
Dissertation

submitted to the

Com bined F aculties of the Natural Sciences and Mathematics

of the Rup erto{Carola{Univ ersit y of Heidelb erg, German y

for the degree of

Do ctor of Natural Sciences

Put forw ard b y

Gio v anni Natale

b orn in: Caserta, Italy

Or al examination: 16

th

July , 2010





Dust emission and Star formation in the

Stephan's Quin tet compact group of

galaxies

Referees: Prof. W erner Hofmann

Prof. F rancois Boulanger

Sup ervisor: Dr. Ric hard T u�s





Abstract

Understanding the in tergalactic medium (IGM) gas co oling pro cesses, whic h are

necessary to fuel star formation in galaxies, and the e�ect of galaxy{galaxy and

galaxy{IGM in teractions, whic h mo dify stellar and gas distributions of galaxies in

groups and clusters, is vital to construct realistic mo dels of galaxy formation and

ev olution. The Stephan's Quin tet (SQ) compact group of galaxies is a natural

lab oratory for studying these phenomena b ecause the galaxies of this group are

hea vily in teracting b et w een eac h other and with the group IGM. F urthermore its

vicinit y allo ws to study the details of the in teraction phenomena, whic h are b eliev ed

to b e m uc h more common in the early univ erse, and its compactness on the sky

p ermits studies of di�use comp onen ts asso ciated with the group IGM.

In this thesis w e presen t an analysis of a comprehensiv e set of MIR/FIR observ a-

tions of Stephan's Quin tet, tak en with the Spitzer Space Observ atory . The emission

seen at these w a v elengths is pro duced b y dust particles and can b e used to trace star

formation ev en ts, A GN activit y and also hot gas co oling, in the case dust emission

is p o w ered b y collisions b et w een plasma particles and dust.

Applying a no v el �tting tec hnique to the Spitzer FIR maps, w e ha v e b een able

to separate the di�eren t sources of dust emission in this group and p erform their

photometry at FIR as w ell as MIR w a v elengths. Our study has rev ealed for the �rst

time the presence of a luminous and extended comp onen t of infrared dust emission,

not connected with the main b o dies of the group galaxies, and roughly coinciden t

with the X-ra y halo of the group. W e �tted the inferred dust emission sp ectral

energy distribution of this extended source and the other main infrared emission

comp onen ts of SQ, including the in tergalactic sho c k, to elucidate the mec hanisms

p o w ering the dust and P AH emission, taking in to accoun t dust collisional heating

and heating through UV and optical photons.

Com bining the fraction of dust luminosit y p o w ered b y UV photons, as deriv ed

from the SED �tting, with the UV luminosit y directly observ ed on the GALEX

FUV map of SQ, w e estimated the star formation rate (SFR) for eac h dust emit-
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ting source, th us pro viding a complete picture of star formation in SQ em bracing

obscured and unobscured comp onen ts. The total SFR of SQ is 7 : 5 M

�

= yr , similar

to the v alue exp ected for non in teracting galaxies of the same mass of SQ galaxies.

Ho w ev er the star formation sites are found mainly at the p eriphery of the galaxies

or in the in tergalactic medium, at v ariance with the usual pattern of star forma-

tion in �eld galaxies whic h is t ypically distributed in the cen tral regions or main

b o dies of galaxies. Despite the un usual lo cation of star formation sites, w e ha v e

found that, for the brigh test sources in SQ, the SFR p er unit ph ysical area is sim-

ilar to that c haracteristic of disk galaxy star formation regions when compared to

the corresp onding gas column densit y on a Kennicutt{Sc hmidt diagram. W e also

sho w that ev en though the detected extended comp onen t of dust emission trace the

distributed group star formation, a v ailable sources of dust in the group halo can pro-

vide enough dust to pro duce up to L

I R

� 10

42

erg = s p o w ered b y collisional heating.

This amoun t, sev eral times higher than the X-ra y halo luminosit y , could pro vide an

imp ortan t co oling mec hanism for the IGM hot gas.

A t the end of the thesis w e presen t a theoretical mo del of a high v elo cit y sho c k,

similar to the one o ccuring in SQ IGM, taking in to accoun t dust co oling and dust

destruction. This mo del sho ws that, although the e�ciency of dust co oling drops

quic kly b ecause of dust remo v al b y sputtering, the gas co oling time is reduced b y a

factor of 2-3, compared to the case where only radiativ e co oling is considered.

Zusammenfassung

Um realistisc he Mo delle f • ur die En tsteh ung und En t wic klung v on Galaxien zu en-

t wic k eln, ist das V erst• andnis v on zw ei Dingen not w endig: die Gask • uhlungsprozesse

des in tergalaktisc hen Mediums (IGM), w elc he die Stern bildung in Galaxien an treib en,

und die In teraktionen zwisc hen Galaxien und Galaxien und IGM, w elc he die Stern{

und Gasv erteilungen v on Galaxien in Grupp en und Clustern b eein
ussen. Das

Stephans Quin tett (SQ) ist eine k ompakte Grupp e v on stark un tereinander und

mit dem IGM w ec hselwirk enden Galaxien und daher eine ideale Umgebung f • ur die

Un tersuc h ung dieser Prozesse. Seine Kompaktheit am Himmel erlaubt eine Studie

der ausgedehn ten Komp onen ten, die dem IGM der Grupp e zugeordneten w erden.
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Des w eiteren erlaubt seine geringe En tfern ung eine detaillierte Studie der W ec hsel-

wirkungen zwisc hen Galaxien, v on denen man glaubt, dass sie im fr • uhen Univ ersum

h• au�ger w aren.

In dieser Arb eit pr• asen tieren wir die Ergebnisse des Un tersuc h ung v on Spitzer

Space Observ atory Aufnahmen des SQ im MIR/FIR W ellenl• angen b ereic h. Die

Strahlung in diesen W ellenl• angen wird v on Staubpartik eln pro duziert und ist ein In-

dik ator so w ohl f • ur Sternen tsteh ung und A GN Aktivit• aten, als auc h f • ur die Abk • uhlung

v on hei�em Gas, falls die Strahlung durc h Kollisionen der Staubpartik el mit dem

Plasma erzeugt wird. Un ter An w endung einer neuen Fit-T ec hnik auf die Spitzer

FIR Karten w aren wir in der Lage, die v ersc hiedenen Quellen der Staubstrahlung

in dieser Grupp e zu isolieren und ihre Photometrie so w ohl im FIR als auc h im

MIR zu erstellen. Diese Un tersuc h ung hat zum ersten Mal das V orhandensein

einer leuc h tenden, ausgedehn ten Komp onen te der infraroten Staub emission gezeigt,

die nic h t direkt mit einer der Galaxien v erbunden ist, jedo c h grob mit dem Halo

der Grupp e im R• on tgenlic h t zusammenf• allt. Wir hab en die IR sp ektrale Energiev-

erteilung (SED) der Staub emission so w ohl dieser ausgedehn ten Quelle als auc h die

der anderen Hauptk omp onen ten des SQ und der in tergalaktisc hen Sc ho c kregion

ge�ttet, um dem treib enden Mec hanism us hin ter der Staub{ und P AH{Emission

zu ergr • unden. Dab ei wurden Staubaufheizung durc h St• o�e und durc h UV und op-

tisc he Photonen b er • uc ksic h tigt.

Un ter V erw endung der direkt gemessenen UV-Leuc h tkraft aus den GALEX FUV

Karten des SQ und dem Bruc h teil der Staub emission v erursac h t durc h UV Pho-

tons, abgeleitet aus dem SED Fit, k onn ten wir die Sternen tsteh ungsrate (SFR) der

Quellen der Staub emission absc h• atzen und somit ein v ollst• andiges Bild der Ster-

nen tsteh ung im SQ mithilfe der v erdec kten und direkt sic h tbaren Komp onen ten

erstellen. Die gesam te SFR des SQ ist 7 : 5 M

�

= yr, v ergleic h bar mit dem zu er-

w artenden W ert f • ur nic h t w ec hselwirk ende Galaxien v on v ergleic h barer Masse. Je-

do c h �ndet die Stern bildung v or allem in der P eripherie der Galaxien o der im IGM

statt, im Gegensatz zu den f • ur F eldgalaxien •ublic hen inneren Bereic hen o der der

Kernregion. T rotz dieses ungew• ohnlic hen Ortes f • ur die Stern bildung stellen wir

f • ur die hellsten Quellen im SQ fest, dass die SFR pro ph ysik alisc her Fl• ac he v ergle-
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ic h bar ist mit dem en tsprec henden W ert einer Sc heib engalaxie mit en tsprec hender

Gas{S• aulendic h te in einem Kennicutt{Sc hmidt Diagramm. Wir zeigen auc h, dass

ob w ohl die detektierte ausgedehn te Komp onen te der Staub emission der Sternen tste-

h ung in der Grupp e folgt, v orhandene Staub quellen im Halo der Grupp e gen ug

Staub zur V erf • ugung stellen k• onnen um eine Leuc h tkraft v on bis zu L

I R

� 10

42

erg = s

durc h Sto�-Aufheizen zu erzeugen. Dieser Betrag, ein Vielfac hes der Haloleuc h tkraft

im R• on tgen b ereic h, k• onn te einen K • uhlmec hanism us f • ur das hei�e Gas im IGM

darstellen.

Am Sc hluss dieser Arb eit pr• asen tieren wir ein theoretisc hes Mo dell eines Ho c h{

gesc h windigk eitssc ho c ks, v ergleic h bar mit dem im IGM des SQ, un ter Ber • uc ksic h tigung

der K • uhlung durc h Staub und der Staubzerst• ohrung. Ob w ohl die E�zienz der

K • uhlung durc h Staub aufgrund der V erdampfung der Staubk• orner sc hnell sinkt,

zeigt dieses Mo dell dass die b en• otigte Zeit f • ur die Abk • uhlung des Gases um einen

F aktor 2-3 reduziert wird im V ergleic h zu einer Abk • uhlung aussc hlie�lic h durc h ther-

misc he Strahlung des Gases.
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F orew ord

The Stephan's Quin tet compact group of galaxies w as observ ed for the �rst time b y

Edouard Stephan, director of the Marseille Observ atory , in the y ear 1877. In the

rep ort of his observ ations, published in Mon thly Notices of the Ro y al Astronomical

So ciet y (MNRAS), one can read the follo wing notes ab out the set of observ ed \neb-

ulae":

\L es quatr e n � ebuleuses 19, 20, 21 et 22 sont exc essivement exc essivement faibles, ex-

c essivement p etit, tr � es-di�cilement observables. L a plus b el le est 19, puis viennient

20, 21, 22. Cep endant 22, quoique la plus p etite des quatr e, est plus bril lante."

[T ranslation: The four nebulae 19, 20, 21 and 22 are extremely fain t, extremely

small, v ery di�cult to observ e. The nicest one is 19, then come 20, 21, 22. Al-

though 22 is the smallest of the four, it is also the brigh test.]

What is impressiv e, reading these notes, is the amoun t of unknowns that resided

inside those sp ots on the sky disco v ered b y Stephan, as often happ ened in the his-

tory of science. One should remem b er that, at that time, ev en the bare existence of

external galaxies w as just a conjecture. In fact, although Imman uel Kan t already

prop osed in the 18th cen tury that nebulae w ere Island Universes , it w as only in 1923

that Hubble pro v ed the extragalactic nature of the \nebulae" b y measuring the dis-

tance to the Andromeda galaxy from the p erio d of the Cepheid stars in that galaxy .

F urthermore Stephan probably couldn't ev en imagine the sp ectacular phenomena

happ ening in the system named after him: extreme in teractions b et w een galaxies,

morphological c hanges, stripping of gas outside galaxies, energetic phenomena suc h

as the Activ e Galactic Nuclei (A GN) presen t in one of the group galaxies and an

in tergalactic collision pro ducing a large scale sho c k fron t extending for sev eral tens



of kiloparsec.

Because of the m ultiple in teraction phenomena o ccurring in this group, Stephan's

Quin tet (SQ) has b een observ ed in almost all accessible w a v elength bands and it

sho ws p eculiar emission features in all of them.

A new part of the electromagnetic sp ectrum recen tly accessible with su�cien tly

high resolution to distinguish discrete sources in SQ is the mid-/far-infrared w a v e-

length regime in the range 3 � 160 � m , dominated b y emission from dust/P AH par-

ticles. This thesis will fo cus on the emission in that sp ectral regime and presen ts

an analysis of MIR and FIR maps of SQ tak en with the Spitzer Space T elescop e.

Although Spitzer has pro vided FIR maps of SQ with resolutions far b etter than

those previously obtained with the Infrared Space Observ atory , presen ted b y Xu

et al. (1999) and Xu et al. (2003), FIR photometry of sources in SQ is still v ery

c hallenging b ecause of the confusion pro duced b y the vicinit y of sources in suc h

a cro wded �eld. The w ork presen ted in this thesis represen ts a �rst attempt to

separate the di�eren t comp onen ts of dust emission in SQ in order to quan tify the


uxes asso ciated with eac h source and in v estigate the related scien ti�c implications.

Understanding the nature of this emission is imp ortan t b ecause it is directly link ed

to the star formation ev en ts o ccurring in this group and, at the same time, it can

b e partially p o w ered b y collisions b et w een dust and hot plasma particles, th us pro-

viding an additional co oling mec hanism to the hot gas.

SQ has alw a ys b een a protot yp e ob ject for forerunner observ ations in new parts of

the electromagnetic sp ectrum or with impro v ed instrumen tation. As w ell as man y

other previous observ ations in di�eren t w a v elength bands, the Spitzer FIR maps

sho w new surprising features, whic h can b e partially explained in terms of scenarios

previously prop osed for this system, but also pro vide evidences for new phenomena,

still to b e fully in v estigated.



Chapter 1

In tro duction

1.1 Groups and cluster of galaxies: formation and

ev olution

{ Structure gro wth in � -CDM

During the last t w o decades the cosmological framew ork of the �-CDM

1

mo del, in

whic h the energy con ten t of the Univ erse is divided b et w een bary onic matter (4%),

cold dark matter (23%) and dark energy (73%), b ecame the standard theoretical

foundation for mo dels of galaxy formation. In � C D M structures grew from w eak

densit y 
uctuations presen t in the otherwise homogenous and rapidly expanding

early Univ erse. These 
uctuations, ampli�ed b y gra vit y , ev en tually turned in to

the ric h v ariet y of structures w e observ e to da y . The detailed ev olution of these

initial 
uctuations, a highly non linear pro cess, can b e predicted only using h uge

n umerical sim ulations as the Millenium Sim ulation (Springel et al. 2005,S05). These

sim ulations sho w ho w the pro cess of structure formation in v olv es a hierarc hical build

up of bigger and bigger structures.

Mo dern cosmological sim ulations ha v e reac hed impressiv ely high resolutions.

Fig. 1.1, tak en from S05, sho ws the presen t da y mass distribution in a �-CDM

Univ erse on v arious scales, from 4Mp c to 1Gp c . The zo omed out panel at the

1

�-CDM is the abbreviation for �-Cold Dark Matter where � stands for the cosmological

constan t whic h is asso ciated with dark energy .
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b ottom rev eals a tigh t net w ork of cold dark matter clusters and �lamen ts of c har-

acteristic size � 100h

� 1

Mp c . A t these large scales the mass distribution can b e

considered with go o d appro ximation to b e homogeneous and isotropic. The subse-

quen t images zo om in b y factor of four on to the region surrounding one of the man y

ric h clusters. The �nal image on the top rev eals sev eral h undred dark matter sub-

structures, resolv ed as indep enden t, gra vitationally b ound ob jects orbiting within

the cluster halo. Therefore m utual gra vitational attraction b et w een dark matter

particles has brough t to the sp on taneous formation of groups/clusters of dark mat-

ter halos (DMH) em b edded in bigger dark matter structures.

{ Gas accretion within dark matter halos

The distribution of matter in the Univ erse determines the gra vit y �eld that regu-

lates the motion of bary ons and, as most matter is dark in �-CDM, DMHs b ecome

the cen tres of attraction where bary onic matter tends to accum ulate. The gas ac-

cretion on DMHs can o ccur in t w o di�eren t mo dalities, a hot and a cold mo de. In

the hot mo de, during its falling in to the p oten tial w ell of a DMH, gas is sho c k ed{

heated to temp eratures � 10

6

K (Dolag et al. 2006). This mo de o ccurs when gas

is accreted on DMH with mass & 10

12

M

�

(Dek el et al. 2006). F or DMHs of lo w er

mass, the accreting gas do esn't get sho c k ed and it can fall in to the dark matter

p oten tial b eing relativ ely cold. Since the pro cess of star formation requires cold gas

to o ccur, it follo ws that cold mo de accretion is m uc h more suitable to the purp ose

of feeding star formation in DMHs than hot mo de accretion, where gas can tak e

a v ery long time to co ol. The accretion of cold gas in lo w mass DMHs led to the

formation of the �rst stars and galaxies. According to recen t w orks on gas accretion,

�lamen ts of cold gas, p enetrating lo w mass DMHs, ha v e b een indeed the main w a y

to induce star formation in the early Univ erse and also to main tain it afterw ards,

pro viding additional material to b e con v erted in to stars (Dek el et al. 2006, Kere � s

et al. 2009). Hot mo de accretion has pro duced the formation of halos of hot gas

�lling the space b et w een galaxies in groups and cluster of galaxies (the so-called in-

tragroup/in tracluster medium). The presence of these hot gas halos should inhibit

cold accretion within group/clusters at redshifts z < 2, and this is one of the p oten-
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Figure 1.1: The dark matter densit y �eld on v arious scales presen ted b y Springel

et al. (2005). Eac h individual image sho ws the pro jected dark matter densit y �eld

in a slab of thic kness 15h

� 1

Mp c (sliced from the p erio dic sim ulation v olume at an

angle c hosen to a v oid replicating structures in the lo w er t w o images), colour{co ded

b y densit y and lo cal dark matter v elo cit y disp ersion. The zo om sequence displa ys

consecutiv e enlargemen ts b y factors of four, cen tred on one of the man y galaxy

cluster halos presen t in the sim ulation.
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tial reasons wh y the in tensit y of star formation ev en ts is observ ed to b e reduced in

these en vironmen ts in the lo cal Univ erse.

{ Galaxy in teractions

After the �rst episo des of galaxy formation in lo w mass DMHs, the subsequen t

clustering and merging of DMHs ha v e had consequences also for the em b edded

galaxies that b egan in teracting with eac h other and with the in tergalactic medium

(IGM) p erv ading clusters/groups. In fact galaxy{galaxy in teractions and galaxy{

IGM in teraction/in terpla y are though t to pla y a k ey role in determining the ev olution

of galaxy prop erties in groups and clusters along cosmic time (see e.g. review.b y

V an Gork om et al. 2004).

Galaxy{galaxy in teractions (see Struc k 2006 for a recen t review) can b e of a

di�eren t kind but they can b e classi�ed in t w o broad categories: lo w v elo cit y

( � 10

2

km = s) and high v elo cit y ( � 10

3

km = s) encoun ters. Lo w v elo cit y galaxy{galaxy

encoun ters can result in a merger, an in teraction that leads to the formation of a

single galaxy out of the stars and the in terstellar medium of the colliding galax-

ies. When this kind of collision happ ens b et w een galaxies of similar size (ma jor

mergers), star orbits b ecome randomized and the �nal ob ject assumes the shap e

of an elliptical galaxy . These ev en ts are b eliev ed to transform galaxies from spiral

disk t yp e in to spheroidal t yp e. Mergers b et w een galaxies of signi�can tly di�eren t

size (minor mergers) result in an increase of the total mass asso ciated with the

bigger galaxy without mo difying its basic disk large scale morphology . High v elo c-

it y galaxy{galaxy collisions are instead more e�ectiv e in displacing in terstellar gas

and pro ducing tidal distortions. Both these kinds of encoun ters can induce either

gas in
o ws to w ards the galaxy cen ters, triggering cen tral starburst and/or A GN

activit y , or remo v al of gas outside the galaxies. In the latter case, the c hemically

enric hed gas extracted from the galaxies can disp erse in to the in tergalactic medium,

fall bac k in to the galaxy main b o dies or simply collapse and giv e rise to in tergalactic

star formation regions. In this con text of particular in terest are the so-called Tidal

Dw arf Galaxies, found on tidal tails or debris, whic h are the only galaxies forming

in the presen t Univ erse (Braine et al. 2001). Tidal in teractions can also induce the
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formation of a bar comp onen t in p erturb ed galaxy disks. Bars fa v our gas motion

to w ards galaxy cen tral regions, since they transfer angular momen tum out w ard in

the disk, and driv e spiral densit y w a v es. Therefore the presence of this feature can

trigger cen tral star formation/A GN activit y in disk galaxies.

As w e describ ed b efore, galaxies and IGM are deeply in terconnected since galax-

ies acquire from the surrounding IGM the fuel for on-going star formation. Ho w ev er

galaxies are not just passiv e ob jects but they can also inject energy and c hemically

enric hed material in to the IGM through feedbac k pro cesses due to massiv e sup er-

no v ae explosions and A GN jets. The actual e�ect of galaxy feedbac k on the IGM is

not clear. In fact the c hemical enric hmen t of IGM due to feedbac k pro cesses fa v our

the co oling of the in tergalactic gas, b ecause of the higher metal con ten t but, on

the other hand, the large amoun ts of energy transfered to the IGM can prev en t its

further co oling on the galaxies theirself. Galaxy{IGM collisions are also imp ortan t

in mo difying the in ternal gas distribution in galaxies, a�ecting the lo cation and the

e�ciency of star formation within galaxy main b o dies. Galaxies falling in to clusters

exp erience ram pressure stripping due to the presence of the in tracluster medium.

