). We applied a low-frequency filter
to these lightcurves to detect variability more easily with time
scales of about five minutes. However, the use of the classical
chopping/nodding data reduction was unsuitable for constrain-
ing the lightcurve of Sgr A*. Indeed, the lightcurves obtained
are different for each quadrant and display a highly noisy pat-
tern because of contamination by field sources (faint stellar or
extended diffuse objects) and atmospheric turbulence. As a re-
sult we did not perform the classical nodding correction, estimat-
ing instead the differential instrument emission (introduced dur-
ing the chopping phase) from background zones and subtracting
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Fig. 3. Lightcurves of Sgr A* at NIR and sub-mm wavelengths for five days of the July 2007 campaign. The green, red, and blue data-
points of the upper panels represent the H, Ks, and L′-band NIR fluxes, respectively. Light red squares show Ks-band observations for which
max(FWHMx,FWHMy) > 15 pixels (≈200 mas). The sub-mm lightcurve is shown below in black. One should bear in mind that the NIR observa-
tions were not all made in the same filter.

it from the Sgr A* signal. In our case, this technique gives a
(sky+ instrument) background-corrected flux estimation, free of
bias from contaminating sources.

For the 8.59 μm extinction we used A8.59 μm = 1.6±0.5, from
Fritz et al. (2011) computed for this specific VISIR filter and a
red (compared to stars) source spectrum.

2.3. Sub-mm

The 870 μm data were taken with the Large APEX bolometer
camera, LABOCA (Siringo et al. 2009), located on the APEX
telescope at Llano Chajnantor, Chile. LABOCA is an array of
295 composite bolometers operating in the 345 GHz transmis-
sion window. Its bandwidth is ∼60 GHz and the FWHM of the
PSF at 870 μm is 19′′. The atmospheric precipitable water va-
por content (PWV) during the observations was between 0.6–
1.2 mm corresponding to a zenith opacity of 0.3−0.45 for the
LABOCA passband.

The GC was observed using the raster-spiral observing pat-
tern (Siringo et al. 2009). In this mode the telescope performs a
spiral at constant angular speed at four positions (the raster po-
sitions), leading to a fully sampled map over the full 11′ field of
view of LABOCA. The telescope scanning speed in this mode
is between 1′/s and 2.5′/s. Each spiral takes about 35 s yield-
ing a total integration time of 140 s and a typical rms noise
level of ∼60 mJy/beam for each map. The GC observations were
followed by observations of G10.62, a standard LABOCA sec-
ondary calibrator, and G5.892. The atmospheric zenith opacity
was determined via skydips every one to two hours.

The data were reduced using the BoA software package3.
Reduction steps on the bolometer time series include temper-
ature drift correction based on two “blind” bolometers (whose
horns were sealed to block the sky signal), flat fielding, calibra-
tion, opacity correction and correlated noise removal on the full

2 See http://www.apex-telescope.org/bolometer/laboca/
calibration/
3 BoA: http://www.astro.uni-bonn.de/boawiki/Boa

array as well as on groups of bolometers related by the wiring
and in the electronics, flagging of bad bolometers and despik-
ing. Each reduced scan was then gridded into a spatial inten-
sity and weighting map. These reductions step were applied to
the Sgr A* and the G5.89 and G10.62 scans. Calibration was
achieved using G10.62 which has a flux density of 33.4 ± 2.0 Jy
for LABOCA (Siringo et al. 2009). The absolute calibration ac-
curacy is about 10%. To estimate the relative calibration error we
applied the calibration curve of G10.62 to G5.89 and determined
the dispersion of the measured G5.89 fluxes over the observing
period of 7.5 h. This yields a relative calibration accuracy of
∼2%. For the determination of the Sgr A* light curve we first
generated a model of the sub-mm emission in the GC region
by co-adding all calibrated, pointing-drift-corrected GC maps.
From this high signal-to-noise map the point source Sgr A∗ was
fitted by a Gaussian and subtracted from the co-added map. We
then reduced all GC scans again and subtracted the model signal
from the time series of each bolometer. The resulting maps only
contain the point source Sgr A∗. The lightcurve was constructed
by fitting a Gaussian to each map. To test the relative calibration
accuracy we also measured the residual peak flux at a position
near Sgr A∗ located on the GC mini-spiral. The residual varia-
tions were found to be 1.5% compared to the model flux at this
position. The LABOCA light curve is shown in Fig. 3.

