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Beate Stelzer (OA Palermo)
Contributions from A. Maggio, L. Scelsi, S.
Sciortino




A quick tour of observables from pre-MS

to MS<Q8eS\ cLASS I X-RAYS IN CLASS lIi
(1) ?IﬁCE ACCRETION (SLSEWLRY LATE Pre-MS STARS (CORO

(2) IONIZATION AGENT OF DISK X-RAYS IN MS

...CORONAL
- WadkRikd@ T U Rifai
T'Tauri | Sequerice
Star Star :

Ao

LI oD o

-RAYS IN CLASS | . cres | Inaliing

TS Protostar

HOCKS IN OUTF LOWS)“w )

SKETCH

 AcE s s | & 7| & 7 7
. (YEARS) | 10 10 | 10 -10 10 -10 >10

Class 0 Class | Class Il Class Il (Class Ill)

VERY CONTROVERSIALSAs  —™" =~ "™ | ™ |

Possible

Thin or
, . Planetary
Non-existent System

Yes . Thick | Thick

X-RAY v Yes Strong '3 Strong Weak

 X-RAYS FROM |
HOT STARS  Raoo ~ Yes | Yes | Yes | No  No

'NON-THERMAL

- X-RAYS FROM hcadit D . D D
BROWN DWARHapted from Feigelson & Montmerle, ARA&A, 1999

No Yes No ? Yes Yes




Need

more sensitive
high spatial
resolution

high spectral
resolution

X-ray observations



Spatial resolution
for

4.crowded star forming regions

*complex YSOs with several
components, e.q. jets + coronae



Chandra Orion Ultradeep Projecty
(COUP) o

handra Orion Ultradeep Project

850 ks Chandra
on Orion Nebula Cluster

Pl Feigelson

13 papers in ApJS Special Issue 160
and several others
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XMM-Newton Extended Survey in Taurus

(XEST)
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_ Pl Guedel
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E = y G2 15 papers in A&A Special Issue 468
{ | Taurus Molecular Cloud:
: « 2 Myr PMS stars, no OB stars
- « d~ 140 pc
3 « extended, sparsely populated:
: 126 cloud members detected
: _ 33 cloud members undetected
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: { e IXO/WFI potential:
. r— e high sensitivity over large
12000 FOV
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Deep Rho Ophiuchi XMM-Newton observation

(DROXO)

500 ks XMM-Newton
in p Oph Core F

Pl Sciortino

1 paper published, 2 submitted,
several in prep.

- s * & p Oph:
- 9 0.5 Myr PMS stars
| d ~ 120 pc
110 X-ray sources,
poorly known membershij
Class | sources
with Fe Ka emission

IXO/WFI potential:
high sensitivity over large
FOV



Spatial resolution
for protostars + YSO jets

0.6-1.7 keV ACIS-S: DG Tau + jets

Moothedl olor-coaead
Guedel et al. (2008)
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LaValley et al. (1997)



Spatial resolution
for protostars + YSO jets

X=rays
from S
. - %
0.6-1.7 keV ACIS-S: DG Tau + jets ™% ¥ iser
X pays from Ko

s
coromnal

X-rays w
Moothed olor-coqae
Guedel et al. (2008) disk-absorbed
K=rays

from counter jet

4 X-ray emitters in DG Tau system:

* soft, weakly absorbed jet

* soft, stronger absorbed counterjet
* soft, weakly absorbed base of forward jet Guedel et al. (200
* hard stellar corona



Spatial resolution

for protostars + YSO jets

0.6-1.7 keV ACIS-S: DG Tau + jets

Z 100 AL]

Moothedl olor-coae
Guedel et al. (2008)

4 X-ray emitters in DG Tau system:

Z 100 AL

* soft, weakly absorbed jet

* soft, stronger absorbed counterjet

* soft, weakly absorbed base of forward jet
* hard stellar corona

[5]
5]

L
—

IXO/WFI potential:
spatial resolution limited, but
sensitivity high
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High sensitivity
for

*Faint objects,
e.g. protostars + brown dwarfs

*Time-resolved
medium-resolution spectroscopy

e.g. Fe Ka emission,
disk response to X-ray

IHlumination,
flare evolution,
circumstellar absorption in



CLASS 0O protostars:
X-rays in earliest proto-stellar phase ?

rpens star forming region:

Co-added ACIS image from 6 Class

itzer/IRAC1 image with Chandra/AClIsfieldffective 540 ks exposure:
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Giardino et al. (2007)
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Assume: N, = 4 1023 cm2, kT = 2.4 keV
L. < 4 10%° erg/s

Class O fainter X-rays than Class |, II,
or extreme extinction



CLASS 0O protostars:
X-rays in earliest proto-stellar phase ?