This phenomena gradually remo v es the gas from the infalling galaxy disk or from

the surrounding galactic halo (in the last case it is usually referred to as \galaxy

strangulation"). In b oth cases star formation in the galaxy results inhibited b ecause

of the direct remo v al of the gas already forming stars in the galaxy disk or of the

gas reserv oir around the galaxy itself.

T o summarize one migh t sa y that the gro wth and ev olution of galaxies (i.e. large

kp c scale agglomerates of stars and gas) is a�ected b y four external factors: 1)the

ev olution of the p erv ading dark matter structure; 2) the gas co oling pro cesses o c-

curring in the in tergalactic medium (where most of the bary ons still reside at the

presen t da y); 3) galaxy{galaxy in teractions; 4) the complex in terpla y b et w een galax-

ies and in tergalactic medium. All the pro cesses w e discussed b efore can ha v e div erse

consequences on the ev olution of galaxies: they can enhance star formation, sh ut it

do wn or simply displace star formation sites; at the same time galaxy morphologies

can b e dramatically mo di�ed.
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{ Galaxy bimo dalit y

Although galaxy formation and ev olution is eviden tly an extremely complex pro cess,

in v olving a large n um b er of phenomena whose underlying ph ysics is still not fully

understo o d, what seems to b e relativ ely simple it is the �nal result of 15 Billion

y ears of galaxy ev olution, eviden t from observ ations: galaxies can b e roughly dis-

tinguished in t w o categories, \blue" and \red", an empirical distinction termed as

\galaxy bimo dalit y" (see e.g. Kau�mann et al. 2003). Red galaxies are more mas-

siv e (with stellar masses t ypically higher than 3 � 10

10

M

�

), they sho w lo w amoun ts

of on-going star formation, they are red b ecause they are dominated b y old stellar

p opulations and they presen t spheroidal morphologies. Blue galaxies dominate the

lo w mass galaxy p opulation in the presen t Univ erse, they host substan tial on-going

star formation, y oung star p opulation giving them the blue color, and they are pre-

dominan tly spirals or gas-ric h dw arfs. In a sense, the famous Hubble classi�cation

of galaxies, separating spiral and elliptical galaxies, has b een found m uc h more in-

formativ e than previously though t.

The basic goal of galaxy formation and ev olution studies is repro ducing the

h uge n um b er of observ ations that are b eing a v ailable through extended deep galaxy

surv eys (e.g. COSMOS, Ilb ert et al. 2010; COMBO-17, Bell et al. 2004). As w e

sa w, this requires a detailed kno wledge of an incredible amoun t of barionic ph ysics

related phenomena: gas accretion, star formation, galaxy in teractions, star forma-

tion/A GN feedbac k, etc. T o this purp ose it is imp ortan t to study in detail nearb y

ob jects where these phenomena, some of them happ ening m uc h more frequen tly in

the early Univ erse, can b e b etter analyzed and understo o d in their consequences.

In this regard the Stephan's Quin tet compact group of galaxies (SQ) presen t an

exceptionally large set of ph ysical pro cesses whose understanding is fundamen tal

to correctly mo del galaxy ev olution. The observ ational evidences of the div erse

episo des of galaxy in teractions happ ened in the past or on-going in Stephan's Quin-

tet are summarized in the next section.
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1.2 The Stephan's Quin tet compact group of galax-

ies

{ Compact groups of galaxies

Compact groups of galaxies are aggregates of four or more galaxies sho wing pro-

jected separations on the order of � 30 � 40kp c (Sulen tic et al. 2001). Suc h a

small separation b et w een the group galaxies implies densities similar to the cores

of ric h clusters. Ho w ev er to b e classi�ed as \compact", a galaxy group has also to

b e fairly distan t from the galaxies b elonging to the large scale structure around it

and, therefore, these ob jects are t ypically lo cated in not particularly dense en viron-

men ts (see the review b y Hic kson et al. 1997 for a description of the observ ational

selection criteria.). The imp ortance of compact groups is t w ofold: 1) they are ideal

lab oratories for studying the e�ects of extreme galaxy in teractions, and 2) they are

lo w-redshift analogous of those in teraction pro cesses that, as w e summarized in the

previous section, are b eliev ed to determine the ev olution of galaxies during cosmic

time.

{ The galaxies in Stephan's Quin tet

The Stephan's Quin tet (SQ) compact group w as originally de�ned as the group

formed b y the �v e galaxies in Fig. 1.2, sho wing a recen tly released high resolu-

tion color map of SQ tak en b y the Hubble Space T elescop e (HST): the spiral galaxy

NGC7320 (Sd), the irregular spirals NGC7319 (Sb c p ec), classi�ed as Seyfert 2 A GN

galaxy , and NGC7318b (Sb c p ec), the t w o ellipticals NGC7317 (E4) and NGC7318a

(E2 p ec). When precise redshifts measuremen ts b ecame a v ailable, it w as found

that NGC7320 has a recession v elo cit y of � 800km = s, m uc h smaller than the reces-

sion v elo cities asso ciated with the remaining four galaxies, whic h are in the range

5700 � 6700km = s as sho wn in T able 1.1. Con v erting redshifts in to distances us-

ing the Hubble la w v

r

= H d (where v

r

is the recession v elo cit y , d the distance

and H the Hubble constan t), these measuremen ts rev ealed that NGC7320 is a fore-

ground galaxy , lo cated at � 10Mp c , while the remaining galaxies are at � 94Mp c
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(assuming a Hubble costan t equal to 70km = s = Mp c)

2

. It has also b een found that

NGC7320c (SAB), a spiral galaxy at ab out 2 arcmin w est of NGC7319, presen ts

a recession v elo cit y equal to 6600km = s (Sulen tic et al. 2001), consisten t with those

of the four more closely ph ysically asso ciated galaxies. The relativ e p ositions of

all these galaxies can b e seen in Fig. 1.3, sho wing an R-band map of SQ. Since,

including NGC7320c, there are exactly �v e galaxies at the same distance, the group

is still a \quin tet" ev en if the original mem b ership de�nition has c hanged. F rom

T able 1.1 one can also notice that the recession v elo cit y of NGC7318b, 5774km = s ,

di�ers b y ab out 1000km = s from the v elo cities of the other four galaxies of the group.

Since the v elo cit y disp ersion among the other four galaxies of the group is an order

of magnitude smaller ( � � 100km = s ), this suggests that NGC7318b is not in virial

equilibrium with the rest of the group but is en tering it at high v elo cit y . As w e will

see later, the signature of the in trusion of NGC7318b in to the group of the b ounded

galaxies is w ell in evidence in the observ ational data.

{ Stellar and gas distribution in SQ

Lo oking at the optical SQ maps in Figs.1.2 and 1.3, one can immediately notice

sev eral signs of galaxy in teractions: a tidal tail extending from NGC7319; a second

tidal tail, fain ter than the �rst one and just visible on the R-band map, appar-

en tly originating from NGC7320 but in realit y passing b ehind it; the particularly

distorted morphology of NGC7318b, presen ting t w o tidal features that extend to-

w ards the north and apparen tly in tersect eac h other in one p oin t; a di�use optical

emission pro duced b y a stellar halo. The galaxy optical morphologies app ear indeed

v ery p eculiar but, to fully appreciate ho w fundamen tally di�eren t SQ galaxies are,

2

The presence of an HI I region b elonging to the high redshift group and seen to w ards the disk of

the lo w redshift galaxy , together with an in teraction feature apparen tly asso ciated with NGC7320

(the old tail, see Fig. 1.3), led some authors to b eliev e that all the �v e galaxies are ph ysically at

the same distance (e.g.Arp 1973). As it will b e seen later, the detection of t w o distinct HI gas

comp onen ts asso ciated resp ectiv ely with the optical tail and NGC7320 dispro v e this h yp othesis.

Discordan t redshift galaxies are found rather frequen tly in compact groups and their nature has

b een for man y y ears a matter of debate (see review b y Hic kson et al. 1997). No w ada ys it is generally

accepted that their presence do esn't require a c hange in our in terpretation of galaxy redshift.
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Figure 1.2: High resolution HST color image of Stephan's Quin tet (Credit: NASA,

ESA, and the Hubble SM4 ER O T eam)
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Galaxy v

r

z

(km = s)

NGC7317 6599 � 26 0 : 022012 � 0 : 000087

NGC7318a 6630 � 23 0 : 022115 � 0 : 000077

NGC7318b 5774 � 24 0 : 019260 � 0 : 000080

NGC7319 6747 � 4 0 : 022507 � 0 : 000012

NGC7320 786 � 20 0 : 002622 � 0 : 000067

NGC7320c 6583 � 20 0 : 021958 � 0 : 000067

T able 1.1: Recession v elo cities ( v

r

) and redshifts ( z ) of the main galaxies seen in

the Stephan's Quin tet �eld of view. The v alues are tak en b y the Nasa Extragalactic

Database with the exception of NGC7320c where w e used the v alue quoted b y

Sulen tic et al. (2001).

Figure 1.3: Large R-band map of Stephan's Quin tet tak en b y the P alomar 200-inc h

telescop e.
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compared to normal �eld galaxies, one needs to lo ok at the gas distribution through-

out the group in relation to the stellar distribution. Fig. 1.4 sho ws the con tours

of the neutral atomic h ydrogen (HI) distribution o v erlaid on a R-band map of SQ.

The image is tak en b y Williams et al. (2002) and the con tours corresp onds to the

in tegrated emission in the en tire SQ recession v elo cit y range 5700 � 6700km = s (the

data cub e can b e found in that pap er). Sev eral HI structures are visible and none of

them follo ws the galaxy optical morphologies, in con trast with normal �eld galaxies

that presen t regular HI distributions. F urthermore most of the HI in SQ is actually

in tergalactic. NGC7319 is basically dev oid of neutral atomic gas while some HI is

detected at the radial v elo cities corresp onding to NGC7318b (see also HI con tours in

Fig. 1.8) but the gas is either found to w ards the north or to w ards the south of this

galaxy , without an y signi�can t HI mass to w ards the cen tral regions of the galaxy .

A large in tergalactic gas arc structure is observ ed extending from the south to the

north{east of the group. The southern part of it follo ws the stellar old tidal tail

3

.

An ev en more surprising morphology is sho wn b y hot gas emission as seen at

X-ra y w a v elengths. In Fig. 1.6 w e sho w the maps at three X-ra y energy ranges tak en

b y the XMM-Newton observ atory and published b y T rinc hieri et al. (2005). The soft

X-ra y regime 0 : 3 � 1 : 5k eV sho ws a north{south feature that is largely o v erlapping

with the w estern of the t w o tidal features asso ciated with NGC7318b. The cen ter of

NGC7319 is a particularly brigh t X-ra y source at all energies. An extended di�use

emission is also detected at soft{middle X-ra y w a v elengths. T rinc hieri et al. (2005)

iden ti�ed t w o comp onen ts con tributing to di�use X-ra y (see Fig. 1.7): the halo,

co v ering the cen tral parts of the group, and the tail, roughly coinciden t with the old

optical tail. The north{south feature has a radio{con tin uum coun terpart as sho wn

in Fig. 1.5 tak en b y Williams et al. (2002). Notably the cen tral regions of NGC7319

and NGC7318a are also particularly brigh t at radio w a v elengths.

3

As one can see from Fig. 1.4, the HI arc is a con tin uous structure extending from the area of

the sky co v ered b y the foreground galaxy NGC7320 to w ards the north{east of SQ. In the direction

of NGC7320 a regular HI disk distribution has b een detected b y Williams et al. (2002) (see Fig. 2

of that pap er) at recession v elo cities corresp onding to that galaxy . This conclusiv ely demonstrates

that the tidal stellar/gaseous feature is not connected with NGC7320 but passes b ehind it.
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Figure 1.4: Con tours of the HI gas distribution in SQ o v erlaid on an R-band image

(from Williams et al. 2002). The in tegration v elo cit y range is 5597 � 6918km = s and

the con tours are 5 : 8 ; 15 ; 23 ; 32 ; 44 ; 61 ; 87 ; 120 ; 18 0 � 10

19

cm

� 2

. The syn thesized b eam

is 19

00

: 4 � 18

00

: 6.
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Figure 1.5: Con tours of the 21cm con tin uum emission in SQ o v erlaid

on an R-band image (from Williams et al. 2002). The con tours are

� 0 : 2 ; 0 : 2 ; 0 : 4 ; 0 : 8 ; 1 : 6 ; 3 : 2 ; 6 : 4 ; 13 ; 26 mJy b eam

� 1

The syn thesized b eam, 15

00

: 4 �

14

00

: 8, is sho wn on the upp er left corner.
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Figure 1.6: X-ra y maps of SQ at sev eral energy ranges obtained with the XMM-

NEWTON observ atory (from T rinc hieri et al. 2005).

Figure 1.7: SQ X-ra y emission regions iden ti�ed b y T rinc hieri et al. (2005)
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The north{south feature seen at X-ra y and radio con tin uum app ears also as H

�

and w arm molecular h ydrogen line emission. Fig. 1.8 sho ws H

�

in terference �lter

maps of the group in t w o panels: the upp er panel sho ws the emission in the v elo cit y

range 6300 � 7000km = s, asso ciated with the b ounded part of the group; the lo w er

one sho ws the emission in the v elo cit y range 5600 � 6000km = s , asso ciated with the

in truder galaxy NGC7318b. On the same panels the HI con tours, corresp onding to

similar ranges of radial v elo cities, are o v erlaid. F rom the H

�

maps w e realize that:

1) the north{south feature is from gas asso ciated with the b ounded group; 2) the

cen tral regions of NGC7319 are particularly brigh t; 3) there are n umerous clumps of

emission, most probably pro duced b y HI I regions, asso ciated with b oth the b ounded

group and NGC7318b. The most luminous of these sources is at the northern tip

of the ridge feature, a source named SQ A b y Xu et al. (1999). A second source

particularly distan t from galaxy cen ters, SQ B, is lo cated to w ards the east of the

group, precisely on the tidal tail originating from NGC7319; 4) there is a bridge of

emission connecting the north{south feature with NGC7319.

Fig. 1.9 is tak en b y Cluv er et al. (2010) and sho ws the con tours of molecular

h ydrogen infrared rotational line emission o v erlaid on a R-band image of SQ. The

lo w er molecular transitions (upp er panels) sho w, apart from emission coinciden t

with the cen tral regions of NGC7319 and the HI blob lo cated to w ards the north of

NGC7318b, the same north{south linear feature seen already at other w a v elengths.

In the same region of this feature, the morphology of the higher transitions (lo w er

panels) is more clump y but still resem bles a linear v ertical structure.

{ In terpretation of SQ m ultiw a v elength observ ations

W e ha v e seen that SQ presen ts a complex emission morphology sho wing div erse

features when observ ed at di�eren t w a v elengths. Ho w ev er the m ultiw a v elength ob-

serv ations can b e in terpreted in terms of a past series of in teractions b et w een the

galaxies of the group, whic h happ ened in the last Gyr, plus an on-going collision

with a c haracteristic time scale of 10

7

yr (Moles et al. 1998, Sulen tic et al. 2001).

The tidal tails observ ed on the optical maps w ere most probably pro duced b y t w o

successiv e passages of NGC7320c. The evidence for this in terpretation is that the
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Figure 1.8: H

�

in terference �lter maps presen ted b y Sulen tic et al. (2001). In the

upp er panel the H

�

emission in the v elo cit y range 6300 � 7000km = s , corresp onding

to the SQ group, is sho wn. In the lo w er panel the v elo cit y range is 5600 � 6000km = s ,

corresp onding to the in truder galaxy NGC7318b. HI con tours for v elo cities in the

SQ range (6475 � 6755km = s ) and in the NGC7318b range (5597 � 6068km = s ) are

o v erlaid on the t w o images.
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Figure 1.9: SQ w arm H

2

line emission con tours o v erlaid on an R-band image (from

Cluv er et al. 2010). Con tour lev els are as follo ws (all in units of MJy/sr): (a) 0.1,

0.14, 0.19, 0.28, 0.32, 0.37, 0.41, 0.46, 0.5, (b) 0.3,0.53, 0.75, 0.98, 1.2, 1.43, 1.65,

1.88, 2.1, (c) 0.3, 0.4, 0.5, 0.6, 0.7, (d) 0.25, 0.42, 0.58, 0.75, 0.92, 1.08, 1.25, (e)

0.11, 0.19, 0.27, 0.36, 0.44, 0.52, 0.6, and (f ) 0.3,0.46, 0.61, 0.77. 0.93, 1.09, 1.24,

1.4..
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tidal tails p oin t roughly to w ards NGC7320c. The tail originating from NGC7319 is

considered the y oungest one since its bluer color and narro w er width suggest that it

has b een pro duced more recen tly than the redder and broader tail seen to the south.

F rom kinematic argumen ts and from considerations on the colors of the stellar p op-

ulations forming the tails, Sulen tic et al. (2001) estimated an age of 2 � 4 � 10

8

yr

for the y oung tail and 6 � 12 � 10

8

yr for the old one. Similarly the large decoupling

b et w een HI gas and galaxies in SQ can also b e explained in terms of tidal remo v al

of gas during galaxy close passages. The southern part of the arc HI feature is o v er-

lapping with the old tail, strongly suggesting that the formation of the stellar and

the gaseous features arose from the same tidal in teraction. W e ha v e seen that there

is no HI in the NGC7319 galaxy disk. Ho w ev er at the same time this galaxy hosts

an A GN, whose emission is visible at all the w a v elengths from radio to X-ra y . The

triggering of the A GN activit y has also b een plausibly induced b y tidal in teractions,

p erhaps through the formation of the bar observ ed in that galaxy . In fact, as w e

men tioned in Sect. 1.1, this feature can b e created b y tidal forces and it fa v ours

in
o ws of gas to w ards galaxy cen ters. Therefore it migh t b e that the bar has b een

formed during the in teraction with NGC7320c and the successiv e in
o wing of gas

has triggered the A GN w e observ e in that galaxy .

{ The sho c k region

P erhaps the most in triguing c haracteristic of SQ is the linear north{south feature

observ ed at X-ra y and Radio w a v elengths as w ell as in H

�

and infrared w arm H

2

line emission. The emission in that region is the signature of a large scale sho c k pro-

duced b y a high v elo cit y collision b et w een the in truder galaxy NGC7318b and the

in tergalactic medium of SQ. In fact, as w e men tioned b efore, NGC7318b is en tering

the group at v elo cit y � 1000km = s relativ e to the a v erage v elo cities of the b ounded

galaxies. Therefore, the emission seen in X-ra ys is consisten t with this scenario b e-

cause the p ost{sho c k gas temp erature, in suc h a high v elo cit y collision, is predicted

to b e of the order of millions of degrees, a temp erature regime where the gas emits

mainly at X-ra y w a v elengths. The corresp onding radio con tin uum ridge can b e ex-

plained in terms of sync hrotron emission from relativistic particles accelerated at
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the sho c k fron t. Finally optical sp ectral analysis b y Xu et al. (2003) sho w ed that

the optical line emission in the sho c k region is dominated b y sho c k excitation rather

than b y photons from star formation regions, pro viding a strong constrain t on this

in terpretation. Ho w ev er, giv en the high v elo cit y of the collision, an asp ect that has

b een a matter of debate in the last y ears has b een the presence of cold gas phases in

this region as rev ealed b y the H

�

line, tracing ionized gas at temp eratures T � 10

4

K,

and the w arm H

2

line emission, tracing molecular gas at temp eratures T � 10

2

K.

In fact, from the luminosit y of the X-ra y gas (see Sect.3.2.4) one can sho w that the

hot gas co oling time scale is ab out 10

8

yr, that is, rather longer than the dynamical

time scale of the collision ( � 10

7

yr ). Therefore, unless additional mec hanisms are

a v ailable for the co oling of the hot gas, the cold gas observ ed in the sho c k region

cannot b e explained in terms of co oled hot gas do wnstream of the large scale sho c k

fron t. F urthermore the high v elo cit y disp ersion asso ciated with b oth ionized gas

and molecular gas, � � 10

3

km = s (see resp ectiv ely Xu et al. 2003 and Appleton et al.

