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X-ray image of the Orion Nebula Cluster  - Chandra Orion Ultradeep Project

X-ray irradiation

X-ray observations of star forming regions
and implications for star & planet formation

The COUP Consortium
PI: Eric Feigelson

&Thomas Preibisch
Max-Planck-Institute for Radioastronomy, Bonn, Germany

Magnetic star-disk  coupling

X-ray effects on
planet migration
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Star formation occurs in clouds at T~10 K,  
planet formation in disks at T ~100 - 1000 K, 
i.e. in thermodynamically neutral molecular material.

However, ionization & MHD processes are important:             

- UV ionization inhibits star formation in cloud outer regions.  

- Cosmic ray ionization drives cloud astrochemistry & MHD     
turbulence, and provides magnetic support of pre-collapse clouds.   
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Star formation occurs in clouds at T~10 K,  
planet formation in disks at T ~100 - 1000 K, 
i.e. in thermodynamically neutral molecular material.

But another important source of high energy radiation 
is present in star/planet forming environments:
stellar X-ray emission, especially the violent
X-ray flares producing keV photons & MeV particles
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X-ray emission 
from the Sun

Typical loop length: < 0.1 R
LX, ~  1027 erg/s,   TX, ~  2  MK
log LX/Lbol ~ -6.5

Hot coronal plasma is confined 
in magnetic field loops
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X-ray emission 
from the Sun

Solar coronal activity affects the earth
atmosphere & magnetosphere,

can thread satellites, and may even
knock out electricity systems

Strong variability, flares, 
coronal mass ejections, ...
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ROSAT X-ray image of the Chameleon I star forming region

Many T Tauri stars are 
very strong X-ray sources

LX ~  1028 – 1031 erg/s

~ 1000 x LX

TX ~  10 – 30 MK

~ 10  x  TX

X-ray emission is often
strongly variable, with
frequent large X-ray flares

EINSTEIN / ROSAT / ASCA  observations of star forming regions
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X-ray spectra from optically thin hot plasmas
Bremsstrahlung: 

Line emission:
30 MK

2 MK

6.7 keV:
Kα line from Fe XXV

0.1
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Opacity of cosmic matter

τ (2 keV) ~ τ (2 µm)
~ 1/10 τ (opt)

τ (8 keV) ~ τ (50 µm) 
~ 1/100 τ (opt)

optical X-rayinfrared
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X-ray spectra for different temperatures and extinction

AV = 0, 1, 10, 50 mag

T = 2 MK T = 30 MK

X-ray extinction makes spectra harder ( blue shift)
Hard (> 3 keV) X-ray photons can easily penetrate AV = 100 – 1000 mag

0.1 0.1
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X-ray detections of "class I objects" and a "class 0 protostar" 
in the Coronet cluster: Hamaguchi et al. (2005, ApJ 623, 291)

X-ray emission starts very early in (proto-)stellar live

IRS 6

IRS 5

IRS 1

IRS 2

IRS 7B (class 0)
TX > 35 MK
AV = 140 mag
LX = 2 ... 18 x 1030 erg/sec

R CrA

IRS 7
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Temporal evolution of the X-ray 
activity of solar mass stars
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Temporal evolution of the X-ray 
activity of solar mass stars
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Temporal evolution of the X-ray 
activity of solar mass stars
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Temporal evolution of the X-ray 
activity of solar mass stars
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Temporal evolution of the X-ray 
activity of solar mass stars
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Limitations of previous X-ray data sets on young stellar clusters:
- limited sensitivity:  many of the fainter members remain undetected

- spectra ( accurate X-ray luminosities) only for brightest sources
- many different small samples of T Tauri stars statistical errors

Solution: Ultradeep observation of a well investigated region

Target: Orion Nebula Cluster (ONC)
nearby, rich, and very well studied 
region of low- and high-mass 
star formation (0.02 – 40 M )

Hillenbrand (1997):
spectral types, luminosities masses & ages 
for nearly 1000 ONC members

Instrument: 2MASS
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8 - 21 January 2003:
Orion Nebula Cluster 

observed with ACIS for 
850 ksec = 10 days

PI:  Eric Feigelson

The Chandra Orion Ultradeep Project  (COUP)

Deepest X-ray observation
ever obtained of a 
star forming region1616 X-ray 

sources detected
COUP true color image
0.5 – 8 keV, 17' x 17'

Scientific results: 13 papers in ApJ Supplements, COUP Special issue, October 2005
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resolution:  5''
297 sources in 40' x 40'
LX,lim = 5 x1029 erg/sec

ROSAT HRI (0.2 – 2.0 keV)
exposure time: 28 000 sec 

COUP  Chandra (0.5 – 8.0 keV)
exposure time: 838 100 sec 

resolution:  < 1''
1616 sources in 17' x 17'
LX,lim = 2 x1027 erg/sec

5 x
8 x

250 x
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X-ray  optical near-infrared X-ray
all (> 98%) optical/infrared cluster members 

are detected as X-ray sources

NASA/CXC/Penn State
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Variability: The COUP Movie
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Some COUP results on T Tauri X-ray emission

- All T Tauri stars are strong X-ray sources
90% have LX > 100 LX ,  50% have LX > 1000 LX

- Powerful flares occur every few days
(LX(peak) > 5 x LX(pre-flare))

- Observed X-ray properties suggest that 
the bulk of the X-ray emission comes from 
solar-like, compact, coronal loops.

