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Needhard-workinggradstudents& postdocsin >
� 2013... It'll be worth it!

3



Outline

� (1) What is JWSTandhow will it be deployed?

� (2) What instrumentsandsensitivity will JWSThave?

� (3) Whatis,andhow canJWSTmeasureFirstLightandReionization?

� (4) What is, andhow canJWSTmeasureGalaxyAssembly?

� (5) PredictedGalaxyAppearancefor JWSTat redshiftsz' 1{15

Sponsoredby NASA/JWST
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� (1) What is the JamesWebbSpaceTelescope (JWST)?

� A fullydeployable6.5meter(25m2) segmentedIR telescope for imaging
andspectroscopy from0.6 to 28 � m, to be launchedby NASA>

� 2013.It
hasa nestedarray of sun-shieldsto keepits ambienttemperatureat 35-45
K, allowingfaint imaging(AB<

� 31.5)andspectroscopy (AB<
� 29 mag).
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Lifesizemodelof JWST:displayedat the Jan. 2007AASmtg in Seattle.
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Life-sizedmodelof JWST,usedto test the deploymentof its sun-shield.
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Life-sizedmodelof JWST,at NASA/GSFC Friday afternoonafter5 pm...
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TheJWSTmodelon the CapitolMall, May 2007...
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� (1) How will JWSTtravelto its L2 orbit?

After launchin >
� 2013with an ArianeV vehicle,JWSTwill orbit around

the the Earth{Sun Lagrangepoint L2. From there,JWSTcancoverthe
wholesky in segmentsthat movealongin RA with the Earth, havean
observinge�ciency >

� 70%,andsenddatabackto Earth everyday.
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� (1) How will the JWSTbe automaticallydeployed?

Duringits severalmonth journeyto L2, JWST will be automaticallyde-
ployed in phases,its instrumentswill be testedandcalibrated,andit will
thenbe insertedinto anL2 haloorbit.

JWSTmissionreviewed in Gardner,J., Mather,J., etal.2006,SpaceSci-
enceReviews,Vol. 123,pg. 485{606(astro-ph/0606175).
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JWSTcanobservesegmentsof skythat movearoundasit orbits the Sun.
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JWSTmissionreviewed in Gardner,J. P., etal. 2006,SpaceScienceRe-
views,Vol. 123,pg. 485{606(lanl.arxiv.org/abs/astro-ph/0606175)
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Activemirror segmentsupport throughhexapods,similar to Kecktelescope.
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Edge-to-edgediameteris 6.60m, but e�ectivecircular diameteris 5.85m.

Primary mirror segmentsaremade(AxSys).Now beingpolished(Tinsley).
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DespiteNASA'sCAN-doapproach:Must �nd all the cans-of-worms...

18



JWST'sWaveFront SensingandControlis similar to that at Kecktelescope.

Successful2006demoof H/W, S/W on a 6/1 scalemodelat Ball Aerospace.

NeedWaveFront Sensing-updatesevery� 10 days,dependingon scheduling.
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Ball 1/6-scalemodel: WFSproducesdi�raction-limitedimagesat 2.0� m.
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� (1) What instrumentswill JWSThave?US(UofA,JPL), ESA,andCSA.
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� (2) What instrumentswill JWSThave?

TheJWSTinstrumentcomplement:US(UofA), ESA,andCSA.

All JWSTinstrumentsare redundant,canin principlebe usedin parallel.
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� (2) Cosmologyin a nutshell:the exponentiallyexpandinguniverse

TheCosmicStock Market: A muchbetter andsaferbet thanWall Street!

RealExpansionR / t1=2 (Radiationera);t2=3 (Matter era);eK t (� -era)
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RelativisticDistanceD, VolumeElementdV/dz, andAngular Size	 vs. z.
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� (2) Whatsensitivity will JWSThave?