2006), suggests that the medium is highly turbulen t and the hot and cold gas phases

are mixed together. The fact that the sho c k ridge connects t w o HI clouds that are

kinematically connected (see Fig. 1.8), presen ting similar radial v elo cities, pro vides

a k ey hin t in to the nature of the pre{sho c k gas and the formation of the observ ed

m ultiphase medium. As describ ed b y Sulen tic et al. (2001), if the north{south ridge

is replaced with a strip of cold HI gas, one gets a plausible idea for the distribution of

the cold gas b efore the collision. Since at the presen t time there is a gap b et w een the

north and the south HI clouds, coinciden t with the region co v ered b y the sho c k ridge,

it has b een suggested that the collision happ ened b et w een the in terstellar medium

of NGC7318b and a part of the in tergalactic HI gas, stripp ed out from the galaxies

in previous in teraction ev en ts (Sulen tic et al. 2001). Both the in truder ISM and the

IGM HI w ere therefore cold and p ossibly clump y b efore the collision, presen ting a

large range of gas densities. On the basis of these argumen ts, Guillard et al. (2009)

prop osed a scenario in whic h the observ ed molecular gas, detected from the infrared

lines, is formed do wnstream of the sho c k fron t from pre-existing HI clouds. In their

mo del they considered a large scale sho c k fron t propagating through the ten uous

in tercloud comp onen t of the gas, with densities . 0 : 1cm

� 3

. When the sho c k fron t
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hits a denser HI cloud, a lo w er v elo cit y sho c k propagates in to it. Then, the ev olution

of the sho c k ed cloud dep ends on sev eral factors: the p ossible triggering of h ydro-

dynamical instabilities, the co oling of the gas la y ers after b eing sho c k ed, the dust

destruction and the formation of molecular h ydrogen. These authors argued that

the co oling of denser clouds is su�cien tly fast to inhibit the gro wth of h ydro dynam-

ical instabilities, th us prev en ting the disp ersion of the cloud in to the hot medium,

and that molecular h ydrogen is formed out of the sho c k ed HI clouds at the end

of their co oling path. In this con text, the p o w erful w arm molecular line emission

radiated b y gas clouds in the sho c k region, not asso ciated with star formation, is

of particular in terest b ecause it migh t b e an additional c hannel to radiate energy

from the system as argued in a recen t series of pap ers b y Appleton and collab orators

(Appleton et al. 2006, Guillard et al. 2009, Cluv er et al. 2010). Previously , Xu et al.

(2003) prop osed that dust emission, p o w ered b y collisions b et w een dust and plasma

particles, is the main co olan t of the hot gas in the sho c k region, although these

authors only considered an homogeneous medium. The p ossible role of dust in the

gas co oling pro cess is one of the main p oin ts addressed in this thesis (see Chap..5.1).

{ Star formation in SQ

Giv en the un usual gas distribution in the group, it is exp ected that the lo cation

of star formation sites is di�eren t from that seen in normal �eld galaxies. In fact

from H

�

(Fig. 1.8), UV and MIR observ ations (see Fig. 2.1 in the next c hap-

ter), one can see that star formation is not enhanced to w ards galaxy cen ters but

is happ ening either in p eripherical regions of the galaxies or in to the in tergalactic

medium. Of particular in terest are the star formation regions SQ A and SQ B.

The SQ A starburst is originating from in tergalactic gas as demonstrated b y the

v elo cit y measuremen ts from ionized gas sp ectral line emission (Xu et al. 1999) and

CO detections (Gao et al. 2000, Lisenfeld et al. 2002). Ho w ev er, in the same area,

lo calized star formation activit y is also happ ening in the in truder galaxy elongated

disk. These observ ational results, together with the sim ultaneous presence of the

sho c k linear structure to the south of SQ A, suggest that the starburst has also b een

induced b y the collision b et w een NGC7318b and SQ IGM. Xu et al. (2003) argued
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that the starburst has b een triggered b y sho c k compression of pre-existing molecu-

lar clouds en tering a o v erpressurized region �lled with hot gas pro duced, as in the

case of the Guillard mo del, b y a sho c k o v er-running a more ten uous gas comp onen t.

This triggering mec hanism is based on a theoretical w ork b y Jog et al. (1992) and

it is consisten t with the fact that no starburst is detected at in termediate v elo cities

b et w een SQ and the in truder galaxy . In fact, in this mo del, star formation happ ens

in the pre-existing molecular clouds that do not collide b ecause of the small cross

section and appro ximately conserv e their momen tum while en tering the o v erpres-

surized region. Ho w ev er X-ra y gas emission, exp ected from the ten uous comp onen t

of gas heated b y a high-v elo cit y sho c k, is not particularly enhanced close to SQ A

where most of the gas seems to b e prett y cold. Also it has not b een clari�ed y et

wh y the HI distribution around SQ A has a round shap e, suggesting the onset of

a global collapse, while the sho c k region b elo w is m uc h hotter and turbulen t. The

other brigh t in tergalactic star formation region, SQ B, is lo cated on a tidal tail and,

therefore, this source has b een considered as a candidate site for the formation of

tidal dw arf galaxies (Lisenfeld et al. 2002). This source is just to the w est of an HI

enhancemen t on the in tergalactic HI arc structure (see Fig. 1.8) that do es not sho w

an y particular star formation activit y , ev en though it con tains h uge amoun t of cold

atomic gas.

T o conclude, a standard picture for the in teraction history and the curren t in ter-

action phenomena in SQ is no w w ell established. Ho w ev er there are sev eral pro cesses

that still ha v e to b e clari�ed, suc h as the co oling of the gas in the sho c k ridge and

the mo dalities under whic h star formation is pro ceeding throughout the group. In

this thesis w e will mak e use of data in a range of w a v elengths that has not b een dis-

cussed y et, the mid- and �r-infrared regime dominated b y dust emission, to obtain

some additional insigh ts in to the phenomena o ccurring in SQ and their implications

for the ev olution of galaxy groups and clusters.
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1.3 What can w e learn from studying the dust

emission from SQ?

{ Dust particles

In astroph ysics the term \dust" is used to iden tify essen tially t w o comp onen ts of

the in terstellar medium: 1) solid particles with sizes of fractions of microns though t

to b e comp osed mainly of graphite, silicates and iron (ev en though di�eren t comp o-

sition mix are consisten t with observ ational constrain ts, see Zubk o et al. 2004); 2)

P olycyclic aromatic h ydro carb on molecules (P AH), that can b e though t of as 
at

molecules of in terconnected molecular units corresp onding to the b enzene molecule

C

6

H

6

. Dust particles emit radiation in the MIR{FIR and sub-mm ranges. This hap-

p ens b ecause the temp eratures of dust particles, heated b y radiation sources, are of

order of 10 � 10

2

K. Higher temp eratures than � 10

3

K are not reac hable b ecause

an y form of dust is destro y ed when heated to these lev els. In the case of P AHs,

radiativ e excitation induces 
uorescen t line emission visible in the MIR regime (see

e.g. Leger & Puget (1984)).

Dust has b een detected in v ery di�eren t en vironmen ts: molecular clouds, dif-

fuse in terstellar medium, galaxy cirrus structures, A GN torus, circumstellar disks,

planetary nebula, etc. Its imp ortance is t w ofold: 1) dust pla ys an activ e role in

determining the thermo dynamical and c hemical pro cesses of the gas in whic h it is

em b edded, as for example injecting energetic photo electrons in to the ISM or catalyz-

ing the formation of molecular h ydrogen; 2) dust absorbs radiation in the optical/UV

and it re-emits it in the infrared. Therefore, from studying the emission from dust

grains one can infer the prop erties of the sources that p o w er the emission itself. A

t ypical example is the use of dust emission as a star formation rate indicator, since

dust in the paren t molecular clouds of newly formed stars absorbs a large fraction of

the UV radiation from y oung stars and the luminosit y of the dust infrared emission

is then prop ortional to the rate at whic h stars are b eing formed.

An alternativ e w a y to heat dust, t ypically not considered in studies of dust emis-

sion on galactic scales, o ccurs when dust is em b edded in hot plasma at temp eratures

� 10

6

K. In this hot en vironmen t dust grains are con tin uously hit b y energetic par-
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ticles that, in the pro cess of p enetrating the grain, release a fraction of their kinetic

energy . This con tin uous transfer of energy from the plasma to the grains can b e

comparable to the transfer of energy from photons of the in terstellar radiation �eld.

Therefore, ev en though the heating mec hanism is di�eren t, collisional heated dust

emission app ears at infrared w a v elengths as w ell. Apart from heating dust, this

pro cess acts as a v ery e�cien t w a y to co ol the hot gas in a temp erature regime

where gas radiativ e pro cess are rather ine�cien t. Ho w ev er one should also notice

that dust in hot plasma is quic kly destro y ed b ecause of dust sputtering, the gradual

remo v al of atoms from grains due to the collisions b et w een grains and energetic ions.

Therefore the e�ciency of dust as co olan t of the hot gas dep ends strictly on the dust

abundance whic h is exp ected to b e v ery lo w. Collisional heating of dust has b een

used to mo del dust emission from sup erno v ae remnan ts b y Dw ek et al. (1981), among

others. Details ab out the dust collisional heating pro cess can b e found in that pap er.

{ Dust emission in SQ

Previous studies of the dust emission in SQ w ere presen ted b y Xu et al. (1999) and

Xu et al. (2003), using data from the Infrared Space Observ atory in the 6 � 100 � m

range. These data led to the disco v ery of the source SQ A as the �rst example

of an in tergalactic starburst triggered b y a direct galaxy{IGM high-v elo cit y colli-

sion. A t the same time, dust emission from the sho c k region w as detected. This

op ened the p ossibilit y that the emission in this region is indeed pro duced b y dust

collisional heating. Unfortunately the lo w resolution of the ISO data didn't allo w a

precise photometry of the emission and an accurate morphological comparison with

m ultiw a v elength data. In this thesis w e will mak e use of deep imaging of the FIR

emission from SQ tak en with the Spitzer Space T elescop e. These data ha v e sup erior

angular resolution and sensitivit y compared to the previous ISO data and extend

the w a v elength co v erage to longer w a v elengths (to 160 � m ). Com bining the FIR

data with Spitzer MIR maps and m ultiw a v elength observ ations, w e will in v estigate

sev eral issues that can b e summarized in four main categories:

1) Star formation : W e will use dust emission to iden tify the lo cation of the
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obscured part of star formation in the SQ group and to quan tify the o v erall in ten-

sit y of the star formation ev en ts. SQ presen ts a large decoupling of gas and galaxies

and, as w e sa w b efore, this implied a displacemen t of the star formation regions

compared to the case of normal �eld galaxies, at least in terms of the unobscured

star formation tracers. In teresting p oin ts that will b e stressed are the total star

formation rate in this group compared to the case of isolated galaxies and the star

formation e�ciency in extragalactic star formation regions.

2) Gas co oling in the sho c k region : If a su�cien tly high quan tit y of dust

is presen t in the hot plasma in the sho c k region of SQ, dust{plasma particles colli-

sions ma y pro vide the dominan t co oling mec hanism for the hot gas and, therefore,

determine the thermo dynamical ev olution of the gas in this region. In particular the

co oling time ma y b e signi�can tly reduced with imp ortan t consequences for future

star formation episo des out of the sho c k ed gas.

3) Hot group halo gas co oling : In the con text of IGM gas fueling of star

formation in galaxies and galaxy groups, it is v ery imp ortan t to determine all the

p ossible w a ys group halo gas can co ol. A new mec hanism recen tly under in v estiga-

tion (see Mon tier et al. 2004, P op escu et al. 2000) is, as in the case of the sho c k

region, the co oling through dust{plasma particle collisions. In fact through sev eral

pro cesses, suc h as the mixing of galaxian material within the X-ra y halo or the

injection of grains in to the IGM from halo stars, it is p ossible to p ollute the hot

IGM with dust and enhance its co oling. In this w ork w e will use observ ational and

theoretical constrain ts to quan tify the amoun t of dust emission from the halo whic h

can b e due to this mec hanism.

4) Nature of dust emission in the Seyfert 2 galaxy NGC7319 : NGC7319

is a v ery brigh t MIR and FIR source. Since this galaxy is classi�ed as Seyfert 2 (i.e.

it hosts an obscured A GN) the brigh t MIR emission migh t p oten tially b e explained

in terms of A GN torus w arm dust emission. Ho w ev er, as it will b e seen later in

Chaps. 2 and 3, this galaxy sho ws also a FIR emission of similar in tensit y compared
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to the MIR 
ux and the p eak of the FIR emission is lo cated at the cen ter of this

galaxy . An ob vious question w e will address in this thesis is therefore whether the

FIR emission w e observ e from this galaxy is p o w ered b y a cen tral starburst or it is

someho w p o w ered b y the cen tral A GN.

{ Thesis outline

The thesis outline is the follo wing. In the second c hapter w e presen t the Spitzer data,

w e compare the dust emission with m ultiw a v elength observ ations and w e p erform

the photometry of all the detected sources. In c hapter three w e sho w the infrared

sp ectral energy distributions (SED) for eac h source in SQ and w e mo del them with

template SEDs in order to infer useful ph ysical parameters. In c hapter four w e

deriv e star formation rates and w e discuss the results w e ha v e obtained from source

photometry and SED �tting and their consequences for star formation and A GN

dust emission. In c hapter �v e w e discuss to whic h exten t dust can con tribute to

the co oling of hot X-ra y emitting gas. In c hapter six w e presen t a theoretical mo del

of a steady{state sho c k, including dust collisional heating and dust destruction. A

summary and conclusions close the thesis.





Chapter 2

SQ Dust Emission: Morphology

and Source Photometry

2.1 Morphology of dust emission in SQ

In this section w e describ e the morphology of the dust emission in SQ, as seen on

the Spitzer maps, in relation to the star and gas distribution in the group. In Fig.

2.1 (lo w er panel) w e sho w all the Spitzer broad band maps (from IRA C and MIPS)

where the signal is dominated b y dust emission

1

: 8 � m , 24 � m , 70 � m and 160 � m

(details ab out Spitzer data reduction can b e found in App endix 2.A at the end of

this c hapter). These can b e compared with the upp er panel sho wing the SDSS r-

band map, the GALEX FUV map, the VLA radio 21 cm line map and the XMM

NEWTON soft X-ra y map. On eac h map, crosses iden tify the galaxy cen tres.

The IR morphology of the galaxies seen in the IR maps is mark edly di�eren t from

the optical morphology . This is true not only for the early t yp e galaxies but also

for the late t yp e galaxies whic h exhibit remark able little infrared emission from the

main b o dies of the galaxies. The only exception is the emission from the foreground

1

Throughout this thesis all the 8 � m images presen ted ha v e had the stellar comp onen t of the

emission subtracted using the relation F

�

(8 � m ; dust ) = F

�

(8 � m) � 0 : 232 F

�

(3 : 6 � m ) (Helou et al.

2004). The 8 � m Spitzer band also con tains emission from rotational h ydrogen lines whic h ho w ev er

w e estimate in Sect. 3.1.3 to b e unimp ortan t in relation to the P AH and dust con tin uum emission
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galaxy NGC 7320 whic h is quite symmetrical in all the Spitzer bands, ha ving a �lled

disk of emission commonly seen in lo cal univ erse �eld galaxies, compatible with the

optical/UV app earance not sho wing an y sign of in teractions (consisten t with its not

b eing a mem b er of SQ).

The infrared emission from NGC7319 is dominated b y an unresolv ed n uclear

source, presumably from the Seyfert 2 A GN, that is particularly prominen t at 24

and 70 � m . A t 8 � m one can also clearly see emission from the disk of the A GN host

galaxy . As it can b e seen from the MIR maps, dust emission from compact star

formation regions are detected all o v er the group and esp ecially on the elongated

features of the in truder galaxy NGC 7318b whic h are most prominen tly delineated in

the UV. Here the similarit y is strongest b et w een the UV and the 8 � m band though

the most prominen t discrete sources are also clearly seen at 24 and 70 � m . The most

prominen t suc h MIR/FIR source is SQ A, the star formation region lo cated to the

north of NGC 7318b, already detected b y ISO, whic h can also b e seen at 160 � m .

F rom optical sp ectra (Xu et al. 2003) and radio observ ations (Lisenfeld et al. 2002,

Williams et al. 2002) it is kno wn that star formation in this region is asso ciated

with gas at radial v elo cities corresp onding to b oth the in truder galaxy and the IGM

of the group. Sev eral further compact star formation regions are lo cated on the

southern arms of NGC 7318b. The brigh ter sources, HI I SE and HI I SW, are also

detected on the 70 � m map but not clearly seen on the lo w er resolution 160 � m map.

Tw o other brigh t MIR/FIR emitting regions detected on the Spitzer maps are SQ

B, a star formation region lo cated on the optical \y oung " tidal tail (see Sulen tic

et al. 2001), and a source, HI I N, lo cated ab out 40

00

to w ards the north of the A GN

galaxy .

There is no clear morphological coun terpart in the infrared to the sho c k region,

de�ned here b y the ridge of emission that can b e seen on the X-ra y map. Nev erthe-

less the 70 � m map and more particularly the 160 � m map sho w enhanced emission

to w ards the p eak of the X-ra y emission. The ratio of the MIR 8 and 24 � m emission

to the 160 � m emission at the same p osition app ears rather lo w compared to the

discrete sources asso ciated with star formation suc h as SQ A.

A previously undetected feature is an extended comp onen t of FIR emission, that
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Figure 2.1: Stephan's Quin tet Multiw a v elength Data. Upp er ro w from left to righ t: SDDS r-band, GALEX FUV, VLA

radio , XMM NEWTON soft X-ra y . Lo w er ro w: SPITZER IRA C 8 � m and MIPS 24 ; 70 ; 160 � m . Crosses on the maps

iden tify the galaxy cen ters. The p osition (0,0) coincides with R A = 22

h

36

0

02 : 4

00

, D ec = +33

�

57

0

46 : 0

00

. The units on the

axis are arcmin. A t the distance of SQ (94 Mp c ) ev ery arcmin corresp onds to 24kp c. Note that NGC 7320 is a foreground

galaxy at the distance of 10 Mp c and its HI distribution, not sho wn in this �gure, can b e found in Williams et al. (2002).
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w e will refer to as \extended emission" in this thesis, spatially coinciden t with the

main part of the group X-ra y halo (as de�ned in T rinc hieri et al. 2005, see Fig.

1.7). The app earance of the corresp onding MIR emission on the higher resolution 8

and 24 � m images suggests that the extended FIR emission ma y at least in part b e

clump y rather than uniform, p ossibly indicating the presence of fain t star formation

regions far a w a y from the cen ters of the galaxies.

In order to quan tify the morphology and brigh tness of the FIR emission seen

to w ards the X-ra y emitting halo and sho c k regions, it is necessary to subtract from

the FIR maps the most prominen t discrete sources asso ciated with star formation

regions and galaxies. T o do this w e devised a FIR source �tting tec hnique whic h

w e describ e in subsection 2.1.1. This source �tting tec hnique also serv es to �x the

photometry and the exten t of discrete sources, information that cannot b e directly

extracted from the maps due to the unkno wn lev el of m utual confusion.

2.1.1 The FIR map �tting tec hnique and the FIR residual

maps

The �tting tec hnique mo dels a preselected set of the most prominen t discrete sources

as a sum of elliptical gaussian con v olv ed with the instrumen t PSF. Sev en parameters

are calculated for eac h source: amplitude, the p eak co ordinates, the t w o gaussian

widths, the axis rotation angle and the lo cal bac kground (included to a v oid remo v al

of an y di�use emission comp onen ts). The �t is p erformed sim ultaneously for the

10 brigh test sources seen on the 70 � m maps, (see Fig. 2.2): �v e compact sources

(SQ A, HI I SE, HI I SW, SQ B, HI I N), t w o sources to �t the emission from the

A GN galaxy NGC 7319 (one for the cen tral emission and one for a p eripherical

star formation region visible after the remo v al of the �rst comp onen t), t w o for the

�t of the foreground galaxy NGC 7320 (one for the �t of the di�use emission and

one for a compact source) and one to �t the emission p eak ed in the middle of the

sho c k region. The �t to the 70 � m map is p erformed �rst, k eeping all the �tting

parameters as free v ariables. This is follo w ed b y a constrained �t to the 160 � m

map in whic h the relativ e p osition of the sources are �xed to the v alues obtained at
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70 � m . In addition, a further constrain t w as that w e k ept the same shap e and axis

orien tation for the �v e compact sources, as inferred b y the 70 � m �t, allo wing only

a size c hange (to tak e in to accoun t the p oten tially more extended distribution of

cold dust emission). This strategy w as adopted b ecause the higher resolution 70 � m

map places the strongest constrain ts to the p osition and morphology of sources in

the FIR. Mo del images from the �tting tec hnique are sho wn in Figs. 2.2 and 2.3.

The b est �t parameters and the inferred total 
ux densities are sho wn in T able 2.1.

A t b oth 70 � m and 160 � m the b est �t mo del images are remark ably similar to the

original maps. On the \decon v olv ed\ maps in eac h �gure, it is p ossible to see the

con tribution from eac h gaussian to the �nal map. In terestingly enough, the source

at the p osition of the sho c k is m uc h more predominan t at 160 � m than at 70 � m , con-

�rming the original impression that the emission in the sho c k region is brigh ter at

160 � m . It is also notew orth y that the p osition angle of the mo del source at 160 � m

is aligned with the north{south orien tation of the X-ra y emitting ridge whereas at

70 � m no suc h alignmen t is apparen t. A t b oth 70 and 160 � m the east{w est width of

the �tted elliptical gaussians at the sho c k p osition ( F W H M � 60

00

) is larger than

that of the X-ra y sho c k ridge ( F W H M � 20

00

). This indicates that the in tegrated

emission is not necessarily en tirely comp osed of emission from the sho c k ridge. A

full description of the source �tting tec hnique is giv en in Sect. 2.3.

T o understand ho w the emission p eak ed in the sho c k region and the extended emis-

sion are distributed on the maps, w e created FIR residual maps where the emission

from all the sources �tted b y the FIR map �tting tec hnique, with the exception of

the source asso ciated with the sho c k, ha v e b een subtracted. The con tours of these

FIR residual maps are sho wn in Fig. 2.4 o v erlaid on HI, X-ra y and FUV maps.

As one can see, the emission on the FIR residual maps is uncorrelated with the

HI distribution but w ell correlated with the soft X-ra y 
ux. The FIR emission,

as already seen on the original maps, p eaks in the middle of the sho c k region and

its o v erall exten t is similar to the X-ra y halo emission. A t �rst sigh t this �nding

supp orts the idea that collisional heating is pro ducing the observ ed FIR emission.