3. Results

3.1. High-quality map of GC region at 8.59 μm

The first interesting outcome of these data are the very high-
quality images of the GC area at 8.59 microns. In Fig. 2, we
see the MIR emission from both the photosphere and the sur-
rounding dust shell of the bright stars GCIRS21 and GCIRS1W.
Also prominent at MIR wavelengths are the gaseous and dusty
structures such as the Northern and Eastern Arms of the mini-
spiral. To see both Sgr A* neighborhood and bright stellar and
gas components, we present the field of view in two different
images. One of the most striking features in these images is the
presence of elongated filaments in the Northern Arm. A proper
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Table 1. Statistics of the NIR lightcurves.

Near-infrared Sub-mm
Night (July 2007) 18 19 20 22 23 18 19 20 22 23
Median ±Median deviation (mJy, Jy) 1.41 ± 0.50 2.96 ± 0.14
Median (mJy, Jy) 0.99 1.15 1.38 1.52 1.35 3.09 2.96 2.75 3.10 2.91
Median deviation (mJy, Jy) 0.27 0.61 0.46 0.56 0.67 0.09 0.11 0.15 0.11 0.18
Duration of the sample (min) 338 359 351 344 500 174 422 388 444 506
# peaks above 1 1 2 2 1 0 0 0 0 0
3-σ threshold of entire obs*
# dips below 0 0 0 0 0 0 0 2 0 0
3-σ threshold of entire obs*
Maximum (mJy, Jy)* avg of the 3 highest points 3.21 3.85 6.72 5.79 5.21 3.43 3.25 2.98 3.40 3.32
Minimum (mJy, Jy)* avg of the 3 lowest points – – – – – 2.99 2.71 2.27 2.79 2.40
Average timespan – – 120 45 40 – – 120 – –
Between peaks/dips (min)

Notes. For all nights, the NIR observation were done in the K-band except for July 22 where the L′ filter was used. We do not consider the H-band
data here. * A peak/dip is defined as a set of more than 5 points in a row (3 points for sub-mm data) above/below the 3-σ level. Flux units are in
mJy for NIR, Jy for sub-mm.

motion study of these structures in L′-band (3.8 μm) is reported
in Mužić et al. (2007). But even more striking is the presence of
a stretched emission zone very near Sgr A* in projection. This
structure seems to begin from the Northern Arm (2′′ southeast
of Sgr A*) and follows an asterism consisting of a few aligned
stars leading to the S-star region (those stars are detected in
NIR bands). Then, in the most central part (at around 0.5′′ from
Sgr A*, see lower panel of Fig. 2), it deviates a bit to the west,
then turns back northwest at the Sgr A* position (Fig. 2). This
last segment of the structure is also reported in previous papers
as a dust ridge whose emission could contaminate a potential
point-like emission from Sgr A* (Stolovy et al. 1996; Schödel
et al. 2007). This elongated structure might be due to gaseous
material falling towards Sgr A* from both sides (southeast and
northwest), a bridge of material in projection along the line of
sight or a combination of foreground/background components
that appear as a unique element in projection. We note that the
L′-band source Sgr A*-f (Clénet et al. 2005) could belong to
this filament, but we cannot conclude anything about the nature
of the structure here.

3.2. Variability of Sgr A*

The NIR and sub-mm lightcurves are shown in Fig. 3. In this
section we discuss the variability in the NIR (Sect. 3.2.1), an
upper limit for detection in the MIR (Sect. 3.2.2), and then the
sub-mm variability and its relationship with the NIR variability
for this campaign (Sect. 3.2.3).

3.2.1. NIR variability

The NIR lightcurves (Fig. 3) display significant variability on
all five observation nights. If translated to Ks-band using a color
of Fν ∝ ν−0.6 (Hornstein et al. 2007), the L′-band observa-
tions would be fainter by a factor ≈0.7; the H-band observa-
tions would be a factor ≈1.2 brighter. For comparison, we com-
puted some statistical quantities to describe the variability of the
lightcurves in Table 1. The strongest flare is seen on July 20
(Ks-band; ≈7 mJy). On July 22 an interesting variability pat-
tern is seen in the L′-band, with four clear peaks separated by
∼40 min. This flare was also investigated previously by Hamaus
et al. (2009), who derived an average period of 45 min. This is
more than twice as long as the subpeak-to-subpeak timescales

observed in previous flares (Genzel et al. 2003; Meyer et al.
2006; Eckart et al. 2006b; Trippe et al. 2007; Dodds-Eden et al.
2009). Moreover, we point out that the flux drops between sub-
peaks are also very deep. Another flare is seen in the Ks-band
just after 5:00 UT on July 23.