T o R
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Assume: N, = 4 1023 cm?, kT = 2.4 keV
).es = 1.5 1016 erg/cm?/s L < 4 10?° erg/s

@ 2-10 keV
for N, = 1024 cm2 (A, ~ 500 mag) Class 0 fainter X-rays than Class |, II, Il

LT — ™ A L~\/ or extreme extinction



Detecting Class 0 protostars with 1XO/
WEFI

XTI o-added ACIS image from 6 Class
to effective 540 ks exposure:

Fluxgimit [cgs]

Solid: IXO, 3 m2 S"HEW s Y - .
10000 100000 1 O i "
Exposure [s] Y . .
ssume ; L.
int, strongly absorbed, hard CLASS O: S R

= 102° erg/s @ 260pc
Assume: N, = 4 1023 cm2, kT = 2.4 keV

).es = 1.5 1016 erg/cm?/s L < 4 10?° erg/s
@ 2-10 keV IXO/WFI: L, ~ 10% erg/s for N, =
for N, = 1024 cm2 (A, ~ 500 mr

1024 cm2
LT — D A L-A\/



Brown dwarfs:
Dynamo in the substellar regime ?

COUP (ONC) XEST (TMC)
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Grosso et al. (2007)
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Detecting brown dwarfs with IXO/WFI

JUP: 850ks Chandra in Orion

Assume a strongly absorbed BD in ONC:

Only weakly absorbed BDs detected

3)Intrinsic L, = 1028° erg/s with A, = 10 mac

Ay [mog]
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Brown dwarfs:
Dynamo in the substellar regime ?

HIEST—ﬁ'I—ﬂBEl . . .
e i - _
: | > : -
3 - 2 CTT T
i — === S S i R —-
": 11':' L ~ C I
g 107"k E
i S - GI569-Bab
'fg N _g[ HR7329-8
g 10 .
o 3 | T
e I —— |
I — s
o | | 0.5 1.0 2.0
3 ' " os ' |1 2 ' 5 10 E [keV]
Energy (ke)
Grosso et al. Stelzer et al. (2006a)
(2007)

 [2Myr __ [10Myr 100 Myr _
XEST-17-068 HR7329B GI569B
T [MK] 20 §) 7 (in
flare)
There are no good X-ray spectra of brown dwarfs as yet !



Brown dwarf spectra with IXO/WFI
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Yy temperature can be constrained in short (few ksec) exposure time
bright, nearby brown dwarfs

/WFEI can verify/refute dependence of X-ray spectrum on age in brown




High sensitivity
for

*Faint objects,
e.g. protostars + brown dwarfs

*Time-resolved
medium-resolution spectroscopy

e.g. Fe Ka emission,
disk response to X-ray

IHlumination,
flare evolution,
circumstellar absorption in



Fe Ka emission from the Sun

Fe Ko
+24

——Fe
=—-—50 - 130 keV¥

RELATIVE INTENSITY

5 NOV 1980

SXR

Sun:

6.4 keV Ka line
during gradual phase of flare
(similar to soft thermal X-rays;
unlike hard non-thermal X-rays)

- fluorescence of photosphere
illuminated by X-rays

UNIVERSAL TIME

Culhane et al. (1981)

K

'.\FE' Ku: = l/

¢

Testa et al. (2008)




Fe Ka emission from normal stars:
Fluorescence - flare location

)
i .-

" "Testa et al.'(2008) :
HR9024 (G giant)

| FeXXV 1

‘ ; 6.4 keV Ka line

|| ] during initial phase of flare
’ A i f
_ ”JHJP ': | Lf’m photospheric fluorescence model
:.'. L8 Ll'ITFJf"HJijH constrains flare height: ~ 0.1 R,

1.85 1.9 1.95
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»
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Testa et al. (2008)



Fe Ka emission from pre-MS stars:
fluorescence or e impact ionization ?

