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SOHO LASCO C2, 20.3.- 10.4.1999, visible light

X-rays from comets and planets are powered by the Sun

There are two different processes at work:

solar X-rays solar wind
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Interaction of the solar wind with the cometary gas

Cravens 1997 (GRL 24), Cravens 2002 (Science 296)
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Cravens 2002, Science 296
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Solar wind charge exchange
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Scattering of solar X-rays
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Scattering of solar X-rays
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Solar wind charge exchange
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1996: Comet Hyakutake (C/1996 B2)

ROSAT
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Comet C/2000 WM1, 2001 Dec 13 – 14

optical image

X-ray image
(XMM-Newton)

+
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The bow shock of Comet C/2000 WM1 
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The bow shock of Comet C/2000 WM1 

Wegmann and Dennerl 2005, A&A 430, L33-L36
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Comets observed with Chandra, 2000 - 2007

A:  C/1999 S4 (LINEAR)
B:  C/1999 T1 (McNaught-Hartley)
C:  C/2000 WM1 (LINEAR)
D:  153P/2002 (Ikeya-Zhang)
E:  2P/2003 (Encke)
F:  C/2001 Q4 (NEAT)
G:  9P/2005 (Tempel 1)
H:  73P/2006 (SW3-B)

Bodewits et al., A&A 469, 2007 
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ensemble properties of comets
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Measuring the solar wind in 3 dimensions: Ulysses
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McComas et al., GRL, 25, 1-4, 1998 McComas et al., JGR, 105, 10419-10433, 2000 

Ulysses: Solar wind properties near solar minimum

• fast (~700 km/s), low density, cold, less ionized, regular

• fast, cold, less ionized, from coronal holes, disturbed
(found in corotating interaction regions and behind flare related shocks)

• slow, warm, more ionized, high density, quiet
• fast, hot, highly ionized, disturbed, associated with CMEs or flares

polar wind:

equatorial wind:
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McComas et al., GRL, 30, 24, 2003 

Ulysses: Solar wind properties near ..
solar minimum                    solar maximum
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Chandra observations of comets over the solar cycle

Bodewits et al., A&A 469, 2007 
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Comets observed with Chandra, 2000 - 2007
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H
ecliptic plane

Sun

1 AU

A:  C/1999 S4 (LINEAR)
B:  C/1999 T1 (McNaught-Hartley)
C:  C/2000 WM1 (LINEAR)
D:  153P/2002 (Ikeya-Zhang)

E:  2P/2003 (Encke)
F:  C/2001 Q4 (NEAT)
G:  9P/2005 (Tempel 1)
H:  73P/2006 (SW3-B)

Bodewits et al., A&A 469, 2007 
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Comets observed with Chandra, 2000 - 2007

A B

C

D

ecliptic plane

A:  C/1999 S4 (LINEAR)
B:  C/1999 T1 (McNaught-Hartley)
C:  C/2000 WM1 (LINEAR)
D:  153P/2002 (Ikeya-Zhang)

E:  2P/2003 (Encke)
F:  C/2001 Q4 (NEAT)
G:  9P/2005 (Tempel 1)
H:  73P/2006 (SW3-B)
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Bodewits et al., A&A 469, 2007 
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Comets observed with Chandra, 2000 - 2007

A B

C

D

E

F
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H

A:  C/1999 S4 (LINEAR)
B:  C/1999 T1 (McNaught-Hartley)
C:  C/2000 WM1 (LINEAR)
D:  153P/2002 (Ikeya-Zhang)

E:  2P/2003 (Encke)
F:  C/2001 Q4 (NEAT)
G:  9P/2005 (Tempel 1)
H:  73P/2006 (SW3-B)

ecliptic plane

Bodewits et al., A&A 469, 2007 
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three competing emission features:
1. C and N emission below 500 eV
2. O VII emission at 565 eV
3. O VIII emission at 654 eV
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Bodewits et al., A&A 469, 2007 
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Theoretical, velocity dependent cross sections [10-16 cm2]

Bodewits et al., A&A 469, 2007 

33 
emission 

lines
6 

groups
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6 groups of lines:
C V (6 lines)
C VI (4 lines)
N VI (6 lines)
N VII (5 lines)
O VII (7 lines)
O VIII (5 lines)

+ 2 single lines:
Ne IX (907 eV)
Ne X (1024 eV)

for each ionic species:
line energies, widths, and 
relative intensities fixed, 
according to their velocity 
dependent emission cross 

sections

Comet C/1999 S4 (LINEAR)

C 

N O

Ne

35 emission lines, but 
only 8 free parameters 

(ionic composition)
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three competing emission features:
1. C and N emission below 500 eV
2. O VII emission at 565 eV
3. O VIII emission at 654 eV
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Bodewits et al., A&A 469, 2007 
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Chandra XMM-Newton
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Geometry of the first Mars observation

2001 July 4
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Catching Mars with Chandra
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Catching Mars with Chandra



Eight Years of Science with Chandra, K. Dennerl Huntsville, 2007 Oct 23X-rays from Comets, Venus, and Mars



Eight Years of Science with Chandra, K. Dennerl Huntsville, 2007 Oct 23X-rays from Comets, Venus, and Mars