3.2.2. MIR upper limit

The difficulty of detecting Sgr A* in the MIR (compared to
the NIR) comes from to the lower spatial resolution and the
dominating background. Despite the trigger mode used to ob-
serve with VISIR only when NIR flares were detected, we did
not detect any point-like source at the position of Sgr A* at
8.59 μm in our observations, nor was there any significant corre-
lation between the NIR and MIR lightcurves obtained via aper-
ture photometry. Up to now, Sgr A* has never been detected in
MIR and only upper limits exist (Telesco et al. 1995; Stolovy
et al. 1996; Schödel et al. 2007, 2011). The lowest upper limit
at 8.59 μm to date in the literature gives a mean flux estima-
tion of the Sgr A* emission of 45+/−13 mJy (Schödel et al.
2011). Once dereddened with the updated 8.59 μm extinction of
A8.59 μm = 1.6 ± 0.5 (Fritz et al. 2011) computed for the VISIR
PAH1 filter, this value becomes 31+/−9 mJy and thus 58 mJy at
the 3-sigma level.

We determined an upper limit to the flux by injecting a
3× 3 pixels Gaussian-shaped source of known intensity into our
MIR images. For each VISIR observation night we subtracted
collapsed images taken during intervals of low NIR emission
from collapsed image from the flaring state intervals (with the
artificially source injected). The detection limit is then derived
when this artificial point source is detected at a 3-σ significance.

Because of the high quality of our observations, we are able
to derive an especially tight upper limit on a transient source at
the position of Sgr A* of 22.4 mJy (dereddened, for July 22),
simultaneous to the L′-band flare. This is the lowest upper limit
ever derived for a flare at 8.59 μm. We emphasize here that, com-
pared to Schödel et al. (2011) who also used this dataset, the up-
per limit reported here is due to the specificity of our method,
which consists in estimating the lowest detectable MIR variabil-
ity during an NIR flare. This result thus represents an upper limit
on the MIR flux relatively to the NIR flux during a flare whereas
the Schödel et al. one is an absolute MIR upper limit.
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Table 2. Upper limits on the detection of a synthetic MIR flare, as well as the corresponding limits on the MIR-NIR spectral slope and particle
index.

Night (July 2007) 20 22 23
On state time interval/s [UT] 23:07.18 to 00:13:30, 0:23:12 to 0:39:48, 5:34:06 to 5:49:0,

& 00:50:54 to 2:44:54 & 1:05:06 to 1:24:48, & 6:04:30 to 6:19:30
& 1:57:00 to 2:00:00

Off state time interval/s [UT] 00:17:30 to 00:35.06 0:41:06 to 1:03:48, 5:34:06 to 5:49:06,
& 1:26:12 to 1:55:36, & 6:04:30 to 6:19:30
& 2:01:12 to 2:39:12

Upper limit for transient emission 24.2 22.4 31.2
(dereddened with A8.59 μm = 1.6 ± 0.5)
Average NIR flux (wavelength) 2.0 (Ks) 3.4 (L′) 4.1 (Ks)
on state time intervals
Lower limit on the νLν spectral index β > −0.80 β > −1.3 β > −0.46
(νLν ∝ νβ)
Upper limit on the particle index, p p < 4.6 p < 5.6 p < 4.0
(N(γ) ∝ γ−p)

Combined with the NIR mean flux in the same time interval,
we could also put a lower limit on the spectral index between
MIR and the NIR bands. If β is defined through νLν ∼ νβ, the
best constraint is obtained for the night of July 23 with a lower
limit of β � −0.5 (Table 2).

This constraint is not as strong as (for example) derived by
Dodds-Eden et al. (2009), who derived a lower limit on the spec-
tral index of β > 0.0 from simultaneous NACO (3.8 μm) and
VISIR (11.88 μm) observations. The weaker constraint on the
spectral index found here, despite the high sensitivity of the MIR
upper limit in this paper, is partly due to the relative faintness of
the flares observed during this observation campaign compared
to that of Dodds-Eden et al. (2009) and partly due to the up-
dated extinction law. In fact, the updated extinction also affects
the lower limit of Dodds-Eden et al. (2009), such that the con-
straint should be updated to β > −0.3. Still, both lower limit
measurements leave very little room for a negative νLν MIR-
NIR spectral index.