Ho w ev er a large part of the residual FIR emission co v ers areas emitting signi�can t

luminosit y at UV w a v elengths. The presence of these radiation sources complicates
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Source RA DEC �

70 � m

�

160 � m

F

70 � m

F

160 � m

(arcs) (arcs) (mJy) (mJy)

SQ A 22 35 58.81 33 58 51.08 16 15 134 � 15 265 � 86

HI I SE 22 35 59.08 33 57 33.97 14 40 61 � 9 186 � 140

HI I SW 22 35 56.10 33 57 43.10 11 ND 31 � 5 ND

SQ B 22 36 10.54 33 57 20.52 14 36 63 � 8 302 � 34

N7319 22 36 3.760 33 58 33.03 12 30 616 � 62 1192 � 130

N7319 (HI I) 22 36 3.01 33 59 00.0 24 ND 50 � 8 ND

N7320 22 36 3.380 33 56 52.69 44 48 716 � 73 1899 � 196

N7320 (HI I) 22 36 4.540 33 57 4.480 16 ND 111 � 13 ND

HI I N 22 36 03.132 33 59 34.6 23 42 52 � 6 98 � 41

SHOCK

1

22 36 0.1 33 58 0.28 61 58 258 � 30 1218 � 230

T able 2.1: Fitted FIR source parameters: col1: FIR source; col2-3: Source cen ter

RA and DEC co ordinates; col4-5: Av eraged FWHMs of the sources; col6-7:T otal 
ux

densities at 70 � m and 160 � m . Some of the sources are not detected at 160 � m (ND

= \non detected")

1

The SHOCK source on this table refers only to the gaussian used to �t the emission

cen tered in the middle of the sho c k region. Therefore the quoted 
uxes don't

represen t the actual 
uxes coming from that area. The emission from the sho c k

region is giv en in the T able 2.

the in terpretation of the dust emission in the sho c k region as w ell as for the extended

emission (see Chaps. 4 and 5.1).

2.2 SQ Spitzer map photometry

Precise photometry of all these di�eren t emitting regions in SQ is required in order

to elucidate the ph ysical mec hanisms that p o w er dust emission and the related

scien ti�c implications. In the FIR the photometry is deriv ed from the source �tting

pro cedure (for the discrete sources) and from the FIR residual maps (for the sho c k
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Figure 2.2: Fit results for the 70 � m map. T op{left: original 70 � m map; T op{righ t:

b est �t map; Bottom{left: �t residuals; Bottom{righ t: \decon v olv ed" map. The

crosses on the original map iden tify the cen ters of the �tted sources. The units

aside the color bars are MJy/sr. Note: The �t residual map, sho wn on the b ottom{

left panel, has all the �tted sources subtracted. It di�ers from the 70 � m \FIR

residual map", whose con tours are sho wn in the upp er panels of Fig. 2.4, where the

SHOCK source has not b een subtracted.
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Figure 2.3: Fit results for the 160 � m map. T op{left: original 160 � m map; T op{

righ t: b est �t map; Bottom{left: �t residuals; Bottom{righ t: \decon v olv ed" map.

The units aside the color bars are MJy/sr. Note: The �t residual map, sho wn on the

b ottom{left panel, has all the �tted sources subtracted. It di�ers from the 160 � m

\FIR residual map", whose con tours are sho wn in the lo w er panels of Fig. 2.4, where

the SHOCK source has not b een subtracted.
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Figure 2.4: FIR residual maps (see Sect. 3.2) con tours o v erlaid on HI (left panels), X-ra y (middle panels) and FUV maps

(righ t panels). The con tours in the upp er ro w are from the 70 � m residual map while those in the lo w er ro w are from the

160 � m residual map. The 70 � m residual map con tour lev els are � 0 : 3 ; 0 : 3 ; 0 : 6 ; 0 : 9 ; 1 : 2 ; 1 : 5 ; 1 : 8 ; 2 : 1 ; 2 : 25 MJy = sr and those

for the 160 � m residual map are � 0 : 4 ; 0 : 4 ; 1 : 2 ; 2 : 4 ; 3 : 6 ; 4 : 8 ; 6 : 0 ; 6 : 6 ; 7 : 2 MJy = sr (the dashed lines are the negativ e con tours,

corresp onding to � 1 � lev el). The �eld of view is di�eren t in the three maps. The co ordinates corresp onding to (0,0) are

for the HI map R A = 22

h

36

0

04 : 1

00

and D ec = +33

�

57

0

47 : 2

00

, for the X-ra y map R A = 22

h

35

0

59 : 7

00

and D ec = +33

�

58

0

05 : 9

00

,

for the FUV map R A = 22

h

36

0

01 : 6

00

and D ec = +33

�

57

0

42 : 1

00

. The axis units are arcmin utes for the HI and FUV maps

and arcseconds for the X-ra y map. Note that p oin t sources ha v e b een remo v ed from the X-ra y map (see Fig. 1).
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and the extended emission comp onen ts). In the MIR the high resolution of the MIR

8 and 24 � m maps allo ws a straigh tforw ard extraction of 
uxes of the corresp onding

regions in SQ using ap erture photometry . All results are summarized in T able 2.2.

2.2.1 Star formation regions and galaxies

The FIR map �tting tec hnique, describ ed previously , allo ws a precise measure of the


ux coming from the compact star formation regions, the A GN galaxy NGC 7319

and the foreground galaxy NGC 7320, all w ell mo delled b y con v olv ed elliptical gaus-

sians (although some sources are not detected at 160 � m ). This tec hnique allo w ed

us not only to obtain the total source 
uxes but also to deriv e accurately the source

exten t. In Fig. 2.5, as an example, w e sho w the con tours of the \decon v olv ed"

70 � m and 160 � m emission at the p osition of SQ A o v erlaid on the 8 � m and 24 � m

maps. The FIR emission has a MIR coun terpart that p eaks in the areas where FIR

is higher. This is generally true for all the �tted FIR sources and it v alidates the use

of ap ertures for the photometry of the compact sources at MIR 8 and 24 � m whose

sizes are deriv ed b y the FIR �tting tec hnique. Sp eci�cally , at 8 and 24 � m w e used

elliptical ap ertures ha ving the same axial ratio and orien tation as the 70 � m b est �t

elliptical gaussian axis and semi-axis lengths equal to 2 : 17 �

70 � m

(this area includes

90% of an elliptical gaussian total 
ux). W e to ok sizes based on the 70 � m map �t

b ecause all the compact sources are clearly seen on that map. These ap ertures are

depicted in red in Figs. 2.6 and 2.7.

The lo cal bac kground for the ap erture photometry has b een estimated on regions

lo cated nearb y the cen tral source, where other p eaks of emission are not clearly seen

(see green circles on Figs. 2.6 and 2.7). In this w a y w e are con�den t that the

bac kground lev el has not b een o v erestimated due to con tamination b y surrounding

sources. W e didn't apply ap erture correction for the photometry at 8 � m b ecause

this is close to unit y for the c hosen ap ertures (t ypical ap erture size ab out 10 pixels),

as rep orted b y the IRA C data Handb o ok. A t 24 � m the c hosen ap ertures t ypically

delimit the �rst outer ring of the PSF. In this case w e applied an ap erture correction

equal to 1.16 (MIPS data Handb o ok). F or the MIR photometry of the galaxies
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Figure 2.5: \Decon v olv ed" 70 � m and 160 � m SQ A emission con tours o v erlaid on

8 � m (upp er ro w) and 24 � m (lo w er ro w) maps. Units on the axis are arcseconds.
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NGC 7319 and NGC 7320 w e used large ap ertures co v ering most of the emission

from these ob jects and w e didn't apply ap erture corrections b ecause of the large

in tegration area.

The uncertain ties on the MIR photometry are giv en b y the quadratic sum of

the follo wing con tributions: 1) error on the ap erture correction; 2) 
ux calibration

uncertain t y; 3) bac kground 
uctuations. Since w e used elliptical ap ertures, instead

of t ypical circular ap ertures, w e rather conserv ativ ely assumed that the relativ e error

on the ap erture correction is 10% (note that this error is applied only to ap erture

photometry at 24 � m ). The 
ux calibration relativ e uncertain t y is equal to 4%

(IRA C and MIPS Handb o ok) while the error in tro duced b y bac kground 
uctuations

is deriv ed from the v ariance of the bac kground mean v alues in the sev eral areas w e

selected nearb y the sources. The measured 
uxes and uncertain ties for b oth MIR

and FIR w a v elengths are giv en in T able 2.2.

Since w e are using di�eren t metho ds to deriv e the source 
uxes on the MIR maps

and the FIR maps, it is imp ortan t to c hec k that these t w o photometric tec hniques

giv e consisten t results. T o v erify this, w e p erformed the source �tting tec hnique on

con v olv ed MIR maps and deriv ed the source 
uxes exactly as w e did for the FIR

maps. Details and results of this test are sho wn in Sect. 2.3.

2.2.2 Sho c k region

Fig. 2.8 sho w the east{w est pro�les, along a line passing through the cen ter of the

sho c k ridge, extracted from the FIR residual maps, the X-ra y and the VLA 21 cm

radio con tin uum maps con v olv ed to the resolution of the 160 � m map ( F W H M �

40

00

). F rom these pro�les, one can see that the FIR width is signi�can tly larger

than the sho c k ridge width as seen b oth in the X-ra y and Radio. Using the curren t

data it is imp ossible to sa y if this discrepancy is due to confusion with fain ter

unrelated infrared sources or to a systematic c hange in the width of the emitting

region of the sho c k b et w een the X-ra y and the FIR. Nev ertheless w e estimated the


ux coming from the sho c k ridge b y �tting the FIR residual maps with a simple t w o

comp onen t mo del: a PSF con v olv ed uniform ridge, used to �t the dust emission in
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Figure 2.6: Ap ertures for source photometry on the Spitzer IRA C 8 � m map. In-

tegration areas are delimited in red while bac kground areas in green. The straigh t

line passing through the A GN galaxy and SQB is a map artifact.
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Figure 2.7: Ap ertures source photometry on the Spitzer MIPS 24 � m map. In tegra-

tion areas are delimited in red while bac kground areas in green.
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Figure 2.8: East{W est pro�le of the sho c k region at sev eral w a v elengths. The pro�les

for the 70 � m , X-ra y and Radio maps are deriv ed after con v olution to the resolution

of the 160 � m map ( F W H M = 40

00

). The pro�les are deriv ed from an horizon-

tal strip passing through the cen ter of the sho c k region ( R A = 22

h

35

0

59 : 7, D ec =

+33

�

58

0

14 : 2

00

) and of v ertical width equal to 10

00

.

the sho c k region and whose size (20

00

� 80

00

) w ere deriv ed from X-ra y data, plus a

uniform comp onen t. In this pro cedure the lev el of the �tted uniform comp onen t is

in
uenced b y the fact that the actual FIR source is more extended than the X-ra y

source. T aking in to accoun t the am biguit y in iden tifying all the 
ux from the more

extended FIR emission with the sho c k, w e ha v e assigned extremely conserv ativ e 
ux

uncertain ties. Sp eci�cally , the upp er and lo w er limits de�ned b y the quoted error

bars in T able 2.2 are the 
uxes con tributed b y the uniform emission comp onen t

underlying the solid angle of the sho c k ridge (con v olv ed with the PSF) in the cases

the uniform emission comp onen t has a brigh tness equal to t wice or zero times the

v alue giv en b y the �t. T o measure the MIR 8 and 24 � m emission from the sho c k

region, w e simply in tegrated the emission in the same rectangular area used b efore to

de�ne the sho c k ridge comp onen t in the �t of the FIR residual maps. The adopted

ap ertures are sho wn in Figs. 2.6 and 2.7. Before the in tegration w e mask ed all

the areas inside the ap ertures w e used for the photometry of other sources, b ecause

the MIR emission in that areas is mainly connected with the corresp onding sources

that w e �tted and subtracted from the FIR maps b efore the measure of the sho c k
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Figure 2.9: Radial curv es of gro wth of the FUV, MIR and FIR emission after mask-

ing or subtraction of star formation regions and the t w o galaxies NGC 7320 and

NGC 7319 (see text). The zero on the X-axis corresp onds to the cen ter of the sho c k

region: R A = 22

h

35

0

59 : 7, D ec = +33

�

58

0

14 : 2

00

region 
ux. F or the fraction of the mask ed regions that falls inside the sho c k region

in tegration area w e assumed that the surface brigh tness is equal to the a v erage

brigh tness on the other regions inside the ap erture. The bac kground lev el has b een

measured on areas around the rectangular ap erture where no p eaks of emission are

clearly seen. The quoted error on the in tegrated 
uxes is the sum of the con tributions

due to bac kground 
uctuation and 
ux calibration error.

2.2.3 Extended FIR emission

W e ha v e measured the amoun t of extended 
ux on the FIR residual maps within

a radius of 90

00

from the sho c k cen ter, an area appro ximately equal to that co v ered

b y the X-ra y HALO region as de�ned in T rinc hieri et al. (2005) (see Fig. 1.7). W e

p erformed this 
ux measuremen t in the follo wing w a y . First w e constructed radial

curv es of gro wth of the in tegrated emission on the FIR residual maps starting from

the sho c k cen ter. These curv es of gro wth are sho wn in Fig. 2.9. As one can see, the

in tegrated emission con tin ues to gro w somewhat b ey ond the 90

00

radius. Ho w ev er w e
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considered only the 
ux within this limit b ecause it can b e directly related to the X-

ra y Halo exten t. W e to ok the curv e of gro wth v alues for the in tegrated 
uxes at 90

00

and w e subtracted the con tribution from the sho c k region, estimated in Sect. 2.2.2.

The uncertain ties on the 
uxes are mainly due to the m utual con tamination b et w een

sho c k ridge and extended emission. Therefore w e assumed the same conserv ativ e

errors that w e assigned to the sho c k region FIR 
uxes. F or the estimate of the

extended MIR emission w e ha v e used an analogous metho d. W e constructed radial

curv es of gro wth, starting from the sho c k region cen ter, after ha ving mask ed all the

compact sources and galaxies whose photometry has b een describ ed in Sect. 2.2.1

(note that the sho c k region is not mask ed). F or the calculation of the MIR curv es

of gro wth w e to ok in to accoun t the missing areas, those that w e mask ed, assuming

that their brigh tness is equal to the a v erage brigh tness inside the circular ann uli

passing through them. The deriv ed curv es are sho wn in Fig. 2.9. Exactly as for the

FIR measuremen ts, w e to ok the v alue of the curv e of gro wth at 90

00

and subtracted

the emission from the sho c k region in order to obtain the in tegrated emission from

the extended area corresp onding to the X-ra y halo. The 
ux uncertain ties, in this

case, are deriv ed summing quadratically bac kground 
uctuation, calibration errors

and the error on the sho c k ridge 
ux.

2.3 Multisource �t of SQ FIR maps

In this section w e explain in more detail the FIR map �tting tec hnique that w e

devised to mo del the sources on the FIR maps. As seen in Sect. 2.1.1 and 2.2.1, w e

applied this tec hnique to extract these sources from the FIR maps but also to p er-

form their photometry . The �tting tec hnique w e dev elop ed is similar to the CLEAN

algorithms used in radio astronom y but with some additional c haracteristics: 1)

all the sources are �tted at the same time; 2) an in trinsic �nite source width is

allo w ed. Our basic assumption is that all the sources w e mo del are su�cien tly w ell

describ ed b y elliptical gaussians or a com bination of them. This is not necessar-

ily true b ecause some sources can, in principle, di�er signi�can tly from this simple

shap e. Ho w ev er this simple approac h has b een su�cien t for a go o d �tting of the FIR
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Source F

8 � m

F

24 � m

F

70 � m

F

160 � m

(mJy) (mJy) (mJy) (mJy)

SQ A 7 : 9 � 0 : 5 11 � 2 134 � 15 265 � 86

HI I SE 7318b 3 : 4 � 0 : 4 7 : 5 � 1 61 � 9 186(51) � 142(40)

HI I SW 7318b 2 : 5 � 0 : 1 2 : 4 � 0 : 35 31 � 5 ND

SQ B 3 : 1 � 0 : 15 5 : 6 � 0 : 8 63 � 8 302(120) � 34(13)

NGC 7319 68 � 3 185 � 8 666 � 67 1192 � 130

NGC 7320 45 � 3 38 � 2 827 � 85 1899 � 196

HI I N 7319 0 : 69 � 0 : 07 1 : 1 � 0 : 2 52 � 6 98(78) � 41(33)

Sho c k region 8 : 1 � 0 : 8 6 � 1 : 5 80 � 30 506 � 200

Extended emission 29 � 2 40 : 6 � 5 233 � 30 805 � 200

T able 2.2: IR 
uxes of the set of discrete sources detected on the Spitzer 70 � m

map. The 8 � m and 24 � m 
uxes are obtained from ap erture photometry while the

70 � m and 160 � m 
uxes for the galaxies and compact star formation regions are the

results of the FIR map �tting tec hnique. The FIR 
uxes from the sho c k region are

obtained b y the �tting of the FIR residual maps. The MIR and FIR v alues for the

extended emission are deriv ed from the curv es of gro wth of the MIR and FIR maps

(see Sect. 2.2.3). The v alues in brac k ets are the 160 � m 
uxes within the size of the

70 � m emission.
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maps. The function F ( x; y ), describing an elliptical gaussian on a map, is de�ned

b y the follo wing form ulas:

F ( x; y ) = B

l oc

+ A � e

� U = 2

(2.1)

U = ( x

0

=�

x

)

2

+ ( y

0

=�

y

)

2

(2.2)

x

0

= ( x � x

s

) cos � � ( y � y

s

) sin � (2.3)

y

0

= ( x � x

s

) sin � + ( y � y

s

) cos � (2.4)

The �rst t w o equations de�ne the shap e of the elliptical gaussian while the last

t w o are the co ordinate transformations b et w een the map and the frame de�ned b y

the elliptical gaussian axis. F or eac h source the �tting pro cedure has to pro vide 7

parameters: A (the gaussian amplitude), ( x

s

; y

s

) (the p osition of the source cen ter),

( �

x

; �

y

) (the gaussian widths in t w o ortogonal directions), � (the rotation angle of

the gaussian axis from the arra y axis) and an o�set v alue B

l oc

(the lo cal bac kground

for eac h source).

A real image is not just the sampling of the original signal, of course, but it's

the sampling of the con v olution of the signal with the p oin t spread function (PSF)

of the telescop e optics{detector instrumen t. Using the program STINYTIM

2

, w e

obtained theoretical PSFs of the MIPS instrumen t for b oth 70 and 160 � m bands.

Fig. 2.10 and 2.11 sho w the theoretical PSFs for the 70 � m and 160 � m bands

and their pro�les. In panel (b) of these �gures, it is sho wn also the radial pro�le

of an empirical PSFs (kindly pro vided b y G. Bendo). Although there are some

in trinsic di�erences b et w een empirical and theoretical pro�les, w e decided to use

theoretical PSFs b ecause they can b e sampled at an y desired rate and don't con tain

noise that w ould b e added to the �t (ho w ev er w e made some tests to determine the

lev el of uncertain t y in tro duced b y using theoretical PSFs instead of real ones in our

�tting pro cedure. W e ha v e found that the di�erence on the �nal results is negligible

compared to other sources of error, e.g. only � 5% on the inferred source 
uxes).

The �rst step of our �tting pro cedure is to assume a distribution of elliptical gaussian

sources, with initial trial v alues of the parameters, in an arra y of the same size of the

2

b y John Krist for the Spitzer Science Cen ter:

h ttp://ssc.spitzer.caltec h.edu/dataanalysisto ols/to ols/co n tributed/ge nera l/stin ytim/
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(a) (b)

Figure 2.10: a) Theoretical 70 � m PSF; b) Av erage radial pro�les of empirical and

theoretical 70 � m PSFs.

(a) (b)

Figure 2.11: a) Theoretical 160 � m PSF; b) Av erage radial pro�les of empirical and

theoretical 160 � m PSFs.
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data. First from a direct insp ection of the FIR maps and then after some iterations,

w e iden ti�ed 10 main sources to b e �tted using elliptical gaussians (see Fig. 2.2):

t w o for NGC 7320 (one for the disk emission plus one for a compact star formation

region), one eac h for SQ A and SQ B, t w o for NGC 7319 (one for the circumn uclear

emission plus one for a star formation region), one for a source lo cated north of

NGC 7319 (HI I N), t w o for NGC 7318b (the t w o compact star formation regions

lo cated on the southern spiral arms), one for a source p eak ed in the middle of the

sho c k region. Con v olving this arra y with a theoretical PSF, an arti�cial image is

obtained that can b e compared with the real data. V arying the parameters of the

elliptical gaussians, it is p ossible to impro v e the agreemen t b et w een arti�cial and

real images un til a certain degree of accuracy is reac hed. T o minimize �

2

and �nd the

b est �t mo del parameters, w e used the Lev em b erg{Marquardt (LM) algorithm (see

Bevington 1992), implemen ted b y the IDL routine MPFIT2DFUN

3

. Although this

algorithm is less dep enden t on the initial trial v alues of the parameters, compared

with other �

2

minimization metho ds, the results are inevitably dep enden t on these.