2.0l

Elias 29 (Class | in DROXO):

6.4keV line
in_quiescent phase after a flare

sustained ionization
mechanism

independent of X-rays;

coll. ionization by non-thermal

electrons in star-disk loops

normalkzed couniefse e

IE_

Giardino et al. (200 7-)ane energs e

Reverberation
mapping

reveals geometry of
system




Fe K[] emission with IXO/

85 ksec XMM/pn \A/FI 15 ksec IXO/WFI

SW =250 A ] W =250A

IXO/MWFI 15 ksec

0.4

0.05

normelkzed counis Seee el
0.02

normalized counts s-1 ke

0.01

Sx10-3

B} L

2102

G | a rd | Nno et a I . (2 06 7:)1u.rme] energy (ke¥) Energy (keV)

IXO/WFI:
 detection of Fe Ka in large sample of stars in different
evolutionary phases
(large FOV - several stars in 1 field)
* time-resolved Fe Ka spectroscopy:

detecting time-delay between flare and appearance of Fe Ka
line from disk




Fe K* emission with IXO/

50 ksec IXO/WFI \A/F] 15 ksec IXO/WFI

dW = 50 A |“i:e XXV EW = 250 A
g ?I :
. Fe Ka .

ettt
a ST T+ 7Ty, d Il £y
ML
E3f 1508 = s £
' | i+| Hy
L :
Energy (keV) “ Energy (keV)
IXO/WFI:

line from disk

 detection of Fe Ka in large sample of stars in different
evolutionary phases
(large FOV = several stars in 1 field)
* time-resolved Fe Ka spectroscopy:
detecting time-delay between flare and appearance of Fe Ka

| « detect photospheric Fe Ka fluorescence (W,,. ~ 50 AA in 50




High sensitivity
for

*Faint objects,
e.g. protostars + brown dwarfs

*Time-resolved
medium-resolution spectroscopy

e.g. Fe Ka emission,
disk response to X-ray

IHlumination,
flare evolution,
circumstellar absorption in



Disk response to X-ray illumination

-shell ionization energy of Ne (0.9 keV)

~ peak of stellar X-ray spectrum hot
> high photo-ion. cross-section for Ne by X-tays ,--retion r,‘fA
ne-structure transitions Star-disk
f [Ne 1] 12.8um and [Ne Ili] 15.5um Q=pon

y collisional excitation cool 9 N magn.coupling
star spot =
b

o [lux calculations:
®
1>/JJ 100.00 f
X-ray irradiation produces . f
warm disk atmosphere: X-rays £ 000l
0 F
~ 4000 K k. -
Temperature E [ e e
L R S ELEE SR = 1.00} AR
v L= k.
ﬁ E
,. 5 [ ]
i | £ 0.10 '''''' [C1] 368um 4
[ 2 E -=-=--[0] 63um
o [01] 5577R
E nd;__ 0.01 I : [Men] 12.82um1
! 0.1 1.0 10.0
D.E?—

Meijerink et al. 200'7{ 2x107 [erg 5]

Disk models predict

20 correlation between X-ray flux from ste
Meijerink et al. (2007)* 4" and [Ne I1] 12.8um flux from disk



[Nell] emission of DROXO

1031: r'l'r‘[“ T T 11||'|E
10 [Nell] detections in DROXO field; @ SEDClassI(12)  Prcsl 081 112
I SED Class I {14)
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| Pascucci et al. (2007)
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* time-resolved simultaneous X-ray/mid-IR .

observations
- constrain irradiation geometry
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% 2) No agreement with model predictions
e ol - models not adequate for observed si




High sensitivity
for

*Faint objects,
e.g. protostars + brown dwarfs

*Time-resolved
medium-resolution spectroscopy

e.g. Fe Ka emission,
disk response to X-ray

IHlumination,
flare evolution,
circumstellar absorption in



Time-resolved flare spectroscopy:

plasma evolution iny phase

P412-31: simultaneous oEt/X—ray flare with XV
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80 } .
2 el Fast optical event: Time-resolved spectroscopy
5 OV [ mag 40 .98l model of flare decay
w 0 —> heating, loop length
0l L LONG LOOP IN SHORT TIM

At opt./X-ray peak < 20 ﬁFéEC HIGH VELOCITY

0.37 038 D; - ..-E.fmu - 041 .
MID - 53785 IXO/TES' ' '
measure line shifts due to mass

Stelzer et al. (2006) motions in stellar flares (Talk by




Time-resolved flare spectroscopy:

plasma evolution i phase

XMM/EPIC 6x10%45
e
m% 2
| 10.0F h =
’53-: ax1028 |
+ = 4
T
1.0 g
600 =
. - CNLeo % ool
g 200 £00 G500 a0 1000 =
) Seconds (since UT 23:35:40) 'a-.
Schmitt et al. (2008) 1
0
o 5 10 15 20
IXO/WFI: Seconds (since start of flare heating)
high sensitivity allows to D simulation of coronal loop
resolve fith transient heating
| heating history in flare rise | —=%-ray peak at end of heating phase




Time-resolved flare spectroscopy:
flare evolution studies with IXO/WFI

XMM-EPIC/pn  otieofwson

= 4}

20

0

Gt gt k!

e AT APEC, rad, y"=0.85

powerow, ned. y*=2.00

i
8.3 1 2
Eneqy [ koY ]

Schmitt et al. (2008)

Non-thermal X-rays in flare rise ?