A cutoff at high energy in the flare SED could be produced
if the acceleration process is inefficient at accelerating electrons
to these energies. If the acceleration process shuts off early, then
it can also be due to electron losses from synchrotron cooling.
Our measurements clearly rule out that the three flares arise
from the high-frequency emission of a spectrum from an elec-
tron distribution with an exponential cutoff at sub-mm-emitting
energies (i.e. the thermal electrons known to produce the sub-
mm emission). While it is hardly disputed that the NIR emis-
sion (λ < 4 μm) from Sgr A* requires nonthermal electrons,
it is worth illustrating the precise restrictions our data place on
the presence of an exponential cutoff in the electron distribution.
Assuming such an exponential cutoff in the electron spectrum at
an energy of γcutoff , with particle index below the cutoff of p0,

n(γ) ∼ γ−p0 × exp

(
− γ

γcutoff

)
(1)

the particle index, p = − d ln(n(γ))
d lnγ will then be p = p0 +

γ
γcutoff

,

leading to a spectral index β = (3−p)/2 = 1/2×
(
3 − p0 − γ

γcutoff

)
.

The energy of NIR-emitting electrons is (Rybicki &
Lightman 1979):

γNIR =

√
vNIR × 16mc

3qB
· (2)

Thus our measurement of βNIR > −0.5 for the night of the 23rd
implies,

1
2

(
3 − p0 − γNIR

γcutoff

)
> −0.5, (3)

such that,

γcutoff = θe � 200

(
B
30

)−1/2

(4)

with θE = kT/mc2, for a thermal distribution (p = 2 and γcutoff =
θe), or

γcutoff � 1200

(
B
30

)−1/2

(5)

for a more “bottom-heavy” energy distribution below γcutoff (p =
3). Thus it is clear that our data require electron energies up to
maximum γ factors of at least γcutoff � 200, and do not allow the
NIR flares to arise from a purely thermal distribution of electrons
peaking in the sub-mm (θe ∼ 10).

More important, most measurements of the NIR stellar slope
between 3.8 μm and 1.65 μm have been independent of photo-
metric calibration and extinction, since the spectral index was
measured only relative to stellar colors of the close star S2. Both
Hornstein et al. (2007) and Gillessen et al. (2006), for exam-
ple, found positive slopes of ≈0.4 ± 0.2 for high fluxes using
an “off-state” background subtraction method, which is consis-
tent with the lower limit on the slope reported here, as well as
that of Dodds-Eden et al. (2009). At fainter fluxes, however,
Eisenhauer et al. (2005) and Gillessen et al. (2006) find a red-
dening of the spectral index, up to β ≈ −3 ± 1 (depending on
the background subtraction method) for dim emission of about
2–3 mJy. Our results are, however, inconsistent with results with
such steep spectral indices at low fluxes4. For the three methods
of background subtraction presented in Gillessen et al. (2006)
our results only agree with the “off-state” background subtrac-
tion method for the dim state, perhaps implying that the other
methods underestimate the spectral index. However, we cannot
compare the results at low fluxes so easily because our flaring
intervals include a mix of both bright and faint NIR emission.

4 Although our observed flares of July 20 and July 22 had peak fluxes
comparable with the flare of Gillessen et al. (2006), the interval over
which the spectral index was measured had an average NIR flux of only
0.1–0.2 the flux of S2 (and would thus correspond to the “dim state” of
Gillessen et al. 2006).
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Fig. 4. Comparison of simultaneous NIR and sub-mm fluxes for the
July 2007 campaign. The graph shows the sub-mm vs. Ks-band (red
squares) or L-band (blue crosses) NIR flux. The July 20 night data
are marked as filled-in red squares. The NIR fluxes were binned to
the sampling of the sub-mm lightcurve (5.6 min). The Ks-band scat-
terplots shows a significant anticorrelation of r ≈ −0.5, with p-value
p = 6.0 × 10−6.

3.2.3. Submillimeter and correlation with NIR

A striking aspect of the lightcurves presented in Fig. 3 is the
marked anticorrelation seen on the night of July 20, where two
peaks in the NIR emission are coincident with the two deep-
est dips in the sub-mm emission. In particular it is noteworthy
that the brightest NIR peak of the five nights of observation is
coincident with the lowest sub-mm flux. Similar behavior (an
NIR peak accompanying a sub-mm dip) is seen on July 19, as
well as on the night of July 23.

