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Protostellar	  Variability	  

§  Variability is a defining characteristic of Young Stellar Objects (Joy 1945) 

§  Optical / Near-IR: accretion shocks – hot spots (e.g. Carpenter et al 2001) 

§  Mid-IR: Inner disk structure (warped disks, variable scale height) 

§  YSOVAR (Morales-Calderón et al. 2009), LRLL 31 (Flaherty et al. 2011), etc. 
 

§  Far-IR (>50µm): Only sparse and rare time series yet observed… 
§  KAO: Harvey et al. (1998)   
§  ISOPHOT: Juhász et al. (2007), Kóspál et al. (2007) 

Infrared variability of UX Ori-type star SV Cep 1247
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Figure 3. SED of SV Cep. Flux uncertainties are usually smaller than the

symbol size. No correction for interstellar reddening was performed.

brightness decreased steadily within the next 250 d. At the beginning

of 1997, there was a local maximum, followed by a shallow decline

in brightness. At the end of 1997, the direction of the brightness

variation changed and SV Cep began to brighten again.

We can also recognize variability, exceeding the formal flux un-

certainties, at 3.6 µm. The peak-to-peak flux variation is somewhat

smaller than in the V band. The flux increased during the first 200 d,

then, except for a local minimum at the end of 1996, the brightness

remained constant, within the errors, until the end of 1997. Then the

flux slowly decreased until the last measured point. At 12 µm, the

peak-to-peak variability is even smaller than at 3.6 µm. The bright-

ness slowly increased during the first 450 d and then decreased with

a similar pace. The light curves at the other six wavelengths from

3.3 to 15 µm (not shown) behave similarly to the 3.6 and 12 µm

results, but the amplitude of the variability decreases from 3.3 to

15 µm. The flux of SV Cep was almost constant at 20 and 25 µm

over the observed 25 months, compared to the measurement

uncertainties.

At 100 µm, clear variability can be recognized, with a peak-to-

peak change of about a factor of 2. The brightness decreased during

the first 800 d, except for a local maximum at the beginning of 1997.

From the beginning of 1998, the flux at 100 µm began to increase

slowly. The shape of the light curve at 60 µm is very similar to that

at 100 µm.

3.3 Correlations

In order to investigate the relationships between the optical and

infrared data sets, we interpolated the V-band light curve for the

epochs of the ISOPHOT observations. Then infrared data from

Table 2 were plotted against the interpolated V-band fluxes (Fig. 5)

at the same four wavelengths as in Fig. 4.

At 100 µm, a clear correlation can be seen between the opti-

cal and the infrared flux values. Pearson’s correlation coefficient is

0.88, which indicates a significant linear trend in the data distribu-

tion. A similar behaviour can be observed at 60 µm (not plotted).

At 25 µm, and also at 20 µm (not shown), the correlation with the

V band disappears, due to the fact that at these wavelengths SV Cep

does not exhibit any significant variations (Fig. 4). The 3.6 and

12 µm correlation plots might indicate a weak anti-correlation with

the V-band fluxes. (Pearson’s correlation coefficients are !0.55

and !0.40, respectively.) The significance of this anti-correlation

mainly relies on the reliability of the photometric points at the

very first epoch, whose calibration was not straightforward (see

Section 2.4). However, simultaneous observations with the SWS in-
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Figure 4. Light curves of SV Cep at four representative infrared wave-

lengths, as well as in the V band. Infrared flux values are taken from Table 2;

the V-band magnitudes are from Rostopchina et al. (2001). The plotted error

bars correspond to the relative photometric uncertainties.

strument (the short-wavelength spectrometer onboard ISO) at 2.63

and 3.6 µm seem to support the observed anti-correlation at mid-

infrared wavelengths.