However, some of the strongest flares suggest very large loops (l ~ 10 R* )
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Evidence for very large loops
Favata et al. COUP #8
MHD modeling of large flares

Example:  COUP 1343, τ = 12 hours
loop length = 1 x 1012 cm ~ 10 x R
plasma density = 2.3 x 1010 cm-3

magnetic field strength = 150 G

Sun:
l <~ 0.1 R

Illustration

Inferred loop lengths 
sometimes 5 - 20 R*.

Star-disk magnetic 
field lines? 
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Animation: large X-ray flare irradiates the circumstellar disk

Flare statistics from COUP data:  
~ 2 powerful flares per week on each T Tauri star

NASA/CXC/Penn State
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Tsujimoto et al. 2005 COUP #8

The 6.4 keV iron fluorescent emission 
line is detected in several deeply
embedded sources with strong
IR excesses.

Fe Kα line:
6.7 keV for highly ionized, hot (> 30 MK)

Fe XXV (corona)

6.4 keV for neutral, cold  Fe I

6.4 keV Fe line is due to  fluorescence 
from irradiated cold disk material

τ X = 1  for  AV = 100 mag

can easily penetrate outer disk
and/or circumstellar envelope

Evidence for X-ray irradiation of disks

6.7 keV
6.4 keV

Fe XXV

Fe I

6.7 keV

6.4 keV
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Protoplanet migration

Gravitational interaction between protoplanet
and the surrounding disk:

excitation of spiral density waves 
at Lindblad resonances

exchange of angular momentum between 
protoplanet and disk

net effect:  torque moves protoplanet inward
= type I planet migration

Laughlin et al. 2004

Migration should propel protoplanets 
into the star on timescales of ~105 years
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Protoplanet migration
Turbulent disk:

inhomogeneities produce random gravitational 
torques, protoplanets undergo random walks 
rather than secular type I migration.

Gap formation is also suppressed, so Type II migration is delayed.

Terrestrial planets are "preserved" until 
gas disk dissipates

can end up as planets like the Earth

Important source of disk turbulence: Stellar X-ray emission (flares)
X-ray ionization produces free ions + electrons, together with a disk magnetic field 
this leads to the magneto rotational instability in the rotating disk

generation of turbulence

Laughlin et al. 2004
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weak X-ray emission

strong X-ray emission

non-turbulent disk

planet migrates to
the star, is destroyed

turbulent disk

planet stays at safe
distance from the star

Strong stellar X-ray emission as a "planetary protection program"
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X-ray chemistry in the circumstellar material around YSOs
Stäuber, Doty, van Dishoeck, Benz   (2005, A&A 440, 949)

Chemical models for AFGL 2591
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Stellar X-rays ionize and/or dissociate molecules
X-rays penetrate much deeper than stellar UV radiation
and dominate ionization over cosmic rays in the inner 1000 AU

He+, H3
+, and other species strongly enhanced (factors ~ 104)

1000 AU

no X-rays

X-ray ionization changes abundances of 
chemical species in protoplanetary disks
and triggers peculiar chemistry.

Gemini, NIR
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First realistic three-dimensional model for the 
X-ray dissociation region in the BN/KL core

unpublished results from Andrea Lorenzani & Francesco Palla 

Result:
X-ray ionization dominates cosmic ray ionization 

over ~20% of the molecular cloud core
may inhibit future star formation and terminate growth of the cluster 

Density Ionization X-ray luminosities 
and spectra of the 
stars obtained
from COUP data
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Conclusions
• Solar-type stars exhibit their highest levels of X-ray

activity, esp. powerful magnetic reconnection flares, 
during the first few Myr.

• X-rays can efficiently irradiate protoplanetary disks,
dominate disk ionization and may alter disk structure, 
dynamics & chemistry

• X-ray induced MHD turbulence can strongly affect
planet formation processes.
The X-ray data support models of star-disk magnetic coupling, 
ionization of disks & outflows &  irradiation of meteoritic solids. 

• X-ray ionization will dominate cosmic ray ionization near
young stellar objects, may affect future star formation. 