There are hints that, a peak in the NIR emission is simultane-
ous with a peak in the sub-mm emission particularly on July 18.
To test whether the apparent anticorrelation of sub-mm and NIR
emission in this dataset are significant, we binned the NIR flux
to the sampling of the sub-mm lightcurve and compared the bins
for non-zero sub-mm and NIR fluxes (Fig. 4). Computing the
usual (Bravais-Pearson) correlation coefficient of these two vari-
ables, an anticorrelation with a coefficient of r ≈ −0.5 is sig-
nificant for the Ks-band dataset, with a rejection probability of
6.0 × 10−6. The anticorrelation is not significant for the L-band
dataset. The shape of the correlation plot shown in Fig. 4 is
mostly caused by the anticorrelation of the July 20 flare. If we do
not include these data, the correlation is no longer significant and
raises the possibility that July 20 lightcurves show an extraordi-
nary behavior, associated with a flare event and not characteristic
of the quiescent emission.

A similar relationship between NIR/X-ray and longer wave-
length emission was noted by Dodds-Eden et al. (2010) in ob-
servations from April 2007, where a dip in millimeter emission
was observed to accompany an NIR/X-ray flare. In that case the
brightest NIR/X-ray flux of the campaign (which was indeed a
very bright flare, brighter than any in our July campaign) was
followed by a ∼200 min dip in the millimeter emission. The
millimeter flux during the dip was the lowest observed during
that entire ∼12 day campaign. The explanation put forward in
Dodds-Eden et al. (2010) was that a dip in millimeter emission
may occur due to the loss in emissivity of mm-emitting electrons

that would occur in a magnetic reconnection event, in which sig-
nificant magnetic energy is lost in the inner regions of the ac-
cretion flow. Eckart et al. (2008) report a bright NIR flare and
a sub-mm signal in which the lowest sub-mm flux is also co-
incident with the highest NIR flux (between 5 h and 6 h UT).
Yusef-Zadeh et al. (2010) have recently noted an anticorrelation
in NIR/X-ray emission with sub-mm/mm emission, as well in
previously published data, extending the number of observed ex-
amples to six. The same examples were in most cases originally
interpreted as delayed sub-mm flares. This work suggested the
anticorrelation could be due to an eclipse of the steady-state ac-
cretion flow by the flaring region.

In the following section, we present different modeling at-
tempts to explain this interesting behavior observed in Sgr A*
emission.

4. SED models for an NIR/X-ray flare with a sub-mm
dip

VLBI measurements show that the size of Sgr A* decreases from
radio to the sub-mm (e.g. Bower et al. 2004, 2006; Doeleman
et al. 2008). The sub-mm emission is universally produced in
models by hot electrons of θe ∼ 10 in the innermost regions of
the accretion flow (close to the last stable orbit), where the elec-
tron density is typically ∼107 cm−3 and magnetic field strength
is B ∼ 30 G (e.g. Markoff et al. 2001; Yuan et al. 2003). In the
GRMHD simulations of Dexter et al. (2010) and Mościbrodzka
et al. (2009) the mm/sub-mm emission region is situated near the
midplane of the disk in the inner few Schwarzschild radii of the
accretion flow. Though it is not at all clear where the NIR flares
themselves originate, a dip in mm/sub-mm emission simultane-
ous to an NIR flare implies a causal connection between the two.
In what follows, we discuss a number of possibilities for the re-
lationship between the NIR and sub-mm emission region. We
consider that the sub-mm dip might occur due to:

– a shift in frequency of the sub-mm bump, with the sub-mm
emission and NIR emission arising from low and high fre-
quency sides of the sub-mm peak, respectively;

– a decrease in the total number of sub-mm emitting electrons,
through e.g. heating/acceleration (to produce the NIR flare)
accompanied perhaps by cooling/escape of some fraction of
the electrons;

– a decrease in the sub-mm-emitting electrons emissivity via a
decrease in magnetic field (Dodds-Eden et al. 2010);

– occultation of the quiescent component by the flaring com-
ponent (Yusef-Zadeh et al. 2010).

We do not consider the expanding blob model here, for the sim-
ple reason that it does not predict that the highest NIR flux
should be coincident with the lowest sub-mm flux. Furthermore,
expanding blob models, which are presented elsewhere in the
literature, have the following problems: (i) some observations
appear to require a redder spectral index in the NIR than al-
lowed by our lower limit of β � −0.5 (see e.g. models A and
B of Table 4 in Eckart et al. 2008); the spectral index is given
there as α where S ν ∝ ν−α, so α = 1 − β; (ii) moreover, they
require self-absorbed flare emission in the sub-mm, which can
only occur for the electron densities and/or magnetic fields that
are much higher than the typical values in the accretion flow
around Sgr A* (Dodds-Eden et al. 2010).