The JWSTinstrumentsensitivity of NIRCamandMIRI complementeach
other, straddling5 � m in wavelength,and togetherallow objectsto be
foundto redshiftsz=15{20 in � 105 sec(28 hrs) integrationtimes.
The left panelshows the NIRCamand MIRI broadbandsensitivity to a
Quasar, a \First Light" galaxydominatedby massivestars, anda 50 Myr
\old" galaxy, all at z=20. The right panelshowsthe relativesurveytime
versuswavelengththat SIRTF/Spitzer,a ground-basedIR-optimized8-m
(Gemini)anda ground-based30-mtelescope wouldneedto matchJWST.
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240hrsHST/ACSin Vi'z' in the HubbleUltraDeepField(HUDF)
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6.5mJWSTPSF'smodels(Ball AerospaceandGSFC):

NIRCam0.7 � m 1.0 � m (< 150nm WFE) 2.0 � m (di�r. limit)

PredictedJWST imagesat logarithmic greyscale:they enclose>
� 74%of

the light at r<
� 000: 15 at 1.0� m, andare di�raction limitedat 2.0� m.
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<
� 20 hrsJWSTNIRCamat 0.7,0.9,2.0 � m in the HUDF
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Truth� 240hrsHUDFVi'z' <
� 20 hrsJWST0.7,0.9,2.0 � m
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� Can't beat redshift:to seeFirst Light, mustobservenear{mid IR.

) This is whyJWSTneedsNIRCamat 0.8{5 � m andMIRI at 5{28 � m.
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(3a) What is First Light, Reionization,andGalaxyAssembly?

NASAtelescopespenetratingCosmicDawn, First Light, & Recombination
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� (3a) What is First Light andReionization?

� DetailedHydrodynam-
ical models (V. Bromm)
show that formation of
Pop III stars (mass '
100{200 M � ) reionized
universefor the �rst time
at z<

� 15{30(First Light).

� Part of this could be
visible to JWST as the
�rst and extremelylumi-
noussupernovaeof mas-
sivePop III stars at red-
shiftsz' 15! 30.
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� (3a) What is First Light andReionization?

WMAP:First light may havehappenedasfollows(Cen2003;Spergel2006):
� (1) PopulationIII stars with >

� 100{200M � at z' 11{20(First Light).
� (2) FirstPopulationII stars (halostars) form in dwarf galaxieswith mass
' 107{109 M � at z' 6{9, whichcompletereionizationby z' 6.
) JWSTneedsNIRCamat 0.8{5 � m andMIRI at 5{28 � m.
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WMAP:First Light may havehap-
penedasfollowing:

� (0) Dark Agessincerecombina-
tion (z=1089)until First Light ob-
jectsstarted shining(z=11{20).

� (1) First Light whenPopulation
III stars start shiningwith masses
>
� 100{200M � at z' 11{20.

� (2) Pop III supernovaeheated
IGM, which could not cool and
form normal Pop II halostars un-
til z' 9{10.

� (3) This is followed by Pop
II stars forming in dwarf galaxies
(mass' 107{109 M � ) at z' 6{9,
endingthe epoch of reionization.

(Fig. courtesyof Dr. F. Briggs)
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HUDF dropouts: faint galaxiesat z' 6 (Yan & Windhorst 2004),most
spectroscopicallycon�rmedat z' 6 to AB<

� 27.0mag(Malhotraea. 2005)
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� (3b) How JWSTcanmeasureFirst Light andReionization

HUDFshows that luminosity functionof z' 6 objects(Yan & Windhorst
2004a,b) may be verysteep(faint-endslope j � j >

� 1.8{2.0(Olbers!).

) Dwarf galaxiesandnot quasars likelycompletedthe reionizationepoch
at z' 6. This is whatJWSTwill observein detailto z>

� 10{20.
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� With proper surveystrategy(area AND depth), JWST can trace the
entirereionizationepoch anddetectthe �rst star-formingobjects.

� Objectsat z>
� 9arerare,sincevolumeelementissmallandJWSTsamples

brighter part of LF. JWST needssu�cient sensitivity/aperture, �eld-of-
view,andwavelengthrange(0.7-28� m).