Therefore it is a go o d rule to assign the initial v alues as close as p ossible to the

real ones (or b etter to whic h w e b eliev e are the real ones). The criteria w e used to

c ho ose the initial v alues for the free parameters are the follo wing:

1) Amplitude: an y n um b er of the order of the p eak amplitude of the source (this

�tted parameter has b een found almost indep enden t from the initial v alue);

2) P osition: initial p ositions near the p eaks of the sources;

3) Gaussian Widths: deriv ed appro ximately from the apparen t width of the source;

4) Rotation angle: an y n um b er.

5) Lo cal Bac kground: initial v alue equal to zero.

As one can notice, the c hoice of the initial v alues do esn't require to kno w in adv ance

an y parameter but the appro ximate p ositions of the source cen ters and roughly the

sizes of the gaussians. All this information can b e easily deriv ed from the data. The

�tting pro cedure impro v es the qualit y of the results (in the sense that w e obtain a

smo other residual map and a lo w er reduced �

2

) if w e consider only the regions close

3

written b y Craig Markw ardt: h ttp://co w.ph ysics.wisc.edu/ � craigm/idl/�tting.h tml for details

on the �

2

minimization routine
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to the sources for the �t. Therefore, w e created a mask to exclude all the pixels that

are to o distan t from the calculation, that is more than 2-3 times the apparen t sizes

from the source cen ters.

The �tting tec hnique as describ ed un til no w has b een applied successfully to the

70 � m FIR map. The �tting of the 160 � m map has b een p erformed in a sligh tly

di�eren t w a y b ecause one cannot clearly see on this map all the compact sources

that are detected on the 70 � m . This e�ect is most probably due to b oth lo w er

resolution and in trinsic color di�erences. Since our goal w as to pro duce consisten t

SEDs of the main sources in SQ, w e in tro duced new constrains for the �t of the

160 � m map. W e assumed that the cen tre p osition of eac h source on the 160 � m map

is the same as deriv ed from the 70 � m map �tting. W e only allo w ed a common

shift of all the source p ositions in order to correct p ossible small di�erences in the

astrometry of the t w o maps. Then w e assumed that the orien tation angles and the

ratio of the elliptical gaussian axial widths ( �

x

; �

y

) for the compact sources (SQ A,

HI I SE, HI I SW, SQ B, HI I N and the compact star formation regions in NGC 7319

and NGC 7320) are the same as those inferred from the 70 � m map �t. Therefore w e

assumed that the shap e of the emitting compact sources is similar at 70 and 160 � m

ev en if the size can b e di�eren t. This is actually exp ected b ecause colder emission

can come from regions that are simply farer a w a y from the cen tral heating source

in case of star formation regions.

Figs. 2.2 and 2.3 sho w the results of our �tting tec hnique for the 70 � m and

160 � m maps in four panels: a) the bac kground subtracted Spitzer FIR map of SQ,

b) the b est �t image obtained with our metho d, c) the �t residuals and d) the "de-

con v olv ed" map (that is actually the map sho wing the elliptical gaussians whose

PSF con v olution giv es the b est �t map). As one can see, this metho d pro duces

b est �t maps with remark able similarit y to the original maps ( �

2

70 � m

= N

free

= 0 : 8,

�

2

160 � m

= N

free

= 0 : 7). The \decon v olv ed" map at 70 � m sho ws, apart from the emis-

sion of the foreground galaxy NGC 7320 and A GN galaxy NGC 7319, the sev eral

discrete compact sources that are resp onsible for the sev eral p eaks seen on the real

map. There is a rather extended source that p eaks in the middle of the sho c k re-

gion, ev en though some excess of emission is still seen on the �t residual map at
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this p osition suggesting that the accuracy of the �t is not v ery go o d for this fain t

source. A t 160 � m the emission is dominated b y the A GN galaxy , the foreground

galaxy and the source p eak ed on the sho c k region. It is quite in teresting that the

gaussian used to �t the emission at the p osition of the sho c k is v ery w ell aligned

along the main axis of the sho c k ridge. Ho w ev er the east{w est width of this gaussian

is to o large to b e related only to the X-ra y ridge (see Sect. 2.2.2)). Some compact

star formation regions are undetected (or only marginally detected) at 160 � m , as

w e someho w exp ected, as no p eaks are clearly seen at their p osition.

The main �tted parameters and the deriv ed 
ux densities for eac h of the �tted

sources can b e found in T able 2.1. The uncertain ties on the in tegrated 
uxes are

deriv ed from the co v ariance matrix pro vided b y the LM �

2

minimization algorithm.

F or the estimate of the error on eac h p oin t of the map, necessary to ev aluate �

2

w e considered the v ariance of bac kground 
uctuations on eac h map. On the �nal

in tegrated 
uxes for eac h source a 10% error is added due to 
ux calibration uncer-

tain ties (MIPS data handb o ok). As one can notice from tab.2.1, the inferred 160 � m

sizes for the A GN galaxy NGC 7319 and the compact sources HI I SE, SQ B and

HI I N are m uc h larger than the 70 � m size. In case of the A GN galaxy the size

di�erence can b e ph ysically understo o d if one thinks that additional w arm emission

come from the cen tral part of the galaxy and, therefore, the 70 � m 
ux is more

p eak ed to w ards the cen ter (see also discussion in Sect. 4.4). The larger 160 � m size

for the compact sources arises b ecause the �t pro cedure tends to �t also extended

di�use emission around the main cen tral source, most probably pro duced b y unre-

solv ed nearb y sources. F or these last sources w e calculated from the decon v olv ed

160 � m gaussians the amoun t of 
ux within one 70 � m F W H M from the p eak. These

reduced 160 � m 
uxes are quoted within brac k ets in T able 2.2.

Comparison b et w een results obtained b y the �tting tec hnique and ap er-

ture photometry

As it will b e seen in Sect. 3.1, w e p erformed source SED �tting including MIR and

FIR measuremen ts, p erformed resp ectiv ely using ap erture photometry and the map

�tting tec hnique. Therefore, it is imp ortan t to understand ho w di�eren t the 
uxes
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obtained b y the �tting pro cedure are compared to those w e w ould ha v e obtained

b y ap erture photometry on a high resolution map. T o quan tify this di�erence, w e

made a test using the higher resolution 24 � m map where dust emission morphology

lo oks remark ably similar to the 70 � m emission (at least if one considers the main

sources of emission). W e con v olv ed the 24 � m MIR map to matc h the resolution of

the 70 � m map, resampled the map to matc h the pixel size of the 70 � m map and then

p erformed the gaussian �tting tec hnique on the con v olv ed map. The con v olution has

b een done using the k ernel function created b y Carl Gordon (Gordon et al. 2008).

F or the �t w e assumed the same distribution of gaussians as in the �t of the FIR

maps, but lea ving all the parameters free. The con v olv ed map and the �t results

are sho wn in Fig. 2.12. In T able 2.3 and in Fig. 2.13 w e compared the results from

ap erture photometry (describ ed in Sect. 2.2.1) and gaussian �tting. F or all but one

source (HI I SW) the 
uxes deriv ed using the t w o di�eren t metho ds are consisten t

within the uncertain ties and also the inferred source sizes are close to those found

at 70 � m (the problem with HI I SW arises b ecause of the vicinit y of the n ucleus of

NGC 7318a that is m uc h brigh ter in the MIR than in the FIR). Based on the results

of this test, w e are con�den t that the t w o photometric tec hniques giv e consisten t

results.

2.A Observ ations and Data Reduction

In this thesis w e ha v e used Spitzer maps from t w o Guest Observ er (GO) programs

making use of con tin uum data at 24,70 and 160 � m from the MIPS instrumen t (Riek e

et al., 2004). F rom the GO #40142 (PI: Appleton, P .) w e to ok the 24 � m map and

from the GO #3440 (PI: Xu, K.) the 70 and 160 � m maps. In addition, an image of

SQ at 8 � m , tak en with the IRA C instrumen t (F azio et al., 2004) and do wnloaded

from the Spitzer Science Cen ter (SSC) arc hiv e, w as also used. In the follo wing

w e pro vide details of the data reduction for the Spitzer FIR maps, p erformed b y

Nan y ao Lu at the SSC. The 24 � m map has b een already presen ted b y Cluv er et

al. (2010) and w e refer to that pap er for tec hnical details ab out the data preparation.
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Figure 2.12: Con v olv ed 24 � m map �t. T op{left: Con v olv ed 24 � m map; T op{righ t:

Best �t map; Bottom{left: Fit residuals; Bottom{righ t: decon v olv ed gaussian map
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Source F

ap

24 � m

F

�t

24 � m

�

�t

70 � m

�

�t

24 � m

(mJy) (mJy) (arcs) (arcs)

SQ A 11 � 2 12 � 0 : 5 16 15

HI I SE 7318b 7 : 5 � 1 6 : 7 � 0 : 4 14 12

HI I SW 7318b

1

2 : 4 � 0 : 35 6 � 0 : 6 11 24

SQ B 5 : 9 � 0 : 8 5 : 6 � 0 : 8 15 12

NGC 7319

2

185 � 8 195 � 8 12 12

NGC 7320

2

38 � 2 40 � 2 44 43

HI I N 7319 1 : 1 � 0 : 2 ND

3

22 ND

3

T able 2.3: Comparison of photometry results at 24 � m obtained with ap erture pho-

tometry and the gaussian �tting tec hnique. Col. 1: Source name; col. 2: ap erture

photometry 
uxes; col. 3: 
uxes from the gaussian �tting tec hnique ; col. 4: a v er-

age source FWHMs as deriv ed from the 70 � m map �tting ; col. 5: a v erage source

FWHMs as deriv ed from the 24 � m con v olv ed map �t.

1

This source is the only source, detected b y the �tting tec hnique, whose inferred


uxes are considerably di�eren t. The size of the gaussian that �t the emission on

the 24 � m con v olv ed map is m uc h larger than that found at 70 � m . The reason for

this is the con tamination from the nearb y n ucleus of NGC 7318a that emits strongly

in the MIR but not in the FIR.

2

F or NGC 7319 (the A GN galaxy) and NGC 7320 (the foreground galaxy) the

ap ertures are c hosen suc h to co v er the en tire emission of the galaxies. In the �tting

pro cedure these sources are mo deled with t w o gaussians, one for the cen trally p eak ed

emission and one for a p eripherical HI I region. The sizes sho wn in column 4 and 5

refer to the cen tral source that con tribute most of the 
ux.

3

ND: non detected.
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Figure 2.13: Ratio b et w een 
uxes inferred from the �tting tec hnique and from ap er-

ture photometry for the sources on the 24 � m map.

{ MIPS 70 � m and 160 � m data reduction

The MIPS 70 � m and 160 � m data are from Spitzer pip eline v ersion S11.0.2. In the

pip eline default mosaic images, there are a few residual instrumen tal artifacts that

are particularly noticeable at 70 � m . Because of this, these pip eline images w ere not

used in this thesis. In their place, new images w ere used in whic h the instrumen tal

artifacts w ere reduced b y p erforming additional data reduction steps on the \basic

calibrated data" (BCD) frames.

Sp eci�cally , for the 70 � m data, w e observ ed an o v erall signal drift in time. T o

remo v e this, w e mask ed out those pixels of eac h of the 468 non{stim BCD frames

that are within a radius of 125" of the SQ cen ter (RA=339.0181d, DEC=33.969183d;

J2000). F or eac h BCD frame, a median w as calculated from all unmask ed pixels.

These medians w ere plotted as a function of the BCD frame index (1 to 468). The

resulting plot sho ws a clear discon tin uit y at frame index 313. W e �t the sections

prior to and p ost this discon tin uit y separately with a cubic spline function of order

1 or 2. The t w o �tted curv es w ere connected to form one curv e co v ering all the

BCD frames. After b eing normalized b y its mean, this curv e w as divided in to the

index{ordered BCD frames to remo v e the signal drift in time. The next step w as to
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create a sky 
at image b y median �ltering only unmask ed data for a giv en detector

pixel. The resulting sky 
at image w as normalized b y its mean, and subsequen tly

divided in to eac h unmask ed BCD frames. Finally , w e used Spitzer MOPEX to ol to

mosaic these impro v ed BCD frames in to our �nal image used in this pap er. With a

m uc h 
atter sky bac kground, our o wn mosaic image is signi�can tly b etter than the

pip eline coun terpart.

F or the MIPS 160 � m data, a similar pro cedure w as used with all 522 non{stim

BCD frames. In this case, the detector signal drifts in time di�er signi�can tly among

individual readout mo dules. As a result, our signal drift remo v al w as attempted on

p er readout mo dule basis.

Bac kground subtraction w as p erformed b y �tting a tilted plane to the maps,

after masking a large area co v ering the main group and, in the case of the 160 � m

map, the galaxy NGC7320c (that lies outside the �eld of view sho wn in Fig. 2.1).



Chapter 3

Mo delling the dust emission SEDs

of SQ sources

3.1 Mo delling the Infrared SEDs

The sp ectral energy distribution (SED) of dust emission is determined b y the heat-

ing mec hanism, the in tensit y and color of the radiation �elds (for the case of photon

heating), the temp erature and densit y of the hot plasma (for the case of collisional

heating) and b y the amoun t, size distribution and c hemical comp osition of the emit-

ting grains. Ideally one w ould solv e for the distribution of photon sources, hot

plasma and grains using a self consisten t radiation transfer analysis to �t the en tire

X-ra y/UV/Optical-MIR/FIR SED for eac h source, analogous to the treatmen t of

photon heated dust in disk galaxies and starburst galaxies (see P op escu & T u�s

(2010) for a recen t review). Ho w ev er, due to the extra dimension of collisional

heating and the un usual geometry of the optical/UV and infrared emission from

SQ, this app oac h w ould require a v ery individualized treatmen t whic h is w ell b e-

y ond the scop e of this w ork. W e therefore adopt here a h ybrid app oac h �tting just

the MIR/FIR SED with sup erp ositions of dust emission templates where eac h tem-

plate is appropriate for sp eci�c dust emission regions: HI I/photo disso ciation regions

(PDR), di�use photon{p o w ered dust emission, A GN torus emission and collisionally

heated dust em b edded in hot X-ra y plasma. Eac h of these templates is calculated
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self consisten tly in terms of ph ysical input parameters as describ ed in detail in Sect.

3.2. In this approac h the amplitude of the HI I/PDR template, deriv ed from the

mo del of Dopita et al. (2005) and Gro v es et al. (2008) and sho wn in Fig. 3.7 (left

panel), quan ti�es the obscured comp onen t of on-going star formation, whereas the

amplitude of the di�use dust emission template (sho wn in Fig. 3.8) quan ti�es dust

emission p o w ered b y longer range photons, to whic h older stellar p opulations can

also con tribute. In the latter case a family of SEDs is calculated according to the

strength and color of the radiation �eld, whic h are b oth exp ected to v ary according

to radiation transfer e�ects, and the relativ e con tribution of y oung and old stellar

p opulations. A family of SEDs are also calculated for the collisionally{heated dust

emission template (Fig. 3.10), corresp onding to a range of plasma parameters and

to di�eren t grain size distributions, th us accoun ting for the exp ected e�ect of the

plasma on the grain size distribution. F or b oth the photon heated and collisionally

heated dust emission templates, the sto c hastic emission from impulsiv ely heated

grains, whic h is imp ortan t to determine the MIR emission, is calculated. In the case

of the A GN template SED, w e ha v e used the existing self-consisten t mo del of F ritz

et al. (2006) (righ t panel of Fig. 3.7).

The �ts w ere done b y minimizing �

2

for eac h source, de�ned as:

�

2

=

X

�

F

mo del

� i

� F

obs

i

�

i

�

2

(3.1)

where F

obs

i

and �

i

are the observ ed 
ux densities and their asso ciated uncertain ties

resp ectiv ely , and F

mo del

�

is the corresp onding mo del prediction whic h is related to

a giv en theoretical sp ectra F

�

through F

mo del

�

= K F

�

. The color correction, K , for

eac h Spitzer band is calculated according to the form ulas pro vided b y the IRA C and

MIPS data handb o oks:
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where the subscripts �

o

and �

o

refer to the band reference frequency or w a v elength,

R is the instrumen t sp ectral resp onse and T

o

= 10 ; 000 K (these form ulas deriv e
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from the con v en tions used to calculate the quoted 
uxes on the Spitzer maps). It is

particularly imp ortan t for the 8 � m band where the emission sp ectra v aries quic kly

along the bandwidth b ecause of P AH line emission. The color correction can b e up

to 80% at 8 � m , while it is generally less than 10% for the other bands.

3.1.1 Star formation regions

In this section, w e describ e the SED �ts for the star formation regions SQ A, HI I

SE, HI I SW and SQ B. W e �tted all the observ ed SEDs as the sup erp osition of t w o

comp onen ts. The �rst comp onen t is the PDR/HI I region dust emission template,

that helps to �t the emission from w arm dust lo cated v ery close to y oung stars. The

second comp onen t is the di�use photon heated dust emission template that �ts the

emission from di�use dust near star formation regions. This di�use dust is heated b y

a com bination of UV photons escaping from the PDR/HI I region and an y am bien t

large scale UV/optical radiation �eld p erv ading the region. W e p erformed the �t

v arying four free parameters: the amplitude of the HI I region/PDR SED template

(determined b y the parameter F

HI I

24

, the fraction of 24 � m 
ux con tributed b y this

comp onen t); the di�use dust mass M

dust

; the strength and the color of the di�use

radiation �eld, determined b y t w o parameters, �

isrf

and �

color

(see Sect. 3.2 for

details). As one can notice, there are no degrees of freedom in these �ts. Therefore

it is not p ossible to estimate the go o dness of the �t (in the sense of the �delit y

of the mo del) from a c hi-square test. Nonetheless w e estimated the error on the

b est-�t dust masses and total dust luminosities from a m ultidimensional analysis of

�

2

near to its minim um �

2

min

. The uncertain t y on the dust mass is the minim um

dust mass v ariation that giv es � �

2

= �

2

� �

2

min

v alues alw a ys greater than one,

indep enden tly from the v alues of all the other parameters. The total luminosit y

error bar is determined b y the lo w est and highest v alues of the total luminosit y in

the subspace of �tting parameters determined b y � �

2

� 1.

The SED �ts are sho wn in Fig. 3.1 (note that for HI I SE and SQ B w e used the

160 � m 
uxes within the 70 � m source size to limit con tamination from neigh b ours).

T able 3.1 sho ws the b est �t parameters, together with the estimate of the uncertain t y
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on the dust mass, the total infrared dust luminosit y and the con tribution to this total

infrared luminosit y from optical heating of di�use dust b y the di�use radiation �eld,

UV heating of di�use dust b y the di�use radiation �eld and lo calized UV heating

of dust in PDR/HI I regions. The predicted radiation �elds needed to accoun t for

the di�use emission comp onen t are at least as strong as the lo cal ISRF in the Milky

W a y with a strong v ariation in color. F rom the plots one can see that the 24 � m

emission is dominated b y HI I region/PDR emission, as exp ected, while 8 � m and

FIR p oin ts are generally dominated b y di�use emission. This is consisten t with a

picture where MIR emission is pro duced b y regions v ery close to y oung stars whilst

FIR emission and P AH emission come from dust illuminated b y dilute radiation

�elds, as observ ed in galaxy disks (e.g. Bendo et al. 2008)

3.1.2 A GN galaxy NGC7319

The observ ed SED of the Seyfert 2 galaxy NGC7319 di�ers mark edly from the SEDs

w e obtained for the other sources in SQ, for whic h the p o w er emitted at 24 � m is

t ypically a factor ten or more smaller than that observ ed at 70 and 160 � m . F or

NGC7319 the amoun t of energy emitted at MIR w a v elengths is comparable to the

FIR luminosit y . W e �rst tried to �t the SED of this galaxy using the same HI I

region/PDR plus di�use emission comp onen ts as w e ha v e done previously for the

star formation regions (w e didn't include a comp onen t of sync hrotron emission,

originating from the A GN, b ecause an extrap olation of its infrared luminosit y from

the radio measuremen ts of Aoki et al. (1999) giv es v alues whic h are six orders of

magnitudes lo w er than the observ ed infrared luminosities). The b est �t is sho wn

in the left panel of Fig. 3.2. The �t tries to repro duce the high 24 � m 
ux with

the HI I region template but, doing so, completely o v erestimates the 70 � m 
ux. A

second attempt has b een p erformed substituting the HI I region/PDR template with

an A GN torus template (F ritz et al. 2006, see Sect. 3.2). As one can see from the

righ t panel of Fig. 3.2, the observ ed data is repro duced m uc h b etter in this case. Of

course the limited n um b er of data p oin ts do esn't allo w an y inference of the ph ysical

prop erties of the dust y torus nor pro vide precise information on the radiation �eld.
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Figure 3.1: SEDs of discrete SQ star formation regions: the plotted curv es are the

b est �t SED (solid line), the con tribution from PDR/HI I regions (dotted curv e) and

di�use dust (dashed line). The v alues K

8 � m

; K

24 � m

; K

70 � m

; K

160 � m

, sho wn in eac h

plot of this and the follo wing �gures, are the color corrections applied to eac h �tted

p oin t.
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Figure 3.2: SED of NGC 7319 p erformed using t w o di�eren t com binations of tem-

plates. In the left panel, the b est �t SED (solid line) is calculated using a PDR/HI I

region template (dotted line) and a di�use dust comp onen t (dashed line). In the

righ t panel the b est �t is calculated using an A GN torus dust emission template

(dotted) and a di�use dust comp onen t (dashed).

