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Variable Stars as Probes: Light Curve

1. Measurement of Amplitude, Period, Eigen-frequencies ...
— Deduce density and/or internal structure —

2. Determination of stellar properties
— Standard Candles (Cepheids, Sne)
— Probing Physics (mixing length theory)
— Much, much more
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are Under Luminous

accretion. Should only need only
htness.
‘luminosity problem’.

Transient Survey.
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5 (2000.0)

Why Do We Observe in the Sub-mm?

— B
Di Francesco, Johnstone, Kirk, et al. -

Optical and Infrared

Cold Dusty Envelope:
Optical -> Obscures, Reddens

50 45 40 35 30 .
’ T ’ Sub-mm  -> Glows Bright
« (2000.0)



The EAO/JCMT Transient Survey

NGC 2024 NGC 2071 Ophiuchus
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8 Regions < 500 pc (GBS) 3 Year Survey

182 Protostars, 800 Disk sources One Month Cadence

Serpens Main Serpens South

(Herczeg et al. 2017, ApJ)



The First JCMT Protostellar Variable:

Serpens Main ~ 400pc Aligned and Calibrated

JCMT SCUBA-2 at 850 micron
30’ Pong — viewing central region
13 epochs ~ monthly cadence

2016-February — 2017-April

Careful Investigation by
Korean graduate student
Hyunju Yoo ... 75,

(Yoo et al. 2017, Ap))




JCMT Protostellar Variable:

nicron Yoo+17, ApJ, 849, 69 :Calibration Mairs+17, ApJ, 843,55
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he First JCMT Protostellar Variable:

Serpens NW
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Figure 5. Phase diagram of the K-band variations of EC 53. The light curve
shows a rapid rise and slower decline from the maximum.



~ — Ongoing outflow activity (H, jet)
— 18 month periodic variable at 2um (Hodapp et al. 1999, 2012)

* Postulatation ...
— 18 month periodicity suggests disk irregularity at ~ 1 AU
— Unseen inner companion star (Hodapp et al.) -> ejection of 92AU source?
— We have observed for ~16 months with JCMT — awaiting full period

* Planned monitoring at 2um to determine lags and shape variations
18-03-21 KASI 2017
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Young Disk Observations (IR & mm):

Gaps in disks may be due Graduate University for Advanced Studies, Japan

to sculpting by planets.

Accretion periodicity
perhaps?

Very likely to be an National Research - Canad

Council Canada [ —
unstable flow ... -

Programs and services Areas of R&D Research facilities Publications Careers About NRC
e.g. Munoz & Lai (2015)

Home » Feature stories » 18-month twinkle in a forming star suggests the existence of a very young planet

18-month twinkle in a forming star suggests the existence of a
ALMA —HL Tau very young planet

Discovery made possible by a leap in submillimetre radio astronomy
technology, comparable to viewing videos instead of photos
November 01, 2017— Ottawa, Ontario

An international team of researchers have found an infrequent variation in the brightness of a forming
star. This 18-month recurring twinkle is not only an unexpected phenomenon for scientists, but its
repeated behavior suggests the presence of a hidden planet.

This discovery is an early win for the James Clerk Maxwell Telescope (JCMT) Transient Survey, just one-
and-a-half years into its three-year mandate to monitor eight galactic stellar nurseries for variations in the
brightness of forming stars. This novel study is critical to understanding how stars and planets are
assembled. The survey is led by Doug Johnstone, Research Officer at the National Research Council of
Canada and Greg Herczeg, Professor at Peking University (China), and is supported by an international
team of astronomers from Canada, China, Korea, Japan, Taiwan and the United Kingdom.

18-03-21
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mation of a star in one slide!

a - Dark cloud b - Gravitational collaps1 ¢ - Protostar

Bipolar flow /
dk

10 000 AU | ’
ime

10 000 to 100 000 years

d - T Tauri star e - Pre-main-sequence star f - Young stellar system

Bipolar flow
Protoplanetary disk Planctary debris Central star

disk
E i X

Planetary system

100 000 to 3 000 000 yrs  —————————— 3 (000 000 to 50 000 000 yrs — 50 000 000 yrs

Key point for this talk: the material that forms a star is assembled
from its prenatal cloud, through an envelope and disk.