Optical depth of the Martian atmosphere
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Simulated X-ray images of Mars
due to fluorescent scattering of solar X-rays

C-Kα
Lx ~ 2.9 MW

N-Kα

Lx ~ 0.1 MW
O-Kα

Lx ~ 1.7 MW
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Chandra observation

Spatial distribution of X-ray photons around Mars
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Charge exchange simulation
Gunell et al. 2004, Geoph. Res. Letters 31

Spatial distribution of X-ray photons around Mars



Eight Years of Science with Chandra, K. Dennerl Huntsville, 2007 Oct 23X-rays from Comets, Venus, and Mars

Mars observed with XMM-Newton
2003 Nov 20, 00:08 – Nov 21, 04:57 UTC

XMM-Newton
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Geometry of the second Mars observation
2003 Nov 20, 00:08 – Nov 21, 04:57 UTC
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XMM-Newton observation of  Mars 

EPIC pn
sky coordinates

X-ray image

exposure map
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XMM-Newton observation of  Mars 

EPIC pn
sky coordinates

X-ray image

exposure map
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pixel size: 1“ pixel size: 5“

XMM-Newton images of Mars
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The Sun in Oct/Nov 2003
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Solar X-ray flux (1.55 - 12.4 keV)
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High resolution X-ray spectroscopy of Mars with RGS
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all
+ 50“

- 50“

High resolution X-ray spectroscopy of Mars with RGS

dispersion direction
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+ 10“

- 10“

“disk”

High resolution X-ray spectroscopy of Mars with RGS

dispersion direction
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“halo”
+ 15“

+ 50“

- 15“

- 50“

High resolution X-ray spectroscopy of Mars with RGS

C 5+
N 6+O 6+

CO2

O 7+
Ne 7+?

C 4+
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High resolution X-ray spectroscopy of Mars with RGS
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High resolution X-ray spectroscopy of Mars
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X-ray images of Mars in individual emission lines (!)

O7+: 2p → 1s O6+: 2 3S1 → 1 1S0
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X-ray images of Mars in individual emission lines (!)
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X-ray images of Mars in individual emission lines (!)

C5+: 3p → 1s C5+: 2p → 1s
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X-ray images of Mars in individual emission lines (!)
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X-ray images of Mars in individual emission lines (!)

N2: 2p → 1s
CO2: 4σg→ 1s, 3σu→ 1s, 1πu → 1s

CO2: 1πg→ 1s
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X-ray images of Mars in individual emission lines (!)
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X-ray images of Mars in individual emission lines (!)
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First X-ray colour image of Mars
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Venus

Chandra
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2001 January 13

Geometry of the first X-ray observation of Venus

optical image
V ~ -4.4 mag
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Comparison of the Venus morphology

X-ray (Chandra)            optical (4“ Newton)
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Simulated X-ray images of Venus for fluorescent scattering

C-Kα
Lx ~ 16 MW

N-Kα

Lx ~ 1 MW
C-Kα

Lx ~ 40 MW
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X-ray grating spectrum of Venus   (Chandra LETG/ACIS-S)

O-Kα O-KαN-Kα ?C-Kα

CO,CO2: 1s → π* ?
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Gunell et al. 2007, GRL 34 

Simulated X-ray images of Venus for ..

.. solar wind charge exchange
(logarithmic intensity scale)

.. scattering of solar X-rays
(logarithmic intensity scale)

Dennerl et al. 2002, A&A 386 
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1995

1991

Yohkoh SXT
0.25 – 4.0 keV

GOES-7, 8, 10, 12
1.6 – 12.4 keV

Chandra ACIS-I
0.2 – 1.0 keV1987 2008
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The inner solar system on 2007-Jun-06

Earth

Venus
Chandra
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Venus

Sun

Earth

Angle Sun-Earth-Venus:

45.41 deg

Minimum angle for
Chandra:

45.54 deg
(hard limit)

x

The inner solar system on 2007-Jun-06

Chandra
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1995

1991

Yohkoh SXT
0.25 – 4.0 keV

GOES-7, 8, 10, 12
1.6 – 12.4 keV

Chandra ACIS-I
0.2 – 1.0 keV

3x 3
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Per recommendations of the SOC and the Chandra 
Users Committee, we ask that you mention in your 
presentation

(a) investigations that existing x-ray missions (especially 
Chandra) should perform

and 

(b) those observations that require the capabilities of 
planned x-ray missions, in order to advance the topic 
addressed in your presentation.
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Comets observed with Chandra, 2000 - 2007

A B

C

D

ecliptic plane

E

F
G

H

By coincidence, all 
comets that were 

observed at higher 
latitudes were observed 
around solar maximum 

disturbed solar wind, 
no cool fast wind sampled

Prediction of a class of 
cooler cometary X-ray 

spectra
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Using comets as natural spaceprobes for studying the heavy ion content of 
the solar wind in 3 dimensions by remote X-ray observations !

C/1995 O1 (Hale-Bopp)

C/1996 B2 (Hyakutake)C/1996 Q1 (Tabur)
http://www.theastronomer.org/orbit_diagrams.html
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