Ho w ev er the �t do es pro vide an indication that the ma jorit y of the 24 � m emission

in this galaxy is p o w ered directly b y the A GN p o w er la w radiation. The �tted

parameters and the total dust luminosit y deriv ed from the A GN torus plus di�use

emission �t are sho wn in T able 3.1.

3.1.3 Sho c k region emission

The dust emission SED of the sho c k region con tains MIR and FIR emission comp o-

nen ts whic h indicate inhomogeneous structure within the emitting region. As one

can see from the middle panels of Fig. 2.4, the emission on the FIR residual maps

sho ws a rough correlation with the X-ra y emission, esp ecially near the cen ter of the

sho c k ridge, suggesting, as men tioned b efore in Sect. 2.1.1, that collisional heating
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of dust em b edded in the hot ( T � 3 � 10

6

K) sho c k ed plasma p o w ers at least some

of the observ ed emission. Ho w ev er the presence of signi�can t 8 � m emission rules

out the p ossibilit y that the observ ed dust emission is purely collisionally heated b e-

cause P AH molecules are not exp ected to surviv e in a medium sho c k ed b y a w a v e

tra v elling at more than 125 km/s (Micelotta et al., 2010). The P AH emission m ust

therefore either b e ph ysically unrelated to the sho c k, coming from another region

on the line of sigh t, or, if asso ciated with the sho c k, b elong to colder gas phases

em b edded in the X-ra y plasma. The latter scenario w ould b e consisten t with the

detection of H

2

molecular line (Appleton et al. 2006, Cluv er et al. 2010) and H �

(Xu et al. 1999) emission from the sho c k region.

The m ultiphase nature of the gas in the sho c k region implies that there are at

least four p oten tial sources of dust emission in this region: (1) di�use dust colli-

sionally heated in hot plasma; (2) dust in a colder medium and heated b y a di�use

radiation �eld; (3) HI I/PDR dust emission from optically thic k clouds with em b ed-

ded star formation regions and (4) cold dust emission from optically thic k clouds

without em b edded star formation.

In practice, it is not p ossible to distinguish mo del predictions for (2) and (4)

o v er the w a v elength range of the curren tly a v ailable data, since the only di�erence

w ould corresp ond to a v ery cold emission comp onen t from the in terior, self-shielded

regions of the optically thic k clouds, whic h will only b ecome apparen t at longer

submm w a v elengths. Therefore, w e only consider explicitly here comp onen ts (1) -

(3), ignoring comp onen t (4). F urthermore, the four a v ailable data p oin ts are insu�-

cien t to sim ultaneously �t these three p oten tial sources of dust emission, esp ecially

the di�use photon heated and collisionally heated comp onen ts whic h are b oth pre-

dicted to p eak at FIR w a v elengths. Therefore, w e decided to p erform the SED �t in

t w o di�eren t w a ys corresp onding to the t w o opp osite cases, where collisional heat-

ing is either resp onsible for the en tire FIR emission, or is completely negligible. W e

follo w ed this approac h in order to understand whic h mec hanism is predominan t in

p o w ering the di�use dust emission. First, w e �tted the sho c k region SED as a su-

p erp osition of t w o comp onen ts: the HI I region/PDR template, to �t MIR emission

p ossibly asso ciated with star formation regions, and a collisionally heated dust SED
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template (see Sect. 3.2.4). This mo del is appropriate for the case where photon

heated di�use FIR emission is negligible compared to the collisionally heated dust

emission. Giv en the plasma ph ysical prop erties (�xed b y the X-ra y emission, as

describ ed in Sect. 3.2.4), the free parameters in this �t are: the amplitude of the

HI I region template and the collisionally heated dust mass. W e p erformed these �ts

for the highest and the lo w est densities admitted b y the X-ra y data, ho w ev er, the

�nal results are quite similar. In the upp er panels of Fig. 3.3, w e sho w the b est �t

obtained for the highest considered particle densit y n = 0 : 016 cm

� 3

and temp era-

ture T = 3 � 10

6

K. As one can see, the collisionally heated comp onen t (dashed

curv e) is su�cien t to repro duce the observ ed data except the 8 � m datum whic h,

as already remark ed, is to o high to b e due to PDR/HI I regions, requiring a di�use

photon{heated con tribution. The mo del curv e sho wn (�tted, in this case, just to the

three longer w a v elength data p oin ts) w as calculated assuming a p o w er la w grain size

distribution with exp onen t k = 2 : 5, the exp ected v alue in the case of equilibrium

b et w een dust injection (with a standard k = 3 : 5 in terstellar distribution; Mathis et

al. 1977) and sputtering of grains in hot plasmas (Dw ek et al. 1990). The dust mass

required to pro duce the observ ed FIR 
ux densities, for the case where collisional

heating rather than di�use photon heating is considered, is 2 � 10

7

M

�

.

The second �t w as p erformed using the HI I region/PDR template and the

photon{heated di�use dust comp onen t. This com bination of SED templates rep-

resen ts the case where the en tire emission is p o w ered b y photons and collisional

heating is negligible. Using this com bination of SEDs, one can �t all the data

p oin ts, including the 8 � m 
ux. The b est-�t curv e is sho wn in the lo w er panels of

Fig. 3.3. In this �t, the di�use dust comp onen t dominates the emission in all the

Spitzer bands, ev en at 24 � m , where the con tribution of PDR/HI I regions is nor-

mally predominan t. The �tted parameters are giv en in T able 3.1. W e note that the

di�use radiation �elds needed for the �t are colder than those needed to �t the star

formation regions in Sect. 3.1.1.

In conclusion, the FIR part of the SED from the sho c k can b e �tted b y a cold

con tin uum comp onen t either from collisional heating, whic h is cold due to the limited

am bien t densit y of plasma particles and the underabundance of small sto c hastically
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heated grains, or from photon heating, whic h is cold due to the lo w am bien t densit y

of photons coupled with a lo w UV to optical ratio. The only real discriminan t

fa v ouring photon heating w ould b e the 8 � m emission whic h, as a P AH tracer, cannot

b e explained b y collisional heating.

Con tamination of the 8 � m band 
ux b y H

2

molecular line emission

Appleton et al. (2006) and Cluv er et al. (2010) sho w ed that the sho c k region of

SQ emits an un usual 
ux, giv en the lev el of observ ed star formation, in the form

of H

2

infrared rotational line emission. This H

2

line emission could also con tribute

to the co oling of the gas, but a complete explanation of the w a y the emission is

p o w ered is still pro ving elusiv e (see Guillard et al. 2009). F rom our p ersp ectiv e,

the infrared lines can b e a p oten tial source of con tamination of the observ ed 8 � m


ux. Since, as w e sa w ab o v e, the 8 � m 
ux giv es a strong constrain t on the dust

heating mec hanism p o w ering the observ ed infrared 
ux, it is imp ortan t to quan tify

this con tamination. Sp eci�cally the H

2

infrared lines falling within the Spitzer 8 � m

band are H

2

0 � 0 S (4) and H

2

0 � 0 S (5). The total p o w er of these lines in an area

of 2307 arcs

2

is 1 : 66 � 10

� 16

W = m

2

(T able 2 of Cluv er et al. 2010, \Main Sho c k"

region). Scaling this v alue to our in tegration area (1600

00

), w e obtain a total line

emission p o w er, P

8 � m

H2

= 1 : 15 � 10

� 16

W = m

2

. The total p o w er (line plus con tin uum)

receiv ed within the IRA C 8 � m band is equal to P

8 � m

tot

=

R

�

2

�

1

f

�

d� , where f

�

is the

receiv ed signal and �

1

= 3 : 1 � 10

13

Hz and �

2

= 4 : 7 � 10

13

Hz are, resp ectiv ely ,

the frequencies b elo w and ab o v e whic h the band resp onse e�ciency is less than 10%

of the maxim um. Using the IRA C con v en tion to calculate the quoted 
uxes, the

receiv ed signal can b e written as f

�

= f

8 � m

�

�

8 � m

=� where f

8 � m

�

= 8 : 1 mJy is the

8 � m 
ux densit y w e measured for the sho c k region and �

8 � m

= 3 : 8 � 10

13

Hz . The

result of the in tegration giv es P

8 � m

tot

= 1 : 2 � 10

15

W = m

2

, whic h is a factor of ten

higher than P

8 � m

H 2

. Since the con tamination is small, w e didn't apply a correction to

the measured 8 � m 
ux for the sho c k region.
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Figure 3.3: SED of the sho c k region. The upp er panel sho ws the �t p erformed

using an PDR/HI I region template plus a collisional heating comp onen t. The hot

gas parameters adopted to calculate the collisionally heated dust SED are: n =

0 : 016 cm

� 3

and T = 3 � 10

6

K. The lo w er panel sho ws the �t p erformed using the

PDR/HI I region template and a uniformly photon{heated dust mo del.
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3.1.4 Extended emission

In a completely analogous w a y as for the sho c k region emission, w e tried to mo del the

observ ed extended emission SED b y including a collisionally heated dust emission

comp onen t. This is motiv ated b y the fact that the FIR residual maps sho w the

presence of extended emission in the area of the main part of the X-ra y halo emission

(the so called \HALO" in T rinc hieri et al. 2005). In the upp er panels of Fig. 3.4 w e

sho w the SED �t p erformed adding t w o comp onen ts: HI I regions plus collisionally

heated dust emission. In this �t the adopted plasma ph ysical parameters, deriv ed in

Sect. 3.2.4, are n = 0 : 001 cm

� 3

and T = 6 � 10

6

K and w e again assumed k = 2 : 5.

Using this com bination of SEDs, one can roughly repro duce the SED longw ard of

24 � m , but the collisionally heated comp onen t dominates only the 160 � m 
ux. The

dust mass inferred from this �t (constrained, as in the case for the mo del �t to the

sho c k SED incorp orating collisional heating, only b y the three longer w a v elength

p oin ts) is 1 : 0 � 10

8

M

�

.

In the lo w er panel of Fig. 3.4, w e sho w the �t p erformed adding HI I region

and di�use photon heated emission. As b efore for the sho c k region, using these t w o

comp onen ts one can �t the en tire sp ectra including the 8 � m p oin t. In this �t HI I

region emission dominates at 24 and 70 � m while the di�use emission is resp onsible

for the 8 and 160 � m 
uxes. The �tted parameters are sho wn in T able 3.1. As for

the sho c k emission, w e note that the extended emission comp onen t requires a v ery

cold FIR comp onen t from the �t ev en though, observ ationally sp eaking, this is a

somewhat less robust conclusion since it really needs to b e con�rmed with longer

w a v elength photometry .

3.1.5 F oreground galaxy NGC7320

F or the SED �t of the foreground galaxy NGC7320, w e used again the usual com-

bination of PDR/HI I regions plus di�use photon heated dust emission comp onen ts.

The b est �t is sho wn in the left panel of Fig. 3.5. The relativ e con tribution of HI I

regions to the 24 � m 
ux is reduced compared to the star formation regions, whose

SED �ts ha v e b een sho wn b efore. This migh t b e ph ysically understandable since,
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Figure 3.4: SED of the extended emission. The upp er panel sho ws the �t p erformed

using a PDR/HI I region template plus a collisional heating comp onen t. The hot

gas parameters adopted to calculate the collisionally heated dust SED are: n =

0 : 001 cm

� 3

and T = 6 � 10

6

K. The lo w er panel sho ws the �t p erformed using the

HI I region template and a uniformly photon{heated dust mo del.



Mo delling the dust emission SEDs of SQ sources 67

in this case, w e are �tting the emission of a galaxy as a whole, including all the dif-

fuse in terstellar medium con taining small dust particles whose sto c hastically heated

emission can accoun t for a ma jor part of the total MIR emission (e.g. P op escu et

al. 2000).

3.1.6 Infrared source north of NGC7319 (HI I{N)

W e attempted to �t the observ ed emission for this source with a com bination of

PDR/HI I regions plus di�use photon{heated dust emission. Ho w ev er, this source

sho ws a v ery p eculiar MIR to FIR ratio and, as a consequence, w e ha v e not managed

to �t the en tire sp ectra. As sho wn in the righ t panel of Fig. 3.5, the FIR p oin ts are

highly underestimated b y the b est �t curv e. If no systematic errors are presen t in

our measuremen ts, it migh t b e that this source is a distan t bac kground source and

its in trinsic colors are hea vily redshifted. The high resolution HST maps of SQ (see

Fig. 3.6) sho w at the p osition of HI I N a rather red galaxy , whose spiral structure

is barely visible. The red optical color of this galaxy is consisten t with it b eing a

p ossible bac kground source. The real nature of this source can b e determined b y

measuring the redshift directly from a sp ectra of this source and/or b y searc hing at

longer w a v elengths for a coun terpart whose dust emission SED p eaks deep in the

submillimeter regime.

3.2 Dust SED templates and mo dels

As it has b een sho wn in the previous section, in order to �t the observ ed source

SEDs, w e needed to mo del the dust emission from sev eral en vironmen ts: dust in

PDR/HI I regions, dust heated b y di�use radiation �elds, dust in A GN tori and

collisionally heated dust em b edded in hot plasmas. In this section, w e describ e the

c haracteristics of the SEDs w e used to mo del the emission from eac h of these regions.
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Figure 3.5: SED of NGC7320 and HI I N: the plotted curv es are the b est �t SED

(solid line), the con tribution from PDR/HI I regions (dotted curv e) and di�use dust

(dashed line).

Figure 3.6: Extraction from HST high resolution color map of SQ sho wing the

optical coun terpart of the infrared source HI I N.
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� 0 : 01
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1 4 0 : 80 (HI I) 0 : 31 0 : 28 0 : 10 0 : 70

+0 : 02

� 0 : 03
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+0 : 4

� 0 : 4

2 4 0 : 90 (A GN) 4 : 13 4 : 01 1 : 47 9 : 6

+0 : 3

� 0 : 3

NGC7320 0 : 08

+0 : 02

� 0 : 01

1 4 0 : 45 (HI I) 0 : 014 0 : 059 0 : 021 0 : 094

+0 : 005

� 0 : 002

sho c k region 4 : 4

+0 : 5

� 1

0 : 3 4 0 : 35 (HI I) 0 : 14 1 : 00 0 : 37 1 : 5

+0 : 1

� 0 : 3

Extended emission 47

+3
� 4

0 : 1 1 0 : 71(HI I) 1 : 71 1 : 56 1 : 30 4 : 6

+0 : 2

� 0 : 5

T able 3.1: Results from the infrared SED �tting. Col1: Fitted source; col2: Cold comp onen t dust mass; col3-4: Radiation

�eld �

isrf

and �

color

parameters (see Sect. 3.2); col5: F raction of 24 � m 
ux con tributed b y HI I regions or A GN torus

templates; col6: Luminosit y of dust in PDR/HI I regions or in A GN torus in the case of NGC7319; col7: Luminosit y of

di�use dust p o w ered b y the absorption of optical photons of the di�use radiation �eld; col8: Luminosit y of di�use dust

p o w ered b y the absorption of UV photons of the di�use radiation �eld; col9: T otal dust luminosit y .



70

Figure 3.7: PDR/HI I region dust emission template (left panel) and A GN torus

dust emission template (righ t panel)

3.2.1 Dust in PDR/HI I regions

Dust in HI I regions and photo disso ciation regions (PDR), close to y oung stars, is

w arm and emits predominan tly in the MIR. T o mo del its emission, w e used an

SED template deriv ed b y the �tting of Milky W a y star formation region infrared

emission with the theoretical mo del of Gro v es et al. (2008). The Galactic star

formation regions considered are the radio{selected sample of Con ti et al. (2004).

The template is the a v erage �tted sp ectra of the observ ed emission from these regions

and it is sho wn in the left panel of Fig. 3.7. F urther details can b e found in P op escu

& T u�s 2010.

3.2.2 Dust heated b y di�use radiation �elds

T o �t the di�use dust emission, w e created a grid of theoretical SEDs of emission

from dust heated b y a uniform radiation �eld. The co de w e used to calculate dust
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emission, dev elop ed b y Jo erg Fisc hera (details will b e giv en in Fisc hera et al. (2010),

in preparation), assumes a dust comp osition including graphite, silicates, iron and

P AH molecules. The abundances and size distributions are the same as in T able

2 of Fisc hera et al. (2008). Dust emission is calculated taking in to accoun t the

sto c hastic temp erature 
uctuations of dust grains follo wing the n umerical metho d

describ ed b y Guhathakurta et al. (1989), com bined with the step-wise analytical

solution of V oit (2005). W e created the set of SEDs b y v arying the in tensit y and the

color of the radiation �eld heating the dust and k eeping the dust comp osition �xed.

The standard shap e of the radiation �eld sp ectra, adopted b y the dust emission

co de, is that deriv ed b y Mathis et al. (1983) to mo del the lo cal Galactic ISRF. In

this sp ectrum, the stellar con tribution consists of four comp onen ts: a UV emission

from early t yp e stars plus three blac kb o dy curv es at temp eratures T

2

= 7500 K,

T

3

= 4000 K and T

4

= 3000 K used to repro duce, resp ectiv ely , the emission from

y oung/old disk stars and Red Gian ts. Eac h blac kb o dy curv e is m ultiplied b y a

dilution factor W

i

that de�nes its in tensit y . The whole sp ectrum is m ultiplied b y a

parameter, �

isrf

, whose v alue is unit y when the sp ectrum in tensit y is the same as in

the lo cal radiation �eld. In order to consider di�eren t colors of the radiation �eld, w e

de�ned a second parameter, �

color

, that m ultiplies only the blac kb o dy curv es used to

mo del the old disk p opulation and the Red Gian t emission (blac kb o dy temp eratures

T

3

and T

4

). F or a range of v alues of �

isrf

(0.1,0.3,0.5,1,2,4) and �

color

(0.25,0.5,1,2,4),

w e calculated the corresp onding dust emission and created the set of mo dels for the

SED �t. The result of increasing the �

isrf

v alue is that the o v erall in tensit y of the

radiation �eld is higher and, therefore, the equilibrium dust temp erature is higher,

leading to a w armer emission in the FIR (see left panel of Fig. 3.8). A v alue of �

color

higher than unit y increases the relativ e con tribution of the cold stellar emission,

whic h p eaks in the optical range. These w a v elengths are more e�cien tly absorb ed

b y big grains than b y P AH molecules (and small grains). As a consequence, b y

v arying this parameter, one mo di�es the ratio b et w een the p eak in tensit y in the

FIR, pro duced b y big grains and the p eak in tensit y at 8 � m , due to P AH molecules

whic h are mainly heated b y UV photons (see righ t panel of Fig. 3.8). A similar

e�ect w ould ha v e also b een pro duced b y v arying the relativ e abundance of P AH
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Figure 3.8: Di�use photon heated dust SEDs for di�eren t c hoices of �

isrf

and �

color

.

In the left panel the SEDs are calculated assuming �

color

= 1 and sev eral v alues

of �

isrf

(the higher curv es corresp ond to higher v alues of �

isrf

). In the righ t panel

w e assumed �

isrf

= 1 and di�eren t v alues of �

color

(similarly , the higher curv es

corresp ond to higher v alues of �

color

). The SEDs are calculated assuming a distance

equal to 94 Mp c (SQ distance) and a dust mass M

d

= 10

7

M

�

.

molecules and solid grains.

3.2.3 Dust emission from A GN torus

W e selected a theoretical dust y torus SED b et w een those created b y F eltre et al.

(2010), in preparation, using the mo del presen ted b y F ritz et al. (2006). In this

mo del, the c haracteristic of the torus, supp osed to b e homogeneous, are de�ned b y

sev eral parameters (see Fig. 3.9): op ening angle, external to in ternal radius ratio,

the equatorial optical depth at 9 : 7 � m ( � (9 : 7 � m ) and t w o parameters, � and 
 , whic h

determine the radial and the angular densit y pro�le resp ectiv ely according to the



Mo delling the dust emission SEDs of SQ sources 73

Figure 3.9: A GN torus mo del from F ritz et al. (2006)

form ula � ( r ; � ) = � r

� �

e

� 
 j cos ( � ) j

, where r is the radial co ordinate and � is the angle

b et w een a v olume elemen t and the equatorial plane (note that � is determined b y

the torus optical depth). W e selected a mo del with a large op ening angle (140

�

),

with an angular gradien t in the densit y pro�le ( � = 0, 
 = 6), external to in ternal

radius ratio equal to 30 and equatorial optical depth � (9 : 7 � m ) = 6. The c hosen

parameters are w ell within the range of v alues found b y F ritz et al. (2006) from the

�tting of a sample of Seyfert2 galaxies. W e then extracted the output SED in the

equatorial view, according to the Seyfert 2 classi�cation of NGC 7319, whic h is the

A GN galaxy in SQ. The extracted SED is the template w e used for �tting the A GN

torus emission and it is sho wn in the righ t panel of Fig. 3.7.

3.2.4 Dust heated b y collisions in X-ra y plasmas

Finally , w e needed to mo del the emission from collisionally heated dust. F or this,

w e used a co de, created b y J.Fisc hera, based on the w orks b y Guhathakurta et al.