4.1. The sub-mm bump

A natural origin for an anticorrelation between NIR and sub-
mm flux is that both high and low frequency parts arise from the
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Fig. 5. Flare model for Sgr A* from Falcke & Markoff (2000) is plotted
in blue and compared to the data from July 20 (purple square for the
NIR average flux during the flare time interval and purple arrow for the
MIR upper limit; note that the MIR upper limit from the July 22 was
lower). The red stars present the peak flux of the July 20 flare, together
with the simultaneous sub-mm flux. Blue circles show the median fluxes
in a non-flaring state. The radio-sub-mm SED is shown in black (with
squares: the compilation of Genzel 2010, diamonds: from Shcherbakov
2011). The typical radio-sub-mm variability amplitudes and a compi-
lation of MIR upper limits are shown in gray and taken from Melia &
Falcke (2001). A flare due to a 30% increase in B in the jet model is
also plotted as a red line. An increase in density resulting from a tem-
porary increase in the accretion rate, Ṁ, has the same result (Markoff
et al. 2001).

same component: the sub-mm bump. One could imagine that if
the peak of the sub-mm bump were to vary in frequency, e.g. due
to underlying variations in density (through the accretion rate Ṁ
or the magnetic turbulent as shown in Dexter et al. 2010), while
essentially preserving the peak sub-mm bump flux, one would
observe an increase in the NIR flux as the sub-mm flux decreases
(and vice versa).

Such a setup is, however difficult to realize in practice. While
an increase in density or magnetic field will increase the fre-
quency at which the flux becomes self-absorbed, it also has the
effect of increasing the flux at both sub-mm and NIR frequen-
cies. This is illustrated in Fig. 5, which shows the quiescent rel-
ativistic jet model of Falcke & Markoff (2000) with a 30% in-
crease in the magnetic field and an increase in density produced
by an increase in Ṁ (Markoff et al. 2001). This model was not
created to fit our flare, but is shown more as a demonstration of
the general behavior upon increasing B or ne in the steady-state
models. There are two important aspects that are in conflict with
our observations and that disfavor this model: (i) the sub-mm
flux, as for the other frequencies, increases with the flare, there
is no sub-mm dip; (ii) an exponential cutoff in the flare emission
in the NIR is out of the question because of the MIR upper limit:
nonthermal particles with at the most p = 4.6 are required. This
reinforces that acceleration of nonthermal electrons is needed to
produce an NIR flare (Markoff et al. 2001; Yuan et al. 2003;
Dodds-Eden et al. 2009).

4.2. Loss of electrons

Another possibility for a decrease in the sub-mm emission
is that a portion of the sub-mm-electrons were accelerated to
NIR-emitting energies and/or were lost in an outflow. To deter-
mine how many electrons we need for the NIR flare, compared
to how many we need to lose for the sub-mm dip, we create

toy synchrotron models to model both the NIR flare emission as
well as for the amount of “missing” sub-mm emission. For the
details of the models see Dodds-Eden et al. (2010). We model
the missing emission with a thermal electron population of elec-
tron temperature θe = 10, magnetic field strength B = 30 G, and
electron density ne in a region of size R. We then model the flare
with the same parameters, but with an accelerated electron distri-
bution, a powerlaw N(γ) ∼ γ−p of γmin = 10 and p = 2.2 (since
the numbers of electrons decrease so rapidly with γ, the value of
γcutoff does not have any effect on the electron density, as long as
it is significantly higher than γmin and high enough to produce
NIR emission). This choice of particle index both matches the
published spectral indices for bright emission of β = 0.4 ± 0.2
(Hornstein et al. 2007; Gillessen et al. 2006), satisfies our MIR
upper limits, and additionally ensures that the flare itself does
not produce too much sub-mm emission (that would result in a
simultaneous flare rather than a simultaneous dip).

However, we find that the number of electrons required to
produce the “missing sub-mm emission” in these models are
greater than the number required to produce the flare, if the mag-
netic field is the same before and after acceleration. Only 30%
of these sub-mm-emitting electrons are required to produce the
NIR flare under the conservative assumption γmin = θE. This im-
plies that the missing sub-mm emission cannot be explained by
the acceleration of sub-mm-emitting electrons alone: some frac-
tion must be completely lost to the system in the process.