Need time-resolved spectroscopy
of flare rise phase

IXO/WFI CN Leo Flare onset 7sec IXOMWF
8F ;

—

o | .
@ T

60
T

normalized counts s~ A~

i

o 1
5 10 20
Wavelength (A)

Factor 50 higher eff.area @ 10-20 AA
of IXO/WFI w.r.t. XMM/pn

determines spectral shape,

<2 Few seconds exposure with IXO/WFI
l.e. physics in flare rise + decay




High sensitivity
for

*Faint objects,
e.g. protostars + brown dwarfs

*Time-resolved
medium-resolution spectroscopy

e.g. Fe Ka emission,
disk response to X-ray

iHlumination,
flare evolution,
circumstellar absorption In



Time-resolved spectroscopy of pre-MS

stars:
coup ( = IXO/WFI potential:

* time-resolved medium-resolution spectroscopy
- variations in L, and N, related to accretion | .1

log L, [erg/sec]

Preibiscl

\ E)X-ray emission obscured by accretion streams (Gregory et al. 2C
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Time-resolved spectroscopy of hot stars:
Colliding wind binaries

CygOB2 #8a:

Primary stellar wind » eccentric binary of 2 O-stars (P~22d)

- Secondary stellar win

- soft X-rays from colliding winds: L, ~ 103 ¢

Shocked gas

Norm. CR

has

ON¢

IXO/WFI potential:
* time-resolved medium-resolution
spectroscopy

- variations in L, and N, related to orbital

motion

Orbital modulation due to changing N,

Varying shock conditions due to changing separation

ns:

| Igliil :
a ® ot ]
]
-
31 4 2 §
T R
0.5 1

de%ecker et al. (200¢



Time-resolved spectroscopy of hot stars:
Magnetically confined wind shocks

©! Ori C (O7V star):

T4

—

" 1,45 . . {

3 A e f
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IXO potential:

* time-resolved spectroscopy tests the MCWS model
- variations of spectrum from partially occulted post-shock

region:

iq e.qg. T, = f(z) . (2005)

her 1, tnar I U-5Star SNOCKS

nagn.field channels wind to equator

shocks from collision of winds from 2 hemispheres

opaque cooling disk modulates X-rays thru rotation cycle

H




Time-resolved spectroscopy of hot stars:
Magnetically confined wind shocks

4§ OrivA:08.5100; ¢ Ori A:08.71b

4

10

_—

DEM {10°*® em™%)
100 1000

10

B Cru:BOS5II

HD [BOG267A-08.5V(([)); = CMa-081l; « Qri-0BIII

/. 8" Ori C:04-8p

¢ Pup:0I(n)f

T Sen:BO 2V

Vo

Ly | g sey sy gagegi] gty g g gl
10% 107 108
Temperalure (K)

Wojdowski & Schulz (2005)

j/ Ori C only hot star with rising

o 1 .- 3 4 5
xiFGagne et al. (200!

—%>rays from magn. Confined win



High sensitivity
for

*Faint objects,
e.g. protostars + brown dwarfs

*Time-resolved
medium-resolution spectroscopy

e.g. Fe Ka emission,
disk response to X-ray

IHlumination,
flare evolution,
circumstellar absorption in



Time-resolved spectroscopy of normal
stars:

Rotational modulation oQQgPMLim@RL%iQHare star AB Dor

—t¥homogeneous distribution of X-ray emitting material ?

1000 tﬂj|"'|"'t"’l"—“§
EEUG- {IH} P, ~05d%
?Ram} {. {' | { ;
}{H{hﬂﬁ{[ﬁ% E
D Lt WG
500 Il}ﬁfl{» ﬁ{l Hl H#Hé

Time—tg [dufsj

Hussain et al. (2005)



Time-resolved spectroscopy of normal
stars:

IXO/WFI+TES potential:
* time-resolved medium- and high-resolution

jpolation

N spectroscopy
- variation of L, kT, n_ across rotation
1000 yields structure of corona
11
8 900 = : % :
3ooooEbn T tn

: g : .
- i \ e "!1 £
;E‘-II- .:- . E‘-:‘-lli , . 1
Pf"'ie,!i. i ”!! ! } "I. F o !
= i 1Y I ik i I
! i

6007 ii A
| oo P e by Ty

0.5 1.0 1.5 2.0
Eotation phase

Hussain et al. (2007)

RESULTS:
no polarity reversal between the two
hemispheres for AB Dor



High spectral resolution
for
plasma diagnhostics
e.g. accretion signatures in cTTS
wind signatures in hot stars

(also talk by M.Audard)

What have we learned from XMM +
Chandra?