(1989) and V oit (2005) for calculating the sto c hastical heating and using the results
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of Draine et al. (1979) and Dw ek (1987) to determine the heating rates due to col-

lisional heating. Dust comp osition is assumed to b e a mix of graphite (47%) and

silicates (53%). P AH molecules are not included but since they ha v e an extremely

small destruction time scale when em b edded in hot plasmas with T > 10

6

K, their

abundance is exp ected to b e negligible. In order to p erform the calculations, one

needs to sp ecify the ph ysical prop erties of the plasma, i.e. the densit y , temp erature

and metallicit y . The exact v alue of metallicit y is not imp ortan t b ecause dust is pre-

dominan tly heated b y collisions with electrons, pro vided mainly b y ionized h ydrogen

and helium. Plasma temp erature and densit y are deriv ed from the X-ra y data (see

b elo w). An imp ortan t phenomena that should b e tak en in to accoun t while preparing

the SED mo dels is dust destruction due to sputtering (Draine et al. 1979). Because

the e�ciency of sputtering dep ends on the grain size, w e exp ect that the size distri-

bution of grains in hot plasmas is di�eren t from that of dust in the cold ISM, t ypicall

assumed to b e n ( a ) / a

� k

with k = 3 : 5 (Mathis et al. 1977). Therefore, w e created

a set of SEDs v arying: 1) the plasma's ph ysical parameters (see T able 3.2), and 2)

the exp onen t, k , of the size distribution in the range [1 ; 3 : 5]. A k v alue lo w er than

3 : 5 implies that the relativ e n um b er of big grains is higher compared to the standard

size distribution. Since the destruction time scale due to dust sputtering is directly

prop ortional to the grain size (Draine et al. 1979), a higher relativ e abundance of big

grains is indeed exp ected in hot plasmas. Once the heating rates due to collisions

are �xed, a c hange in k mo di�es the color of the emitted radiation (see Fig. 3.10).

This happ ens b ecause big grains are generally colder than small grains, and do not

pro vide w arm dust emission due to sto c hastic heating. Therefore, c hanging their

relativ e abundance, one can obtain colder or w armer SEDs.

X-ra y plasma temp erature and densit y in SQ Sho c k and Halo regions

As w e men tioned b efore, the hot plasma ph ysical parameters, needed for the cal-

culation of the emission SED from collisionally heated dust, in b oth the sho c k and

halo gas, are deriv ed from the X-ra y emission. The temp eratures c haracteristic of

the plasma ha v e b een obtained b y T rinc hieri et al. (2005) �tting XMM-NETW ON

X-ra y data and quoted in their T able 3. They �tted the source X-ra y sp ectra with
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Figure 3.10: Theoretical collisionally heated dust SEDs for sev eral v alues of the

size distribution exp onen t k . F rom the lo w est to the highest curv e the k v alues

are resp ectiv ely 1 ; 1 : 5 ; 2 ; 2 : 5 ; 3 ; 3 : 5 ; 4 ; 4 : 5. The SEDs are calculated assuming for the

plasma densit y and temp erature n

H

= 0 : 01 cm

� 3

and T = 3 � 10

6

K resp ectiv ely , a

dust mass M

d

= 10

7

M

�

and a distance equal to 94 Mp c .

t w o temp erature plasma mo dels. The �tted colder comp onen t is predominan t for

the sho c k region and has a temp erature T � 3 � 10

6

K that w e assumed to cal-

culate the dust emission. F or the halo region, the t w o plasma comp onen ts ha v e

similar luminosities. In this case, w e assumed the a v erage v alue T = 6 � 10

6

K

for the dust emission calculation (the �tted temp eratures are T

1

= 3 : 5 � 10

6

K

and T

2

= 8 : 8 � 10

6

K). The plasma densities ha v e b een deriv ed from the X-ra y

luminosit y , whic h can b e expressed as:

L = n

t

n

e

�( T ) V ; (3.4)

where n

t

and n

e

are the ion and the electron n um b er densities resp ectiv ely , �( T )

is the co oling function and V is the v olume of the X-ra y emitting plasma. F rom

giv en L , �( T ) and V , one can calculate the gas densit y n = ( n

t

n

e

)

0 : 5

b y in v erting

eq.3.4. Giv en the plasma temp eratures found b y T rinc hieri et al. (2005), w e deriv ed

�( T ) b y in terp olating the CIE curv e calculated b y Sutherland et al. (1993) at t w o

di�eren t metallicities corresp onding to 100% and 30% the solar metallicit y . Then

w e assumed for the sho c k gas an emitting v olume equal to the pro jected sho c k
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Source Z 
 l os=R n M

gas

( Z

�

)

�

10

� 23

erg cm

3

s

�

(kp c) (cm

� 3

) (10

9

M

�

)

SHOCK 1 3 : 82 5 0 : 012 0 : 65

SHOCK 1 3 : 82 10 0 : 009 0 : 92

SHOCK 1 3 : 82 20 0 : 006 1 : 30

SHOCK 1 3 : 82 40 0 : 004 1 : 84

SHOCK 0 : 3 1 : 92 5 0 : 018 0 : 92

SHOCK 0 : 3 1 : 92 10 0 : 012 1 : 30

SHOCK 0 : 3 1 : 92 20 0 : 009 1 : 83

SHOCK 0 : 3 1 : 92 40 0 : 006 2 : 60

HALO 1 2 : 54 40 0 : 0011 10 : 4

HALO 0 : 3 1 : 39 40 0 : 0016 14 : 4

T able 3.2: X-ra y gas parameters for the sho c k and halo comp onen ts assuming dif-

feren t gas metallicit y or emission v olumes. Col1: Source; col2: assumed metallicit y;

col3: co oling rate; col4: line of sigh t depth (for the sho c k), or sphere radius (for the

halo); col5: gas n um b er densit y de�ned as n = ( n

t

n

e

)

1 = 2

; col6: gas mass.

ridge area ( A = 330 kp c

2

) m ultiplied b y a parametrized line of sigh t depth, l ,

and for the halo, w e adopted an emitting sphere of radius 40 kp c corresp onding

to 90

00

at 94 Mp c distance. The luminosit y v alues w e used are those inferred b y

T rinc hieri et al. (2005) ( L

shock

X

� 2 : 4 � 10

41

erg = s and L

hal o

X

� 2 : 3 � 10

41

erg = s),

prop erly scaled to the di�eren t assumed distance (85 Mp c in T rinc hieri et al. 2005

vs 94 Mp c here). The results for di�eren t c hoices of emitting v olumes and metallicit y

are sho wn in T able 3.2. F or the sho c k region plasma w e obtained densities in the

range 4 � 18 � 10

� 3

cm

� 3

. As exp ected, the minim um densit y is obtained for

higher metallicit y (that is higher �) and largest v olume, while the maxim um densit y

corresp onds to lo w er metallicit y (lo w er �) and smallest v olume. F or the halo gas,

the inferred densities are 1 : 1 � 10

� 4

and 1 : 6 � 10

� 4

cm

� 3

for Z = Z

�

and Z = 0 : 3 Z

�

resp ectiv ely .



Chapter 4

Star formation and A GN dust

emission in SQ

4.1 In tro duction

If one w ere to view SQ at a greater distance suc h that the group w ould app ear as a

p oin t{lik e source to Spitzer (i.e. at a redshift of & 0 : 5 � 2, in the main star-forming

ep o c h of the Univ erse, and also the ep o c h when galaxy groups w ere �rst forming),

one w ould not regard this as a particularly un usual infrared source. On the basis

of the shap e of the total dust emission SED, plotted as the blac k curv e in Fig. 4.1,

the only notew orth y p oin ts w ould b e the quite w arm MIR colours and mo derately

high FIR luminosities whic h w ould most lik ely lead our h yp othetical observ er to

conclude that this source had an A GN, p ossibly com bined with a mild starburst.

In this he w ould b e at least in part correct, as illustrated in Fig. 4.1 b y the curv es

represen ting the constituen t emission comp onen ts from the A GN galaxy (red), from

star formation regions (blue) and the emission from X-ra y emitting regions (green),

where one can immediately see the high relativ e con tributions of the A GN galaxy to

the 8 � m and 24 � m emission, resp ectiv ely � 50% and � 70%. In the FIR, although

the A GN galaxy is still the most luminous individual source, there is emission at a

comparable lev el from the com bination of the distributed star-formation regions in

SQ and the infrared coun terparts of the X-ra y emitting sho c k and halo structures;
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the com bined FIR/submm SED resem bles that of star-forming galaxies, with an

amplitude similar to that of the lo cal starburst galaxy M82. Ho w ev er our analysis

of the spatially resolv ed structures has sho wn that the c haracteristics of infrared

emission in SQ are the v ery opp osite of a n uclear starburst, with the star-formation

activit y enhanced in regions far a w a y from the main b o dies of the galaxies.

In the follo wing Sect.4.2 and 4.3 w e quan tify the star formation rates in the

sev eral regions of SQ, together with the related gas masses, and w e discuss to what

exten t the nature of the distributed star formation in SQ ma y di�er from the star

formation in the disks of individual galaxies, in terms of sources of gas and the star

formation e�ciency for the group as a whole. In Sect.4.4 w e discuss the nature of

the infrared emission from NGC7319, the only galaxy of the group sho wing FIR

emission enhanced to w ards the galaxy cen tral regions, and the role of its A GN in

p o w ering suc h emission. In the next c hapter w e'll discuss to whic h exten t collisional

heating of grains in the IGM of SQ ma y b e co oling the IGM and th us con tributing

to the fuelling of the observ ed star formation.

4.2 Quan tifying star formation rates and gas masses

in SQ

4.2.1 Star formation rates

The measuremen ts of UV, recom bination line and dust emission from sources in

SQ can in principle b e used to deriv e star formation rates (SFR), pro vided prop er

accoun t is tak en of the absorption of the UV/optical photons b y dust and sub-

sequen t re-emission in the MIR/FIR sp ectral regimes. Sev eral authors ha v e pro-

vided empirically{based relations ac hieving this for spiral galaxies on scales of kp c.

Calzetti et al. (2007) presen ted an H � luminosit y based star formation rate relation:

S F R (M

�

yr

� 1

) = 5 : 3 � 10

� 42

[ L ( H

�

)

obs

+ (0 : 031 � 0 : 006) L (24 � m )]. In this relation

the 24 � m luminosit y is used to estimate the H � luminosit y obscured b y dust. Bigiel

et al. (2008) com bined GALEX FUV and Spitzer 24 � m 
uxes to obtain SFR p er

unit area maps of a sample of spiral galaxies. Similarly to Calzetti et al. (2007), they
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Figure 4.1: SED of the total SQ dust emission. The plotted p oin ts are the sum of the


uxes of all the dust emitting sources in SQ: the discrete sources SQ{A, HI I{SE, HI I{

SW, SQ{B, the A GN galaxy NGC7319, the sho c k region and the extended emission

(the applied color corrections are: 0 : 62 (8 � m ), 0 : 97 (24 � m ), 0 : 90 (70 � m ) and 0 : 97

(160 � m )). The plotted curv es are the total emission SED (blac k), the discrete star

formation region total SED (blue), the A GN galaxy NGC7319 SED (red) and the X-

ra y emitting region total SED (green). All the SEDs represen ting the total emission

from more sources are deriv ed summing the �tted SEDs as describ ed in Sect.3.1.

In the case of the X-ra y emitting region SED, w e com bined the SED �ts for the

sho c k region and the extended emission p erformed using purely photon{heated dust

emission comp onen ts (see Sect.3.1.3 and 3.1.4).
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used a UV SFR calibration and they used the 24 � m 
ux to measure the obscured

UV 
ux.

Simple application of the Calzetti relation to SQ is hamp ered b y the lac k of

pure measuremen t of H � emission driv en b y star formation. As one can see from

Figs. 5 from Sulen tic et al. (2001) (repro duced in Fig. 1.8 of this thesis), the sho c k

region H � emission sho ws a di�use comp onen t that re
ects the north{south ridge

seen in the soft X-ra y regime. This di�use H � emission cannot b e considered for

SFR measuremen ts b ecause, as demonstrated b y Xu et al. (2003) from sp ectral line

analysis, the H � emission in the sho c k region is dominated b y sho c k{excitation

rather than star formation. In addition, it is not clear that the semi{empirical

relations deriv ed for spiral galaxies should apply to the sources in SQ.

Therefore, w e adopted a new approac h, using only observ ational indicators of

star formation activit y a v ailable for all sources in SQ, and utilizing the results of the

�ts to the dust emission SEDs giv en in Sect. 3.1. Our metho d to estimate SFRs is

based on a UV{SFR calibration. Sp eci�cally w e adopted the calibration b y Salim

et al. (2007):

S F R

UV

= 1 : 08 � 10

� 28

F

UV

M

�

= yr (4.1)

where F

UV

is the FUV luminosit y densit y in units of erg/s/Hz whic h w ould b e

observ ed in the GALEX FUV band in the absence of dust. F

UV

can b e written as:

F

UV

= F

direct

UV

+ F

abs ; lo cal

UV

+ F

abs ; di�use

UV

(4.2)

where F

direct

UV

is the directly observ ed unabsorb ed comp onen t of FUV luminosit y

densit y , F

abs ; lo cal

UV

is the FUV luminosit y densit y lo cally absorb ed b y dust in star

formation regions and F

abs ; di�use

UV

is the FUV luminosit y densit y absorb ed b y dust in

the di�use medium surrounding the star formation regions.

W e measured F

direct

UV

for eac h source b y p erforming ap erture photometry on the

GALEX FUV map in a completely analogous w a y to the photometry w e p erformed

on the Spitzer MIR maps, including the construction of the curv e of gro wth after

masking the galaxies NGC7319 and NGC7320 and the star formation regions (see

Fig. 2.9). The �nal 
ux densities, sho wn in col. 4 of T able 4.1, include the cor-

rection for Galactic foreground extinction ( E ( B � V ) = 0 : 079, Sc hlegel et al. 1998;
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A ( F U V ) = 8 : 24 � E ( B � V ), Wyder et al. 2007). V alues for the obscured emission

comp onen ts F

abs ; lo cal

UV

and F

abs ; di�use

UV

w ere extracted from the �ts to the dust emission

SEDs b y noting that the total infrared luminosit y emitted b y dust and p o w ered b y

UV photons can b e written as:

L

dust ; UV

= L

abs ; lo cal

UV

+ L

abs ; di�use

UV

(4.3)

where L

abs ; lo cal

UV

is the luminosit y of dust emission in star formation regions, domi-

nated b y UV photon heating, and L

abs ; di�use

UV

is the part of the di�use dust luminosit y

p o w ered b y UV photons, resp ectiv ely tabulated in cols. 6 and 8 of T able 3.1. Since

the in trinsic SEDs of the y oung stellar p opulation are rather 
at at UV w a v elengths

(Kennicutt et al. 1998), it then follo ws that:

F

abs ; lo cal

UV

=

L

abs ; lo cal

UV

� � ( U V )

(4.4)

and

F

abs ; di�use

UV

=

L

abs ; di�use

UV

� � ( U V )

(4.5)

where � � � 1 : 8 � 10

15

Hz is the UV frequency width. The total obscured UV

luminosit y densit y F

abs

UV

= F

abs ; lo cal

UV

+ F

abs ; di�use

UV

and SFRs are sho wn in cols. 6 and

7 of T able 4.1.

As a c hec k of the consistency b et w een our metho d to deriv e star formation rates

and the H � � 24 � m SFR relation of Calzetti et al. (2007), w e used the latter to

deriv e SFR for the compact star formation regions in SQ whic h are the ob jects closest

resem bling galaxian star formation regions. The H � 
uxes ha v e b een measured on

the in terference �lter maps published in Xu et al. (1999) while the 24 � m 
uxes are

those deriv ed b y ap erture photometry (Sect. 2.2.1). The results are sho wn in cols.

2 and 3 of T able 4.1. As one can see comparing cols. 3 and 7 of that table, the SFR

inferred with our metho d are consisten t with the results found using the Calzetti

relation (except for HI I SW but in that case the SED �tting w as p erformed without

v arying �

color

b ecause of the non detection of the source at 160 � m .)
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Source L ( H � )

a

S F R

H �

F

direct

UV

L

dust ; UV

F

abs

UV

S F R

UV

S F R

UV

= A �( H I ) �( H 2) �( H

+

) Z

d

b

(10

40

erg

s

) (

M

�

yr

) (10

27

erg

s Hz

) (10

42

erg

s

) (10

27

erg

s Hz

) (

M

�

yr

) (10

� 3

M

�

yr kp c

2

) (

M

�

p c

2

) (

M

�

p c

2

) (

M

�

p c

2

)

SQ A 9 : � 2 0 : 7 � 0 : 2 2 : 75 8 : 09 4 : 49 0 : 78 6 : 4 7 : 9 6 : 0 - 0 : 002

HI I SE 6 : 6 � 1 : 5 0 : 5 � 0 : 1 2 : 32 5 : 44 3 : 02 0 : 58 5 : 8 < 0 : 40

3

- - -

HI I SW 3 : 9 � 0 : 5 0 : 2 � 0 : 04 2 : 11 1 : 99 1 : 10 0 : 35 5 : 5 3 : 2 < 1 : 7

c

- -

SQ B 1 : 3 � 0 : 3 0 : 2 � 0 : 05 0 : 31 4 : 18 2 : 32 0 : 28 2 : 7 5 : 2 4 : 0 - 0 : 002

NGC7319 - - 2 : 01 - - & 0 : 22 - - - - -

Sho c k - - 6 : 98 5 : 09 2 : 83 1 : 05 3 : 1 - 9 : 1 3 : 0 0 : 007

Extended - - 22 : 7 30 : 21 16 : 78 4 : 26 1 : 0 - - 2 : 4 0 : 01

T able 4.1: Measured optical{UV luminosities, star formation rates and gas amoun t for the detected SQ dust emitting sources.

Col1: source name; col2: H � luminosit y; col3: star formation rate deriv ed from the H � and 24 � m luminosit y using the relation

giv en b y Calzetti et al.07; col4: observ ed GALEX FUV luminosit y densit y corrected for Galactic extinction; col5: UV p o w ered

infrared dust luminosit y; col6: absorb ed UV luminosit y densit y deriv ed b y dividing the UV p o w ered dust luminosit y L

dust;U V

b y

� � ( U V ) = 1 : 8 � 10

15

Hz; col7: SFR based on the inferred total (obscured and unobscured) UV luminosit y densit y , using the relation

b y Salim et al.07; col8: star formation rates in col7 divided b y the pro jected emission area; col9: a v erage neutral h ydrogen mass

column densit y; col10: a v erage molecular h ydrogen mass column densit y; col11: a v erage X-ra y emitting plasma mass column densit y;

col12: dust to gas ratio Z

d

(note that for eac h source only the corresp onding a v ailable gas masses are considered for the estimate of

Z

d

)

a

W e measured the H

�


uxes from the in terference �lter maps published in Xu et al.1999. The quoted 
ux uncertain ties are the

quadratic sum of bac kground 
uctuations and 
ux calibration uncertain t y ( � 10%).

b

The dust to gas ratio is equal to Z

d

= M

d

= (1 : 4 � M

g as

) where M

d

is the dust mass inferred b y the SED �t, M

g as

is equal to

N ( H ) � � R

2

with R = F W H M (rad ) � distance the source size as deriv ed from the 70 � m source �t (the factor 1 : 4 is applied to

tak e in to accoun t the con tribution from noble gasses).

c

The v alue of �( H I ) for HI I SE is an upp er limit b ecause HI is not detected at that p osition on the maps b y Williams et al.02. No

v alue is giv en for �( H 2) b ecause the area w asn't observ ed b y Lisenfeld et al.2002. The v alue of �( H 2) for HI I SW is an upp er

limit b ecause CO has not b een detected at that p osition.
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4.2.2 Gas Masses

In the absence of a homogeneous set of observ ations of gas tracers for the gas phases

of in terest, namely HI, H2 and X-ra y emitting plasma, w e pro ceeded di�eren tly

for the sev eral sources in determining gas masses. F or the star formation regions

SQ A, HI I SE, HI I SW and SQ B w e measured gas mass column densities from

the HI map published b y Williams et al. (2002), sho wn in Fig. 2.1, and the CO

p oin ted observ ations of Lisenfeld et al. (2002), whose distribution on the SQ �eld

is sho wn in Fig. 4.2. Sp eci�cally , w e measured the a v erage atomic and molecular

h ydrogen column densit y in the observ ed areas close to the p osition of the starburst

regions. The inferred gas mass column densities are sho wn in col. 9 and 10 of

T able 4.1 (note that for some v alues only upp er limits are a v ailable and no CO

observ ation are a v ailable for HI I SE). Gas in the sho c k region is mainly in the form

of X-ra y emitting plasma and molecular gas (Guillard et al. 2009). F rom the X-

ra y luminosities, measured b y T rinc hieri et al. (2005), w e determine the X-ra y gas

mass M

X

� 10

9

M

�

(see Sect. 3.2.4 for details). Dividing the total gas mass b y

the ph ysical area co v ered b y the sho c k (330kp c

2

), w e obtained the hot gas mass

surface densit y sho wn in col. 11 of T able 4.1. T o determine the molecular gas mass

surface densit y , w e measured the a v erage of sev eral observ ed p ositions within the

sho c k area on the CO maps b y Lisenfeld et al. (2002) to obtain �( H

2

) = 9 M

�

= p c

2

.