4 D I S C U S S I O N

4.1 Variability: a new tool to explore circumstellar structure

A number of numerical codes are available, which can model the

SED of a young stellar object by assuming a certain circumstellar

geometry (e.g. flat/flared disc, envelope) and performing radiative

transfer calculations (e.g. Dullemond et al. 2006 and references

therein). In many cases, however, the model results are not unique:

the SED can be fitted by assuming different circumstellar structures.

One possibility to resolve this ambiguity is high spatial resolution

imaging. Another way – which was first proposed by Chiang &

Goldreich (1997) and which will be explored in this section – is

to make predictions for possible flux variations in the different

C" 2007 The Authors. Journal compilation C" 2007 RAS, MNRAS 374, 1242–1252

SV Sep @ 100 µm: 2 years, 100% variations 

216 Á. Kóspál et al.: The 1995–2006 outburst of OO Serpentis

Fig. 5. Light curves of OO Ser at di!erent
wavelengths. Open circles: measurements of
Hodapp et al. (1996b); Hodapp (1999); Stars:
LIRIS; Filled circles: ISOPHOT; Triangle:
TIMMI2; Squares: Spitzer; Dashed lines: pre-
outburst fluxes from 1994 at 2.2 µm and from
1983 at 12, 25 and 60 µm (for details see
Sect. 3.2). Tick marks indicate January 1 of
the corresponding year. Error bars in the up-
per right corner of each panel show the typ-
ical uncertainty in the absolute flux level.
Due to the homogeneous measurement strat-
egy, the uncertainties of the ISOPHOT data
points relative to each other at a certain wave-
length are usually better than the absolute er-
rors (see Sect. 2.2). All fluxes are corrected for
source confusion (for a detailed description see
Sects. 2.7 and 3.4), thus these light curves show
the brightness evolution of OO Ser alone.

by the ISOPHOT aperture. In doing so, however, several addi-
tional sources would be included in the beam, falsifying the fad-
ing rate calculations for OO Ser. Instead, we decided to use the
higher spatial resolution images to correct for the contribution of
additional, unrelated sources in the large ISOPHOT beams.

At 12 µm TIMMI2 could resolve OO Ser and V370 Ser.
Assuming that V370 Ser is not variable at this wavelength, we
subtracted its contribution of 0.18 Jy (see Table 2) from each
ISOPHOT 12 µm measurement. The MIPS camera of Spitzer at
24 µm could separate OO Ser from V370 Ser giving a flux of
1.56 Jy for the latter source, which we interpolated to 25 µm
(1.71 Jy) and subtracted from the ISOPHOT points at 25 µm.
At 60 µm, MIPS 70 µm measurements could be utilized. Using
the SEDs presented in Table 2, we interpolated 60 µm fluxes for
V370 Ser, V371 Ser, EC 38 and SMM 9, and subtracted the sum
of these values (24 Jy) from the ISOPHOT 60 µm data points.
Due to the lack of 100 µm fluxes for the nearby sources, a similar
correction was not possible in the case of the 100 µm ISOPHOT
light curve.

In Fig. 5 six representative light curves between 2.2 and
60 µm are shown. All these light curves are corrected for source
confusion and represent the brightness evolution of OO Ser
alone. In the following, we describe these light curves in detail.

3.4.1. The outburst history at 2.2µm

FUor and EXor ourbursts were historically monitored at optical
wavelengths. Since OO Ser is invisible in the optical, KS is the
shortest available band where the outburst could have been fol-
lowed. The top left panel of Fig. 5 shows the 2.2 µm light curve
of OO Ser. The star brightened by 4.6 mag between 1994 August
and 1995 July. After reaching peak brightness, it started an ap-
proximately exponential fading with a rate of 1.00 mag/year in
the first 350 days and 0.34 mag/year afterwards, as the data be-
tween 1995 and 1999 indicate (Hodapp 1999). The change in
fading rate divides this period of the outburst into a first and
a second part. Our measurements from 2004!2006 prove that

the fading continued, although at a slightly di!erent rate, rep-
resenting a third part of the fading. Comparing the preoutburst
flux with the new observations, one can conclude that at 2.2 µm
OO Ser is still above the preoutburst flux level.