38



� (4) How JWSTcanmeasureGalaxyAssembly

Oneof the remarkablediscoveriesof HST was how numerousand small
faint galaxiesare | the buildingblocksof the giantgalaxiesseentoday.
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� (4) How JWSTcanmeasureGalaxyAssembly

� Galaxiesof all Hubbletypesformedovera widerangeof cosmictime,
but with a notabletransitionaroundredshiftsz' 0.5{1.0:

(1) Subgalacticunitsrapidlymergefromz' 7! 1 to grow biggerunits.

(2) Mergerproductsstart to settleasgalaxieswith giantellipticalbulgesor
largespiralgalaxydisksaroundz' 1. Theseevolvedmostlypassivelysince
then,resultingin the giantellipticalandspiralgalaxiesthat we seetoday.

� JWSTcanmeasurehow galaxiesof all typesformedovera widerange
of cosmictime, by accuratelymeasuringtheir distributionoverrest-frame
structureandtype asa functionof redshiftor cosmicepoch.
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HST image Fourier model

FourierDecompositionis a robustway to measuregalaxymorphology
andstructurein a quantitativeway (Odewahnet al. 2002):

� (1) Fourierseriesare madein successiveconcentricannuli.

� (2) EvenFouriercomponentsindicatesymmetricparts (arms,rings,bars).

� (3) OddFouriercomponentsindicateasymmetricparts (lopsidedness).

� (4) JWSTcanmeasurethe evolutionof eachfeature/classdirectly.
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BBP

53W02

HDFS

NGC 4618 (VATT, B) NGC 3664 (WFPC2) UGC 5028 (HST,Cyc9)

Massive Star Formation: Near and Far 

z=0.6-0.7 z=0.6-0.7

z=0.623z=0.743

FourierDecompositionof nearby anddistantgalaxiesin JWSTimageswill
directlytracethe evolutionof bars, rings,spiralarms,andotherstructural
features.Thismeasuresthedetailedhistoryof galaxyassemblyin theepoch
z' 1{3 whenmostof today's giantgalaxiesweremade.
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(5) PredictedGalaxyAppearancefor JWSTat z' 1{15

� The uncertainrest-frameUV-morphologyof galaxiesis dominatedby
youngandhot stars, with oftencopiousamountsof dustsuperimposed.
� This makescomparisonwith veryhigh redshiftgalaxiesseenby JWST
complicated,althoughwith good imagesa quantitativeanalysisof the
restframe-wavelengthdependentmorphologyandstructurecanbe made.
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(5) PredictedGalaxyAppearancefor JWSTat z' 1{15
HSTz=0 JWSTz=2 z=5 z=9 z=15