High-resolution X-ray spectroscopy:
Densities from He-like triplets

* Diagnostic for accretion shock: high-density (~ 102 cm3)
(vs. low-density corona ~ 10°cm-3)

—Hre diagnostics, He:ike trip'ditw: f/i flux ratio indicates high n, |
O

Guenther et al.

Q
O
—
| TW Hya
[ (2007)

| Few cTTS bright enough
XMM/RGS Ne for XMM/Chandra gratings:

I TW Hya, BP Tau, V4046 Sqr,
(corona + |

marealized coumlsaes ey
n}

0,05

Yiavelenglh (fngstroem)



High-resolution spectroscopy of cTTS with

IXO/TES potential:
1|§ . . . IXO/TES
- time-resolved high-resolution spectroscopy A
> n_in cTTS I —
- n_ variations in stellar flares (see talk by N
1 M.Audard) MJ—JWW”A’
BP Tou with RGS1 1 FET 18 keV kTom050 keV kTy=2.12 ke¥  M=10"em™
L 1 | --E-TE“:Irn'? Er.',;r:r.-',—:L: Er.-',,.-fr:r.4,1=1.5 L‘-b:;.rlu:-c‘=5-5-1ﬂ"‘1'|:rc_| : em?

—
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Counts/37.88mk bin/131.0ksec
o

21.0 21.5 220 22.5 ‘
1 {A} Mg XI
chmitt et al. (2005) g
1e |

v f/i ratio —shigh density: 3 101! cm-
(not considering UV radiat "+
and coronal contributior . .

200
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High-resolution X-ray

spectroscopy
Soft excess from oxygen line

VIl triplet) /L (OVIII Lya)
ratios

Classical TTS (absorbed)

Lol o
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20 A[A] 25

L

Inactlvel r\haln seq. star

orbed 1)

orbed 2)

Guedel et al. (2007)

IS a mea for the temper

but depends also on |

In_main-seq. stars:
oVl / OV ratio

higher for strongly active stars
due to hotter coronae

In weak-line TTS:

OVil / OVII ratio very low;
continues trend of main-seq stars
at high-activity end

In classical TTS:

oVl / OVII ratio
unusually large
considering their X-ray luminositie



High-resolution X-ray
spectroscopy

oft excess from oxygen line
L (OVII trlple ) /L (OVIll Lya) | .isa mea for the temper

ratios but depends also on |

Absorption corrected line luminosities:
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n_main-seq. stars:
oVl / OV ratio

lower for strongly active stars
due to hotter coronae

F'i 1029: .

P 1 Inweak-line TTS:
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In classical TTS:
oVvil / OVIN ratio
unusually large
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X-ray emission mechanisms in pre-
MS stars

nmary: Examples:

jeak-line TTS with hard X-rays + low densities V410Tau, TWA-E
> X-rays from corona

assical TTS with soft excess (low temperature) + high dqrwsiijya, BP Tau.
> X-rays from accretion shock V4046 Sgr

assical TTS with soft excess (low temperature) + low danBdty
> (A) X-rays from shocks in jets

IXO: resolve spatially with high

(B) X-rays frOnmglEer accretion

IXO: study time-resolved X-ray
spectra

for effect of accretion
funnels




High-resolution spectroscopy of hot

stars:

2.5 kev line b1 kevdening (Winds)o.48 kev
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High-resolution spectroscopy of hot
stars:

wn
£ Bl bmﬂcﬂ SRRV D Fiked lines
S ' j —>high optical depth in wind
L
t
= symmetric, lines
79 —>  (A) transparent wind
o s due to clumping
N Wi
il 24.78 A | (B) smaller than expected
H“ ” mass loss
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Triplet analysis yields distance X-ray source / star: ~ 1.5R
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Potential of IXO stellar studies

ve complete Pre-MS population (together with IR)
/arious environments > |MF, disk fraction, ...

e + distinguish hot plasma from various physical processes
magnetic activity, accretion, jets and winds

‘onal structure (field mapping, flare analysis)
 of X-rays for star formation

oy Ionizing circumstellar disks + facilitating accretion
and by evaporating planet atmospheres

ys from hot stars >wind clumping, mass loss rates, .

ys from brown dwarfs > dynamos in sub-stellar objec
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