In the following, we describe the lightcurves of OO Ser at
longer wavelengths, following the abovementioned division: the
initial rise (until peak brightness); the first part of the fading (un-
til mid-1996); the second part of the fading (until mid-1997);
and the third part of the fading (until 2004).

3.4.2. The initial rise (until peak brightness)

Comparison of the preoutburst fluxes with the SED in outburst
(Fig. 3) shows that the eruption caused brightening in the whole
near- to far-infrared spectrum. Although the fluxes at 100 µm are
contaminated by nearby sources, there is a flux change at this
wavelength, too. The shape of the SED changed significantly:
the outburst SED is flatter.

At 2.2 µm the light curve reached its peak in 1995 October.
At 3.6, 4.8 and 12 µm, the exact date of the peak is not known,
but it happened not later than 1995 October, thus it was prob-
ably simultaneous with the K-band peak. At 25 µm, however,
the peak took place in 1996 April, i.e. some 200 days later
than at 2.2 µm. The shape of the peak at 25 µm is also di!er-
ent, it is broader than at 2.2 µm, and has a triangle-like shape.
At 60 and 100 µm, the photometry is more uncertain, thus the
peak dates cannot be determined. Nevertheless, the time-shift at
25 µm gives a hint that the peak brightness happened gradually
later at longer wavelengths. To our knowledge, such a time-shift
has not been observed for other eruptive stars.

In order to analyse the wavelength dependence of the bright-
ening, in Fig. 6 we plotted the ratio of the peak flux to the pre-
outburst value at 2.2, 12, 25, 60 and 100 µm. Since at 100 µm
both the preoutburst IRAS flux and the peak ISOPHOT flux in-
clude contributions from several nearby sources, the ratio de-
rived from these numbers represents a lower limit for the bright-
ening of OO Ser itself. Figure 6 suggests that the amplitude of

OO Ser @ 60 µm; 8 years, 800% variations 
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§  70 µm flux good proxy to protostellar total luminosity (Dunham et al. 2008) 



Grenoble	  –	  March	  21,	  2012	  –	  Nicolas	  BILLOT	  From	  atoms	  to	  pebbles:	  Herschel’s	  view	  of	  star	  and	  planet	  formation	  

Far-‐IR	  photometric	  monitoring	  

§  Herschel PACS/Photometer 70 + 160 µm  (10h obs. time) 

§  18 epochs through 4 visibility windows (first 6 epochs are 
observed & analyzed) 

     Sampling ~week ~months ~1.5 years 

§  Large maps (35’x35’) preferred to pointed observations 
    Covering OMC-1 to 3 which contain 100+ Spitzer-identified  
    Class I/0 protostars  

§  High redundancy of scan directions  
    Secular spacecraft rotation + orthogonal consecutive scans 

IRAC 4.5 µm + Class I/0 
From YSOVAR 

2	  

Herschel AORs overlay 



PACS 160 μm
PACS 70 μm
Spitzer 8/24 μm
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Image prepared by R. Hurt

6 epochs combined 
with Scanamorphos 

(Roussel et al., sub.) 
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Image prepared by R. Hurt

6 epochs combined 
with Scanamorphos 

(Roussel et al., sub.) 
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Source	  Photometry	  

§  Search for point sources in the 70 µm 6-epoch combined map 
§  Automated source-finding algorithms gave unsatisfactory results 
   è Visual inspection 

 
§  Photometry measured on individual single-epoch maps 

§  Small apertures encircling the PSF core (4’/8’ radius @ 70/160 µm) 
§  Aperture corrections applied (based on measured PACS PSF) 

§  Results: 
§  43 point-like sources at 70 µm with flux 0.4 – 500 Jy 
§  34 have counterparts at 160 µm 

§  13 are point like with fluxes 15 – 300 Jy 
§  21 are resolved/extended sources 