18-03-21 KASI 2017 11



‘Out Collapse:

_ Loss of pressure support yields collapse!

e Rarefaction wave races out at sound speed

dM 2a”
— = 47rapr2 e

dt G

* Half of this mass flux is accreted onto the central protostar while
half is added to the in-falling envelope

— Steady-state protostellar accretion ~ a°/G

18-03-21 KASI 2017 12



tion (or B fields):

etry

iedthe
5 on disk

~« No a priori reason why mass transport
through disk = mass flux onto disk!
— If disk transports faster — no disk build up

— If disk transport slower — significant disk
build up

‘ Note: mass transport through disk may even be radially dependent!

18-03-21 KASI 2017 13



Mass Accretion — Non-Steady?

* Disk models suggest disk transport often
— Outer disk fills with mass until gravitationally unstable
— Next, spiral forms in disk efficiently transporting mass inward
— Accretion takes place in short energetic bursts and long
quiescent intervening periods

* QObservations of knots/bullets in jets also suggestive ...
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Young Disk Observations (IR & mm):

s Whetherobserved in scattered light (IR) or dust emission (mm)

disks around young stars appear structured!
(Spiral Driven Accretion: Bae et al. 2016, ApJ, Hennebelle et al. 2017 A&A)

\\\ N ’ / Elias 2-27 as seen by ALMA
AN \

redit: B. Saxton y ;
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA




Young Disk Observations (IR & mm):

* |nterestingly, many disks observed in mm show
rings and gaps indicating a more quiescent
environment, a non-smooth mass transport ...
and suggesting planets in formation!

e |f significant mass from the envelope still falls
onto the outer disk, how might this impact the
time dependence of accretion?

ALMA —HL Tau ALMA - HD 163296 ALMA - TW Hydra




isks — Non-Steady?
cale modes in gravitationally-unstable disk

:ion of the magneto-rotational instability
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camera network surface (Halliday er al. 1996)

camera network atmosphere (Halliday et al. 1989)

albedo distribution modelling (Morbidelli er al. 2002)
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%buﬁon(SEDy

'tion onto the protostar releases
otostar itself produces

Macc

elope and re-radiated in the far
as a calorimeter for accretion.

20 ' 3t
Zh Cold Black Body g
Bl z
submmn -

C 3

1
10
A (pem) . (pm)

 Measurements near the SED peak provide a proxy for accretion.
Thus, the JCMT Transient Survey or potential SPICA/OST Variability
Surveys observe accretion variability through brightness variations.

18-03-21 KASI 2017 19



anges in the SED?
ostar Model

e Possible Luminosities:

o I'PS =172 I'sun

- L, =5L, (ifsteady-state: c*3/G)
= LlO =12 I‘sun

— Lo = 120 L,

18-03-21 KASI 2017 20



/ariable Accretion - |

velope responds to accretion luminosity
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/ariable Accretion - I

er and SED shifts to the blue (Warmer)
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riable Accretion - Il
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Figure 8.9. The specific heat per gram of dust for silicate (full curve, similar to [Guh89]),
graphite (broken curve, after [Cha85]) and PAHs without hydrogen atoms (dotted curve,

after [Kru33] using 8.44)).  Guhathakurta & Draine 1989, ApJ

18-03-21 KASI 2017 23



f Variable Accretion - IV

me must be taken into account ...

Crossing time of the effective
photosphere, R, ~ 50 AU,

_ _ — 0 5000 10000 15000 .
1000 0000 =800 A is about 5 hrs.

18-03-21 KASI 2017 24



riable Accretion - V

ariability can be assessed:
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Spitzer/Wise Variability ... side fromw. Fischer

Outbursts seem to be common

McNeil's Nebula /
V1647 Ori (2003) HOPS 383 (~2005) HOPS 223 (~2006)

§ 1 W

\

Spltzer
[

Probability of 3 outbursts among

began outbursts 0.25
0.20

Suggests ~ 800 yrs between
outbursts; each protostar has 0.15
many over its formation period 0.10

But these three luminosity 0.05
increases are of order ~ 10x 0.00

(canonical FU Oris are > 100x) 0 500 1000 1500
CAS| 2017 Interval between Bursts (yr)




8/17 found
>10% flux variability
(LHS of figure)!