HST l = 0.293 ml = 0.293 ml = 0.293 m

z = 0z = 0z = 0

JWST l = 0.879 ml = 0.879 ml = 0.879 m

z = 2z = 2z = 2

JWST l = 1.76 ml = 1.76 ml = 1.76 m

z = 5z = 5z = 5

JWST l = 2.93 ml = 2.93 ml = 2.93 m

z = 9z = 9z = 9

JWST l = 4.69 ml = 4.69 ml = 4.69 m

z = 15z = 15z = 15

HST l = 0.293 ml = 0.293 ml = 0.293 m

z = 0z = 0z = 0

JWST l = 0.879 ml = 0.879 ml = 0.879 m

z = 2z = 2z = 2

JWST l = 1.76 ml = 1.76 ml = 1.76 m

z = 5z = 5z = 5

JWST l = 2.93 ml = 2.93 ml = 2.93 m

z = 9z = 9z = 9

JWST l = 4.69 ml = 4.69 ml = 4.69 m

z = 15z = 15z = 15

HST l = 0.293 ml = 0.293 ml = 0.293 m

z = 0z = 0z = 0

JWST l = 0.879 ml = 0.879 ml = 0.879 m

z = 2z = 2z = 2

JWST l = 1.76 ml = 1.76 ml = 1.76 m

z = 5z = 5z = 5

JWST l = 2.93 ml = 2.93 ml = 2.93 m

z = 9z = 9z = 9

JWST l = 4.69 ml = 4.69 ml = 4.69 m

z = 15z = 15z = 15

HST l = 0.293 ml = 0.293 ml = 0.293 m

z = 0z = 0z = 0

JWST l = 0.879 ml = 0.879 ml = 0.879 m

z = 2z = 2z = 2

JWST l = 1.76 ml = 1.76 ml = 1.76 m

z = 5z = 5z = 5

JWST l = 2.93 ml = 2.93 ml = 2.93 m

z = 9z = 9z = 9

JWST l = 4.69 ml = 4.69 ml = 4.69 m

z = 15z = 15z = 15

HST l = 0.293 ml = 0.293 ml = 0.293 m

z = 0z = 0z = 0

JWST l = 0.879 ml = 0.879 ml = 0.879 m

z = 2z = 2z = 2

JWST l = 1.76 ml = 1.76 ml = 1.76 m

z = 5z = 5z = 5

JWST l = 2.93 ml = 2.93 ml = 2.93 m

z = 9z = 9z = 9

JWST l = 4.69 ml = 4.69 ml = 4.69 m

z = 15z = 15z = 15

HST l = 0.293 ml = 0.293 ml = 0.293 m

z = 0z = 0z = 0

JWST l = 0.879 ml = 0.879 ml = 0.879 m

z = 2z = 2z = 2

JWST l = 1.76 ml = 1.76 ml = 1.76 m

z = 5z = 5z = 5

JWST l = 2.93 ml = 2.93 ml = 2.93 m

z = 9z = 9z = 9

JWST l = 4.69 ml = 4.69 ml = 4.69 m

z = 15z = 15z = 15

With proper restframe-UV
training, JWST can quan-
titatively measurethe evo-
lution of galaxymorphology
and structure over a wide
rangeof cosmictime:

� (1) Most spiraldiskswill
dimaway at highz,butmost
disksformedat z<

� 1{2.

� (2) Bright structuresare
visibleto veryhigh redshift
z.

� (3) Point sourcesare visi-
bleto veryhighz (quasars).

� (4) Bright parts of merg-
ers/ train-wrecksare visible
to veryhighz.
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(5b) JWSTbreakthroughson Star- andPlanetFormation

JWST will trace variousstagesof star-formation, youngstellar objects,
planetary debris-diskformationandplanet-formation.

JWSTprovideshightime-resolutionphotometry& coronagraphyfor planet
detection,andpanchromatic low-resolutionnear{mid-IRspectra.
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JWST:veryhigh-resolutionimaging,coronagraphy, & near{mid IRspectra.

JWST:Hightime-resolutionphotometryof (Earth-like) plantary transits.
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(7) Conclusions

(1) TheJWSTProjectis technologicallyfront-loadedandwell on track:

� Most itemsat TechnicalReadinessLevel6 (TRL-6) in Jan. 2007:
i.e., demonstrationin a relevantenvironment| groundor space.

� TechnicalNon-AdvocateReviewdonein 2007,andMissionPreliminary
DesignReviewin March 2008(o�cial approvalby NAS& Congress).

(2) JWST will map the epochsof First Light, Reionization,and Galaxy
Assemblyin detail. It will determine:

� Theformationandevolutionof the �rst (reionizing)PopIII star-clusters.

� Theorigin of the Hubblesequencein hierarchicalformationscenarios.

� Faint-endof luminosity function:howdwarf galaxies�nishedreionization.

(3) JWSTwill havea major impacton astrophysicsafter2013:

� Currentgenerationofgraduatestudentsandpostdocswill beusingJWST
duringtheir professionalcareer.

� JWSTwill de�ne the nextfrontierto explore: the Dark Agesat z>
� 20.
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SPARE CHAR TS
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� Referencesandothersourcesof materialshown:
http://www.asu.edu/clas/hst/www/jwst/ [Talk, Movie,Java-tool]
http://wwwgrapes.dyndns.org/udf map/index.html[ClickableHUDFmap]
http://www.jwst.nasa.gov/and http://www.stsci.edu/jwst/
http://www.jwst.nasa.gov/ISIM/index.html
http://ircamera.as.arizona.edu/nircam/
http://ircamera.as.arizona.edu/MIRI/
http://www.stsci.edu/jwst/instruments/nirspec/
http://www.stsci.edu/jwst/instruments/guider/