Given our assumption that electrons are accelerated out of
a thermal population, this result is surprisingly robust to the
choice of parameters: i.e. θE, B, for the unaccelerated popula-
tion of electrons and γmin, p for the accelerated population. This
is because we are essentially only looking at a relative change
in the electron distribution. Both the missing sub-mm emission
and the flare emission, for example, are subject to the same B by
assumption, so changing B essentially only requires a rescaling
of the density (which is, however, the same for both unaccel-
erated and accelerated distributions, so a similar fraction must
still escape). The fraction of escaping electrons is more sensi-
tive to γmin of the accelerated population. A lower γmin however
is unrealistic under the assumption of electron acceleration: our
condition of γmin = θE is already quite conservative since only
≈7% of electrons actually have energies lower than θE in a rel-
ativistic Maxwellian distribution (the typical energy is, in fact,
γ = 2θE); in other words, electrons with γ < θE might as well
be treated as escaped for the purposes of this paper. A higher
γmin > θE only decreases the number of electrons required for
the flare (since the density depends sensitively on γmin), thereby
increasing the fraction that must escape. Since it is quite likely
that γmin > θE (Ding et al. 2010), we might expect a much more
significant fraction of electrons to escape. These electrons could
be carried away in a very fast outflow, for example, due to their
small number producing very little emission as they rapidly ex-
pand and cool (adiabatic expansion Dodds-Eden et al. 2010) or
may be accreted onto the supermassive black hole.

4.3. Decrease in magnetic field

In Dodds-Eden et al. (2010), it was suggested that a decrease in
magnetic field (for instance, that accompanies a magnetic recon-
nection event or due to magnetic turbulence Dexter et al. 2010)
could cause a decrease in the longer wavelength emission. This
could be more efficient at producing a dip in flux than loss of
electrons since the synchrotron power emitted by an electron is
proportional to B2, while it is only linearly proportional to the
number of electrons.
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Fig. 6. A model for an NIR flare with an accompanying sub-mm dip
compared to the data from July 20 (see caption of Fig. 5). Compared to
the sub-mm-radio SED shown in black square/diamonds, it can be seen
that the flux of the sub-mm dip (red star) is lower than the typical sub-
mm flux. The dashed lines show a toy model for the flare, in red, as well
as for the “missing” sub-mm flux, in blue. The blue solid line shows the
quiescent model of Yuan et al. (2003), and the red solid line represents
the same model but with the “missing” sub-mm flux subtracted and
the flare emission added. This particular figure shows the decreasing
magnetic field case: to prevent overproduction of synchrotron emission
from the accelerated population the magnetic field decreases from B =
30 G to B = 14 G. The spectrum for the case of the loss of electrons is
very similar.

In our toy model, we now hold the total number of electrons
constant (no escape) between the thermal (θE ∼ 10) and accel-
erated power-law models (γmin = 10, p = 2.2) described in the
last section. The accelerated power-law model, with the same
number of electrons as the thermal model and the same mag-
netic field strength, overproduces the NIR emission. Instead of
decreasing the number of electrons, we find that if we decrease
the magnetic field from B = 30 G to B = 14 G, the observations
are well-matched. This flare model is shown in Fig. 6 compared
and combined with the Yuan et al. (2003) model whose thermal
component was scaled down to match the SED in the sub-mm
part of the section (in particular our blue “no flare” data point)5.
As in the case of electron loss, γmin = θE is quite conservative; if
the true γmin is higher we would have a higher density of high-
energy accelerated electrons, requiring an even greater decrease
in the magnetic field to prevent overproduction of NIR emission.
However, the magnetic field in a realistic magnetic reconnection
event probably also decreases over a larger region than the ac-
celeration site itself (Dodds-Eden et al. 2010), which would pro-
duce a larger sub-mm dip, while allowing the freedom of a more
moderate decrease in B.

4.4. Eclipse

In Yusef-Zadeh et al. (2010) it was proposed that a decrease
in sub-mm emission could occur via an eclipse of the steady-
state emission by the temporary flaring blob. In this section
we explore the possibility that occultation is responsible for the

5 We note that the nonthermal component of the model of Yuan et al.
(2003), with p = 3.5 lies close to the non-flaring Ks-band flux of
Sgr A*, which is also similar to the long-term median of the contin-
uously variable NIR flux Dodds-Eden et al. (2011).
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Fig. 7. Dips in sub-mm emission via occultation by a flaring region of
size RF, given a sub-mm flux of F350 GHz = 3 Jy, appropriate for our
observations of July 20. The different lines show the size of the dip that
can be expected for different quiescent region sizes, RQ.

sub-mm dips observed in this paper. In this model it is consid-
ered that the two regions are separate: i.e. accelerated flare elec-
trons do not come from (or produce very little disturbance to)
the quiescent population, and the flaring region is in front of, not
embedded in, the quiescent region in the line of sight.