Argue likely due to
inner disk variability
In mass accretion.

to have

18-03-21
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Figure 2. Sample of reliable PACS light curves drawn from Table 2. The left column presents the light curves of variable protostars, and the right column contains
those that show flux variations within the estimated photometric uncertainties (see Section 2.3 for details). The set of graphs in the top row show the light curves
at 70 um and 160 xm when both are deemed reliable, while the other plots give 70 um fluxes only. The horizontal dashed and dotted lines give the average flux of
the sources and the +5% variations around the mean, respectively, indicating our level of confidence for variability detections. The first epoch was obtained on 2011
February 26, corresponding to the Herschel Operational Day 653 or MJD 55618.
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The EAO/JCMT Transient Survey

NGC 2024 Ophiuchus
4 . x~

b
4

-
’
! z
: g

8 Regions < 500 pc (GBS) 3 Year Survey

182 Protostars, 800 Disk sources One Month Cadence

Serpens Main Serpens South

(Herczeg et al. 2017, ApJ)




Calibration Methodology

Run Source-Finder on all epochs of the field (PhD student- Steve Mairs).
Determine which sources are in common between observations.

Compare clump centroids and relative brightness between observations.

Six epochs of 1IC348 observed over half a year.
Left: Before residual offset calibration; Right: after applying offset.



'fation Methodology

Image'AIignment (to reference map)

30
By aligning the maps obtained
on different dates to a common reference,
25 i
we can better compare peak brightness
changes between dates
20 .
_ Post-Alignment
)]
£15 / |
=
10 Pre-Alignment |
0 . m
0 1 2 3 4 5 6 7 8 9

R offset (arcseconds)
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Calibration Methodology

Achieve relative alignment calibration of better than one arcsecond.

Achieve relative flux calibration of better than 3%.
(Mairs et al. 20173, ApJ)

20

JCMT has
~8% Flux
Uncertainty

15¢

Our relative
flux uncertainty
IS ~2.5%

15¢

10+

0.8

0.9

1.0 1.1 1.2 1.3 OO 1
Flux Calibration Factor

2 3 4 5 6 7
Flux Calibration Factor Uncertainty (%)
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Light Curves and Variance:

‘microns — Calibrated Images (Mairs et al. 2017a, ApJ)

‘ ‘ % Flux Variation vs. Brightness
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and Variance:

(Mairs et al. 2017a, Ap))
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ver A Few Years ...

.tion to, 2-4yr prior, GBS Survey images.
ess changes. (Mairs et al. 2017b, Ap))

48/ [+

o
w

Dec (J2000)
Jy beam~!

—2°00 |-

o
o

12/

L |
32m00° 30m24° 18m28m48¢
RA (J2000)

Figure 17. Same as Figure 10, but showing the Serpens South field with its corresponding archival GBS fields. The red
(dashed) circle shows the SerpensS-NW GBS field while the blue (dotted) circle shows the SerpensSouthS-NE GBS field.
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Calibrator Source
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Normalised Peak Brightness
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We perform the same calibration |
for GBS Data and hunt for variability
over several year baselines! 1
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ion Over A Few Years ...
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)n Over A Few Years ...
_ariable candidates and one likely variable protostar.
protostar (Perseus Bolo-40) . (Mairs et al. 2017b, AplJ)

40

351

Number

U =10 5 5 10 15

0
]

Figure 7. The distribution of § values for all sources. The red points represent a Gaussian fit to the histogram. The vertical
dashed lines indicate the threshold for a significant detection of a variable candidate.
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lation Over A Few Years ...