Gardner,J. P., Mather,J. C., Clampin,M., Doyon, R., Greenhouse,M.
A., Hammel,H. B., Hutchings,J. B., Jakobsen,P., Lilly,S. J., Long,K.
S., Lunine,J. I., McCaughrean,M. J., Mountain,M., Nella,J., Rieke, G.
H., Rieke, M. J., Rix, H.-W., Smith,E. P., Sonneborn, G., Stiavelli,M.,
Stockman,H. S., Windhorst, R. A., & Wright, G. S. 2006,SpaceScience
Reviews,123,485{606(astro-ph/0606175)

Mather,J., Stockman,H. 2000,Proc. SPIEVol. 4013,p. 2-16,in \UV,
Optical,andIRSpaceTelescopesandInstruments",Eds.J. B. Breckinridge
& P. Jakobsen(Berlin: Springer)
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1/6 Scalemodel: systemcanproducedi�raction limitedimagesat 2.0� m.
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WMAPanddetailedHydrodynamicalmodels(Cen2003)suggestthat:
� (1) PopulationIII stars causedepoch of First Light at z' 11{20.

� (2) Pop III supernovaemay havecausedthe SecondDark Agesat z=9{
11,sincetheyheatedthe IGM,whichcouldnot cool until:

� (3) The�rst Pop II stars started formingin dwarf galaxieswith 107{109

M � at z' 6{9.

) Thiswill be visibleto JWSTin the luminosity function(LF) of the �rst
star-formingobjectsat z' 20! 6.
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� (2) What instrumentswill JWSThave?

TheMid-Infra-RedInstrumentMIRImadeby anUofA+ JPL+ ESAcon-
sortium will do imagingandspectroscopy from5{28 � m. MIRI is actively
cooledby a cryocooler,sothat its lifetimeis not limitedby consumables.
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TheMIRIIntegralFieldUnit (IFU) hasanimageslicerthat makesspatially
resolvedspectraat wavelengths5 � m<

� � <
� 9 � m.
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JWSTo�ers signi�cantmultiplexingfor faint objectspectroscopy:

� NIRSpec/MEMSwith 4� 62,415independentlyoperablemicro-shutters
that cover� ' 1{5 � m at R=100{1000.

� MIRI/IFUwith 400spatialpixelscovering5{28.5� m at R� 2000{4000.
� FGS/TFI that coversa 20:2� 20:2 FOV at � ' 1.6{4.9� m at R=100.
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� Redboundariesindicatepart of thegalaxyandQSOLFthat 4{10mclass
telescopeswith WF IRCamcanexplore to z=10 andAB<

� 25 mag.

� A ground-basedwide-�eld near-IR surveyto AB<
� 25 mag z<

� 10 is an
essentialcomplementto the JWSTFirst Light studies:

� Co-evolutionof supermassiveblack-holesandproto-bulgesfor z<
� 10.
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� A steepLF of z' 6 objects
(Yan & Windhorst 2004a,
ApJL,600,L1) couldprovide
enoughUV-photonsto com-
pletethereionizationepochat
z' 6.

� Pop II dwarf galaxiesmay
not havestarted shiningper-
vasivelymuchbeforez' 7{8,
or noH-I wouldbeseenin the
foregroundof z>

� 6 quasars.

� JWSTwill measurethisnu-
merouspopulation of dwarf
galaxiesfrom the end of the
reionizationepoch at z' 6
into the epoch of First Light
(Pop III stars) at z>

� 10.
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Sumof 49 isolatedi-drops: ACSlight-pro�le, PSFandsky-error:
=5000hrsHUDFz-band. Deviatesfromexp.diskat r e

>
� 000: 25

[' 330hrsJWST1 � m] ) Dyn. age(z' 6) ' 100-200Myr
(cf. N. Hathietal. 2006)

HST/ACScannotaccuratelymeasureindividuallight-pro�les at z' 6.

JWSTcando this well for z>
� 6 in verylongintegrations.

Dynamicaltimescale' SEDtimescale) Bulk of SFat zf or m
>
� 7.0??
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