§  Most sources are Class I/0 protostars  
§  (Morales-Calderón et al. 2009, following presentation by T. Megeath) 
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Building	  Reliable	  Light	  Curves	  

§  Photometric errors on single-epoch maps  
§  Standard deviation in background annulus inappropriate 
§  Flux uncertainty estimated from varying aperture radii 

è  ~5% uncertainty at 70 µm (up to 20% in crowded/
structured regions), ~20+% uncertainty at 160 µm 

 
§  Relative uncertainties: 

§  Same approach with varying aperture radii 
§  Light curve deemed unreliable if any single-epoch flux 

varies by > 5% for various aperture radii 

§  17 sources have reliable light curves 
§  Variability detection: peak-to-peak variations > 10% 
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Rapid	  far-‐IR	  variability	  

§  20% variation @ 70 µm over 6 weeks 

§  Phased light curve @ 160 µm 

§  High S/N detection (relatively isolated 
source with smooth background) 
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Rapid	  far-‐IR	  variability	  

§  20% variation @ 70 µm over 6 weeks 

§  Phased light curve @ 160 µm 

§  High S/N detection (relatively isolated 
source with smooth background) 

§  Mid-IR variability, 30% (YSOVAR) 

Non-contemporaneous IRAC 4.5 µm light curve 
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Rapid	  far-‐IR	  variability	  

§  20% variation @ 70 µm over 6 weeks 

§  Phased light curve @ 160 µm 

§  High S/N detection (relatively isolated 
source with smooth background) 

§  Mid-IR variability, 30% (YSOVAR) 

§  Accretion rate ~ 3.10-4 M¤/yr 

Likely variable mass accretion… 

6	  

~25 L¤ 
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Rapid	  far-‐IR	  variability	  

§  20+% variation @ 70 µm  

§  Same trend at 160 µm, but noisy 
photometry 
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Rapid	  far-‐IR	  variability	  

§  20+% variation @ 70 µm  

§  Same trend at 160 µm, but noisy 
photometry 

§  50% variability at 4.5 µm 

Non-contemporaneous IRAC 4.5 µm light curve 
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Rapid	  far-‐IR	  variability	  

§  20+% variation @ 70 µm  

§  Same trend at 160 µm, but noisy 
photometry 

§  50% variability at 4.5 µm 

8 protostars out of 17 show 10+% variability at 70 µm 

Non-contemporaneous IRAC 4.5 µm light curve 
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Inconclusive	  variability	  detections…	  

8	  

Non-contemporaneous IRAC 4.5 µm flat-ish light curve 
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Inconclusive	  variability	  detections…	  

Non-contemporaneous IRAC 4.5 µm flat-ish light curve 

One-week cadence does not sample   

faster/slower periodic variations 
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Non-contemporaneous IRAC 4.5 µm light curve 
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Future	  Work…	  

§  SED modeling of variable sources 
§  Extended emission, PDR (data are public, volunteers?) 
§  Improved photometry with PSF fitting 
§  12 epochs remain to be observed/analyzed 
§  PACS spectrometer monitoring just started on selected sources 

§  See poster by Manoj Puravankara 

§  More Herschel projects to monitor YSOs: 
GT2_zbalog_2, OT2_jforbric_3, OT2_nbillot_2, OT2_pabraham_4, 
OT2_rvisser_1, OT2_zbalog_3  
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Data	  reduction	  

§  HIPE Standard pipeline up to calibrated data cubes (Level1 frames) 
including non-linearity corrections 

§  Single-epoch maps (single-direction scan map) are produced with 
the standard masked high-pass filtering scheme + projection 

§  First 6 epochs combined with the IDL-based mapmaker Scanamorphos 
(Roussel et al. 2012) to preserve extended emission… 

Ø  Large spatial scales are affected to 
some extent by the high-pass filter 

Ø  Small spatial scales (point sources) 
are NOT affected 

Same map (PACS 70), different color scale stretch 
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