GBS Survey ~4yrs before

i We perform (SS2s ca i .
or GBS Data andh(#)t for variahili Transient Survey
12} over several year I
L1y 7 Serpens South - Protostar
SASRAPRNS AR BER

0.8}

GBS Data .
0.9r ransi¢ prdata
Average Average @

o7l GBS Point  Transient Point

Normalised Peak Brightness

0.6

0 2 7 6 8 10 12 14 1 g ient Data
Observation Number :

 Q
Average
There are approximately a half o7 ~QBS Foint
dozen sources with a robust detection of flux 06— —f—
variation between GBS and Transient epochs. /
| Af/f] <0.20 ---> |Af/f| <0.05 per year. (Mairs et al. 2017b, ApJ)
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JCMT Ensemble Variability: ~A1.5 Yrs

1) Create a mean map from all epochs: deepest images
2) Find all the peaks in the map: we use Fellwalker (JSACatalogue)
3) Collate peaks with known protostars and disks:

NGC 2068

Starlink GAIA::Skycat NGC2071_mean.fit
NGC 2071 5:46:13.100 -0:06:06.50 J2000

johnsione Jul 05, 2017 at 09:51:52
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Sigma/Sigma Model

All (Clipped)
T T TTTTT

= EC53!

ability: ~A1.5 Yrs

sigma) for all peaks/all regions
ping for outliers (small # of epochs)

ligh flux: Calibration dominates

1.00
Peak Flux (Jy)
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Bottom Line:

So far only EC53
stands out as a
clear outlier in
measurement

uncertainty.
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(Johnstone et al. 2018, ApJ, in press)
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Flux

bility: ~A1.5 Yrs

to bright sources (> 350 mly)

gainst ordered distribution
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riability: ~A1.5 Yrs
iles to bright sources (> 350 mly)
ertainty in the slope

 repeat fitting process

yagainst ordered distribution

x change over one year.

D
9 [ A
2
T
51 L]
ol SEhS SAR
-2 0 2
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tion Over A Few Years ...

Table 7. Comparison of Identified Variable Sources

Transient Analysis Transient-GBS Analysis

Region Name S/AS* S 6° S Comment
(yr™) (yr™ )
Serpens M EC53 7.9 0.28 NA NA See Section 5.1.
Serpens S TRAS 18270-0153 4.1 -0.05 11.81 -0.04 Strong detection by both analyses.
NGC 2068 HOPS 373 4.3 -0.05 5.34 -0.04 Strong detection by both analyses.
Serpens M SMM-1 3.2 0.05 6.85 0.02 Strong detection by both analyses.
OMC2/3 HOPS 383 3.0 -0.04 4.17 -0.03 Moderate detection by both analyses.
NGC1333 Bolo 40 1.5 -0.04 7.99 -0.03 Only source not identified with protostar.
NGC1333 IRAS 4A - - 7.66 0.02 Not detected by present analysis.
NGC1333 [LAL96] 213 - - 8.31 -0.09 Not detected by present analysis.
Serpens M SMM 10 5.1 0.07 NA NA Source too faint for Transient-GBS detection.

%Sources with S/AS > 4 are robust against false-positives within the entire ensemble (see §4). Those sources with S/AS > 3
are strong candidates when treated as a special case.

bSources with & > 5 are robust against false-positives within the entire ensemble (see Mairs et al. 2017a). Those sources with
6 > 4 are strong candidates when treated as a special case.
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er ...

uld have much better statistics on the
er handle on transient phenomena.
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— Higher sensitivity, larger field of view,

higher frequency observations possible s
“*)m wwwwww
— For CCAT-P can monitor almost all Orion protostars

at 350 microns (S/N > 100) with ~hr per epoch

A space observatory,
150 million km away

* Far IR Space Telescopes (SPICA/ORIGINS) & |

— Excellent calibration opportunity, limited lifetime e
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FINAL THOUGHTS

d be carefully considered

| ons advantageous
ed Fast-Mapping, Sensitivity (S/N), and Calibration
Require observing strategies that control systematics

* But also provide strong incentive for improvements in
calibration techniques (as has taken place at the JCMT)

— Need to consider physical conditions being probed

N a0

Herczeget al. 2017, ApJ, 849, 43
Mairs et al. 20173, ApJ, 843, 55

Yoo et al. 2017, ApJ, 849, 69
Mairs et al. 2017b, ApJ, 849, 107

Johnstone et al. 2018, ApJ, accepted.
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