Figure 7 shows a plot of the equations of Yusef-Zadeh et al.
(2010) for variation in sub-mm flux vs. size of the flaring region
(RF), for different quiescent region sizes (RQ). Anything larger
than RQ � 1RS encounters very little occultation. Evidently, both
the 850 μm and NIR emission regions would have to be very
small (RQ < 0.6 RS and RF = 0.5−1.0 RQ) to produce a dip as
large as 0.5 Jy in the sub-mm emission via occultation.

A quiescent size of 0.5 RS is much smaller than would be
expected. Using the caveat from Marscher (1983) (radius = 0.9*
FWHM) on the FWHM size 3.7 RS (37 microarcseconds) at
1.3 mm (Doeleman et al. 2008) and extrapolating with the ra-
dius ∝ λ1.3 wavelength dependence Bower et al. (2006), we
obtain a radius at 870 μm of 2.0 RS. However, extrapolating the
size downwards from 1.3 mm to 850 μm could be incorrect as
the accretion flow might already become optically thin around
1.3 mm. In this case the size would no longer change.

Moreover, the corresponding flare size would be so small
that it would imply a very high density of nonthermal parti-
cles. It is possible that relaxing the assumption of equipartition
in the eclipse model of Yusef-Zadeh et al. (2010) might change
these conclusions. Another possibility is that the electron spec-
tral index might be steeper than the assumed p = 2 of the model
(Yusef-Zadeh et al. 2010). Although a steeper electron spectrum
can increase the optical depth at low frequencies (and thereby
the absorption of quiescent emission), it also increases the sub-
mm emission from the flare itself significantly (on the order of
Jy; Dodds-Eden et al. 2010), which is likely to overwhelm any
increased absorption of the quiescent sub-mm emission.

Some radio (43 GHz) dips have been reported as well dur-
ing an NIR flare (Yusef-Zadeh et al. 2010). We note that, for the
same modeling parameters we used, no significant dips in the ra-
dio are expected for any RF, given a 43 GHz (λ = 7 mm) emitting
region size of RQ = 17 RS (Bower et al. 2006). Only a smaller
(43 GHz) quiescent region size can produce observable radio
dips due to occultation, for example for RQ = 4 RS (four times
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smaller than observed) radio dips of up to ∼20% of the emission
could be produced for flare region sizes of 1−2 RS. Yusef-Zadeh
et al. argue that a 4× smaller quiescent region size was not neces-
sarily in conflict with the size radio measurements as the source
might be much smaller in semi-minor axis; however, this in turn
imposes increasingly difficult constraints on both the geometri-
cal shape of the flaring region and its alignment with respect to
the quiescent region to retain a high degree of occultation (given
that a covering fraction (RF/RQ)2 of at least 0.52 is required).

5. Conclusion

We have reported on a sub-mm, NIR, and MIR observation
campaign of Sgr A* over five nights in July 2007. First, we
detected NIR flare events of different amplitudes and structures.
We also estimated the lowest upper limit ever derived for a flare
at 8.59 μm (22.4 mJy with A8.59 μm = 1.6 ± 0.5) and derived
constraints on the spectral slopes between NIR and MIR. The
analysis of the correlation between sub-mm and NIR variabil-
ity shows that the highest NIR brightness levels are coincident
with the lowest sub-mm levels. We examined several possible
explanations for this observational fact. We disfavor variations
in the sub-mm bump mainly because the sub-mm and NIR emis-
sion from only one thermal component does not satisfy our MIR
upper limit. Occultation of the flaring component by the quies-
cent component (Yusef-Zadeh et al. 2010) seems unlikely given
the small sizes of the emitting areas at play. We argue that the
NIR/sub-mm anticorrelation could likely be due to either elec-
tron loss (>70% for γmin = θE ), a decrease in the magnetic field
(from B = 30 G to B = 14 G), or a combination of both, involv-
ing fewer escaping particles and a smaller decrease in magnetic
field. It is worth noting that a decrease in magnetic field, as ex-
pected during a magnetic reconnection event, can also explain
the different durations of observed flares in the NIR and X-ray
lightcurves (Dodds-Eden et al. 2010). Regardless of the mecha-
nism, we conclude that there is a link between a decrease in sub-
mm emission and the acceleration of nonthermal electrons (or
thermal electrons with θE > 2000). While more work is needed
to pin down the nature of this link precisely, magnetic activity,
fast outflows, and their interaction with the black hole are very
likely to be pieces of the puzzle.
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