As one can see from Fig. 4.2, most of the observ ations w ere p erformed in the upp er

part of the sho c k region. Guillard et al. (2010) and Appleton et al. (2006) found

that the cold and w arm molecular gas surface mass densities in the cen tral parts of

the sho c k region are resp ectiv ely equal to 5 M

�

= p c

2

and 3 : 2 M

�

= p c

2

. In terestingly

enough, the sum of these t w o v alues is v ery close to the cold molecular gas surface

densit y measured in the upp er parts of the sho c k region. F or the extended emission,

the measuremen t of the corresp onding neutral and molecular gas masses cannot b e

realistically p erformed b ecause the extended emission co v er irregular parts of the

large HI distribution in SQ and there are no CO observ ations co v ering the whole

group with enough sensitivit y to detect a plausible extended molecular h ydrogen

distribution. The measuremen t of the corresp onding X-ra y emitting gas mass is
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Figure 4.2: Fig. 1 from Lisenfeld et al. (2002) sho wing the p ositions of the CO

observ ations presen ted in that pap er

instead rather straigh tforw ard since it can b e deriv ed from the X-ra y Halo luminosit y ,

as for the sho c k region (Sect. 3.2.4). Dividing the total X-ra y gas mass b y the

pro jected X-ra y halo emission area (a circle of radius � 40 kp c ), w e determined the

hot gas mass surface densit y sho wn in col. 11 of T able 4.1.

4.3 Star formation in SQ

The results of the SED �tting to the constituen t comp onen ts of SQ (Sect. 3.1) in-

dicate that star formation activit y and photons from old stars are the ma jor agen ts

p o w ering the observ ed global dust emission from the group, supplemen ted b y pho-

tons pro duced b y the accretion 
o ws in the A GN and p ossibly , in the case of the

X-ra y emitting regions, b y collisional heating. In our quan titativ e discussion of

star formation activit y in SQ w e will adopt an initial w orking h yp othesis that the
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collisional heating mec hanism is minor compared with photon heating in the X-

ra y sources. W e will scrutinized this h yphothesis in detail in Chapter 5.1, where

w e discuss ph ysical constrain ts of the fraction of the infrared emission that can b e

collisionally p o w ered.

Under this w orking h yp othesis w e can gather together the information from

T able 4.1 to obtain a total global star formation rate of 7 : 5 M

�

=y r for SQ in its

en tiret y . This global star formation rate do esn't seem particularly discrepan t from

that t ypically found for most of the galaxies of similar mass in the lo cal Univ erse

that are clearly not so strongly in teracting as SQ galaxies. Using the empirical

relation b et w een galaxy stellar mass and SFR for �eld galaxies sho wn in Fig. 17 of

Brinc hmann et al. (2004) (here repro duced in Fig. 4.3) w e can estimate the t ypical

SFR of galaxies ha ving the same stellar mass of SQ galaxies, of order of � 10

11

M

�

(see T able 4.2). F or this v alue of the stellar mass, the mo de of the distribution

is at S F R � 1 M

�

= yr . Therefore, the t ypical total star formation rate predicted

for four galaxies of the same mass as SQ galaxies is � 4 M

�

= yr, comparable with

the v alue w e ha v e measured. Th us it seems that the star formation e�ciency of

SQ in relation to �eld galaxies is largely indep enden t of whether the gas is inside

or outside the main stellar disk. In fact, of the total global star formation rate

of 7 : 5 M

�

= yr for SQ, 2 : 2 and 5 : 3 M

�

= yr can resp ectiv ely b e ascrib ed to the SED

comp onen ts for star formation regions and X-ra y sources in Fig. 4.1. This is a v ery

remark able result indicating, as it do es, that the bulk of star formation activit y in

SQ is apparen tly asso ciated with X-ra y emitting structures, o ccurring far a w a y from

the galaxy cen ters, either at the p eripheries of the galaxies or in the in tergalactic

medium. F urthermore, the total extragalactic SFR is w ell in excess of the SFRs of

the previously studied individual examples of extragalactic compact star formation

regions, SQ A and SQ B.

T o quan tify the e�ciency of star formation in the v arious comp onen ts of SQ in

relation to that of the disks of individual galaxies, w e plotted in Fig. 4.4 the SFR p er

unit area for dust emission sources in SQ as a function of the gas mass surface densit y .

On the same diagram, as reference, w e plotted the relations found b y Kennicutt et al.

(2007) (K07) and Bigiel et al. (2008) (B08) for star formation regions inside nearb y
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Figure 4.3: Figure 17 from Brinc hmann et al. (2004) sho wing the relation b et w een

SFR and stellar mass as found in that pap er. The con tours sho w the conditional

lik eliho o d of SFR giv en a stellar mass. The red line sho ws the a v erage at a giv en

stellar mass, whereas the blue line sho ws the mo de of the distribution. The dashed

lines sho w the limits con taining 95 p er cen t of the galaxies at a giv en stellar mass.

spiral galaxies. This �gure sho ws a wide range of star formation e�ciencies, whic h

w e discuss b elo w for eac h of the structural comp onen ts, with sp ecial emphasis on

the extended comp onen t of star formation whic h dominates the global SF activit y

in SQ.

4.3.1 Discrete Star F ormation Regions

Fig. 4.4 sho ws that SQ A and SQ B, ha v e star formation rates v ery similar to those

observ ed for galaxian regions with the same gas column densit y , despite their b eing

lo cated w ell outside the galaxies of the group. The situation is ho w ev er di�eren t

for the other t w o brigh t star formation regions, HI I SE and HI I SW, whic h presen t

m uc h higher SFRs than those predicted b y the plotted relations. This migh t in

principle b e due to a more e�cien t mo de of star formation happ ening in those
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Figure 4.4: Star formation rate p er unit area �

SFR

(M

�

= yr = kp c

2

) vs total gas mass

surface densit y �

H

(M

�

= p c

2

) for dust emission sources in SQ. The plotted lines

are the relations found b y Kennicutt et al.07 and Biegiel et al.08. The arro ws

p oin ting to w ards righ t/left for some of the plotted measuremen ts indicate that the

corresp onding �

H

v alue is a lo w er/upp er limit (see T able 4.1). In the case of the

sho c k region p oin t, whose �

H

v alue is the sum of b oth cold and hot gas comp onen ts,

a bar extends to w ards the left un til the p oin t where �

H

corresp onds to the cold gas

mass surface densit y for this source.
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Source g r M

1

�

NGC7319 13.58 12.83 1.6

NGC7318a 15.00 14.06 0.8

NGC7318b 13.31 12.55 2.1

NGC7317 14.58 13.78 0.8

T able 4.2: Galaxy optical photometry and stellar masses. Col1: source name; col2-3:

SDSS g and r apparen t magnitudes; col4: galaxy stellar mass (10

11

M

�

)

1

The stellar mass has b een estimated using one of the relations giv en b y Bell et

al. 2003 to calculate the stellar mass to luminosit y ratio from SDSS magnitudes:

l og

10

( M =L

g

) = � 0 : 499 + 1 : 519 � ( g � r ) (note that M =L

g

is in solar units)

regions, particularly in the case of HI I SE, whic h has an HI gas exhaustion timescale

equal to 7 � 10

7

y r . It w ould b e of in terest to acquire more complete information on

the gas con ten t of these sources to further in v estigate this conjecture.

An alternativ e explanation for the high SFR found in HI I SE and HI I SW is that

there is an additional comp onen t of UV emission pro duced b y the radiativ e co oling

of sho c k ed gas. These UV photons, unrelated to star formation phenomena, can in

principle con taminate the UV 
ux measuremen t but also p o w er part of the observ ed

dust emission, th us leading to an o v erestimation of the SFR. Optical sp ectra of these

regions sho w evidences of line sho c k excitation (P .-A. Duc, priv ate comm unication),

therefore one cannot rule out this p ossibilit y .

4.3.2 Star formation asso ciated with the Sho c k

The a v erage SFR in the sho c k region (3 : 1 � 10

� 3

M

�

= yr = kp c

2

) seems to b e w ell in

agreemen t with the empirical SFR{gas surface densit y relation in Fig. 4.4. Th us, at

�rst sigh t, the sho c k do es not seem to ha v e had m uc h e�ect on the star formation

activit y in the stripp ed in terstellar gas, neither triggering enhanced star formation

through sho c k{compression of dense clouds of gas, nor suppressing star formation

through heating and disp ersion of the clouds. The observ ational situation is ho w ev er

complex in that the star formation observ ed to w ards this region could b e happ ening
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inside the extended features connected with the incoming galaxy NGC7318b, seen

through, but not ob viously ph ysically co-existen t with the sho c k region. This is

supp orted b y the lo cal morphology of the UV and MIR emission that seems to

follo w the optical shap e of the in truder, instead of sho wing a linear north{south

ridge resem bling the sho c k ed gas emission morphology . These t w o scenarios could

in principle b e com bined since the ISM of the in truder galaxy has presumably b een

sho c k ed as w ell and this could ha v e triggered the observ ed star formation out of

the gas asso ciated with the in truder galaxy . In addition, it is conceiv able that some

fraction of the UV luminosit y , alb eit probably a minorit y , could b e due to gas co oling

rather than from massiv e stars.

It is also of in terest to compare our constrain ts on the SFR in the sho c k re-

gion with the luminosit y of the radio sync hrotron emission from the sho c k ed gas.

T raditionally radio sync hrotron measuremen ts are compared to infrared emission

measuremen ts in the con text of the radio{FIR correlation for individual galaxies,

for whic h w e use here the relation giv en b y Pierini et al. (2003):

l og L

1 : 4 GHz

= 1 : 10 � l og L

F I R

� 18 : 53 (4.6)

where L

1 : 4 GHz

is the luminosit y at � = 1 : 4 GHz in units of W Hz

� 1

and L

F I R

is the

total FIR luminosit y in units of W . W e used the relation from Pierini et al. (2003)

since it w as deriv ed from data co v ering cold dust emission longw ards of > 100 � m ,

where, as in the case for the SQ sho c k region, most of the p o w er is radiated. Using

the v alue w e measured for the sho c k region FIR luminosit y , L ( F I R ) = 1 : 5 � 10

36

W ,

w e obtain for the predicted radio luminosit y L

1 : 4 GHz

= 1 : 8 � 10

21

W Hz. This v alue is

20 times smaller than the radio luminosit y deriv ed from the radio measuremen t in Xu

et al. 03: L

1 : 4 GH z

= 3 : 7 � 10

22

W Hz , th us lending further supp ort to the h yp othesis

that the sho c k is not triggering enhanced star formation. The high radio/infrared

luminosit y ratio (whic h w ould b e higher still with resp ect to the photon{p o w ered

comp onen t if collisional heating w as imp ortan t) instead p oin ts to the existence of

an additional source of relativistic particles in the SQ sho c k, accelerated at the

sho c k itself (see e.g. Blandford & Eic hler 1987), whic h dominates the p opulation of

particles accelerated in sources more directly link ed to star formation regions suc h as
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sup erno v a remnan ts. This con�rms and strengthens the preliminary results of Xu et

al. (2003), and, b earing in mind that the total radio emission from SQ is dominated

b y the emission from the sho c k region, suggests that caution is needed in using radio

sync hrotron measuremen ts to infer star formation rates in groups in v olving strong

dynamical in teractions of galaxies with the IGM.

4.3.3 Star F ormation asso ciated with the Extended Emis-

sion

Our measuremen ts ha v e sho wn that b oth the obscured and visible comp onen ts of

the star formation in SQ are distributed in a widespread pattern, lo osely coinciden t

b oth with the o v erall dimensions of the group as w ell as with the extended \halo"

of X-ra y emission. As for HI I SE and HI I SW, the p oin t on the Kennicutt{Sc hmidt

diagram represen ting this extended emission is w ell remo v ed from the relations found

for spiral galaxies, raising the question whether a complete di�eren t mo de of star

formation activit y is prev alen t in this comp onen t of SQ.

Sp eci�cally w e consider a scenario in whic h the hot in tergalactic medium is

co oling and condensing in to clouds whic h are the sites of the star formation pro viding

the UV p o w ered comp onen t of the extended infrared emission. If this is o ccuring

in a steady state, in whic h the rate at whic h the remo v al of hot gas b y co oling is

balanced b y accretion of further primordial gas, w e can write

S F R

hot

�

M

hot

�

hot

(4.7)

where M

hot

and �

hot

resp ectiv ely denote the mass and co oling timescale of the X-

ra y emitting medium, and the inequalit y denotes the fraction of the co oling gas

that ultimately condenses in to stars. If the observ ed X-ra y emission is the main

comp onen t of luminosit y of the hot medium, and taking observ ational v alues for

the X-ra y emitting plasma from T rinc hieri et al. (2005) of M

hot

= 1 : 0 � 10

10

M

�

and �

hot

� 0 : 3 � 10

10

yr w e obtain S F R

hot

� 3M

�

yr

� 1

, comparable to the observ ed

v alue of 4 : 3M

�

yr

� 1

for star formation seen to w ards the X-ra y emitting halo. In

realit y , ho w ev er, one w ould exp ect a large fraction of the cold gas resulting from
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the co oling of the gas to b e recycled in to the hot medium due to the feedbac k of

mec hanical energy from the newly{formed stars, in whic h case S F R

hot

w ould b e

substan tially less the upp er limit from Eqn.4.7. Th us, if X-ra y emission driv en

b y gas{gas collisions is the dominan t co oling path for the X-ra y halo, one w ould

conclude that the bulk of the star formation w ould not b e directly fuelled out of the

IGM. On the other hand, as sho wn in Sect.5.3, our Spitzer FIR data, coupled with

astroph ysical constrain ts on the injection rate of grains in to the hot medium do not

at presen t rule out the p ossibilit y that the dominan t co oling mec hanism of the halo

is FIR emission driv en b y gas{grain collisions. A t presen t, therefore, w e cannot rule

out star formation out of a primordial IGM purely on considerations of gas fuelling.

A more p o w erful constrain t w ould b e to consider the e�ciency at whic h suc h

a mo de w ould ha v e to op erate at. Unfortunately , the total mass of molecular cold

gas, M

cold

on a global scale in the halo is unkno wn, prev en ting a direct empirical

measuremen t of star formation e�ciency of the halo on the KS diagram. One can

ho w ev er estimate M

cold

under our simple steady state scenario b y writing

M

hot

�

hot

�

M

cold

�

cold

(4.8)

where �

cold

is the t ypical time scale sp en t b y the gas in the cold molecular phase

b efore b eing con v erted in to stars, whic h is the timescale for the collapse of a molec-

ular clouds to form stars, m ultiplied b y the mean n um b er of times the cold gas is

recycled in to the hot medium through mec hanical feedbac k b efore condensing in to

a star. Ev en allo wing for sev eral co oling cycles of the hot gas b efore condensing in to

stars, the v ery short collapse timescale of a few million y ears for molecular clouds -

some t w o orders of magnitude shorter than �

hot

- mak es it lik ely that �

hot

>> �

cold

,

whic h in turn implies M

hot

>> M

cold

. If this is the case, the cold gas amoun t, related

to the extended emission, that w e should add to �

gas

w ould b e negligible, and the

p osition of the p oin t for the SQ halo on the KS diagram w ould b e w ell to the left

of the relation for star-forming galaxies, as sho wn in Fig. 4.4. This w ould require a

more e�cien t star formation pro cess in the IGM than is t ypically observ ed to o ccur

in the disks of star-forming �eld galaxies, whic h w ould seem to b e coun ter-in tuitiv e

to the naiv e exp ectation that denser, colder reserv oirs of gas closer to the minim um
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of the gra vitational p oten tial w ells asso ciated with individual galaxies should form

stars more easily . On the other hand a de�nition of e�ciency in terms of gas surface

densit y o v er scales m uc h larger than the star formation regions ma y ha v e limited

predictiv e p o w er in this con text. F urthermore, an y star formation in a co oling hot

IGM w ould not b e exp ected to o ccurring in rotationally supp orted systems similar

to the galaxies used to de�ne the KS relation, so ma y ha v e a di�eren t relation to

the lo cal gas densit y .

The second, more con v en tional scenario to explain the widespread star formation

in the extended halo comp onen t of SQ, is to in v ok e in terstellar gas as the source

of cold gas fuelling the star formation. In this scenario tidal in teractions b et w een

galaxies or h ydro dynamical in teractions of the ISM with the IGM remo v e cold galaxy

material that, for SQ, pro duces a similar SFR as w ould ha v e b een the case for a

similar amoun t of gas inside �eld galaxies. F or groups in general the statistical

relation of neutral gas observ ed within and outside the mem b er galaxies to the X-

ra y emission c haracteristics of the IGM indeed indicates that at least some of the

cold gas in the IGM medium originates in the galaxies, and that at least some of

the X-ra y emitting gas also has an in terstellar origin (eg. V erdes-Mon tenegro et al.

2001; Rasm ussen et al. 2008).

In SQ, there is direct morphological evidence for bursting sources asso ciated

with tidally remo v ed in terstellar gas in the form of SQ A and SQ B, and a hin t

that other less prominen t comp onen ts of the FIR emission in the IGM ma y also

b e asso ciated with tidal features, suc h as the enhancemen t of H � and MIR/FIR

emission seen to w ards the bridge linking the in truder galaxy with the A GN host

galaxy . In this picture the extended emission is a conglomeration of discrete sources

similar in nature to SQ A and SQ B but m uc h more n umerous and of lo w er p o w er.

The fact that SQ A and SQ B are lik ely to ha v e a fundamen tally in terstellar origin

despite their presen t lo cation outside the galaxies is further supp orted b y the rather

high v alue of the dust to gas ratio w e ha v e found for these sources, Z

d

= 0 : 002, whic h

is a signature of a high gas metallicit y . The one puzzling asp ect of the extension of

this scenario to the global star formation in the IGM of SQ is ho w ev er the lac k of

prominen t star formation asso ciated with the bulk of the HI in the IGM lo cated to
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the South and East of the group.

Finally , w e remark that if stripp ed neutral and molecular in terstellar gas w as the

only source of cold gas p o w ering star formation, one w ould exp ect a rapid quenc hing

of star formation activit y in SQ in the future, whereas if the star formation w ere

fuelled b y a co oling primordial IGM, the star formation activit y w ould simply follo w

the accretion rate on to the group of the primordial IGM.

4.4 The A GN galaxy NGC7319 dust emission

The Seyfert2 galaxy NGC7319 is the most p o w erful source of IR emission in SQ

and is the only galaxy where w e found enhanced infrared emission in the cen tral

regions. The total IR luminosit y is 9 : 6 � 10

43

erg = s . Of this, w e deduced from the

SED �tting using a com bination of the A GN torus template and the di�use dust

emission comp onen t (see Sect. 3.1.2) that 4 : 1 � 10

43

erg = s are emitted b y dust in

the torus and 5 : 5 � 10

43

erg = s b y di�use dust. As one can see from the SED b est

�t, sho wn in Fig. 3.2, the 24 � m MIR emission is dominated b y the torus emission

whic h also con tributes � 25% of the 8 � m emission. This is consisten t with the

observ ed morphology at 8 and 24 � m emission, whic h is a com bination of a cen tral

source plus a disk comp onen t in the case of the 8 � m map and a dominan t cen tral

source in the case of the 24 � m map (see Fig. 2.1). According to the SED �t, the

FIR 70 and 160 � m emission is due to di�use dust emission. This is also consisten t

with the brigh tness distributions on the Spitzer FIR maps whic h sho w the emission

to b e partially resolv ed, with exten ts inferred from the FIR map �tting tec hnique of

5 and 12 k pc at 70 and 160 � m resp ectiv ely . This extended FIR emission is cen tred

at the p osition of the A GN, p oten tially indicating the presence of star formation

regions distributed on kp c scales in the surrounding areas. Ho w ev er, as one can

see from Fig. 4.5, repro ducing Fig. 1c from Gao et al. (2000), the CO emission is

predominan tly from the northern regions of this galaxy . Therefore the lo cations of

the bulk of cold gas, where the star formation sites should b e, and the cold dust

emission are not coinciden t suggesting that star formation ma y not b e the main

phenomena p o w ering the FIR dust emission.
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Figure 4.5: Figure 1c from Gao et al. (2000) sho wing the con tours of the distribution

of molecular gas in the galaxy NGC7319 o v erlaid on an R-band image.

Ov erall, the di�use dust emission in the inner disk, together with the absence of

HI (Williams et al. 2002) and the displacemen t of the molecular h ydrogen emission

suggest that galaxy{galaxy in teractions ha v e remo v ed gas from the cen tral regions

on kp c scales, as has plainly also happ ened in the other late-t yp e SQ galaxies. In the

case of NGC7319, the in teractions ha v e apparen tly also induced gas 
o ws that ha v e

triggered A GN activit y . This raises the question whether the A GN itself migh t b e

the source of photons p o w ering the surrounding di�use dust emission in this galaxy .

According to the standard A GN uni�cation theory , the A GN torus of a Seyfert 2

galaxy is view ed edge on, whic h, in the case of NGC7319, w ould imply that the

plane of the torus is almost p erp endicular to the galaxy disk, since NGC7319 is

seen basically face on (see SDSS g-band map in Fig. 2.1). In this con�guration,

it w ould indeed b e plausible that accretion p o w ered radiation, escaping in to the

p olar direction from the A GN torus structure could propagate in to the galaxy disk

and con tribute to the di�use radiation �eld in the cen tral parts of the galaxy . An

esp ecially e�cien t coupling b et w een the dust and radiation w ould b e exp ected if the

p olar axis of the A GN torus w ere to b e parallel to the di�use dust y disk of the host

galaxy .

One indirect indication that the radiation from an A GN with this orien tation ma y
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b e resp onsible for at least part of the di�use FIR emission in NGC 7319 comes from

the rather lo w observ ed UV/FIR luminosit y ratio, whic h is qualitativ ely consisten t

with the exp ected strong atten uation of the direct UV ligh t from an A GN to whic h

the line-of-sigh t passes through the torus. F rom the measured FUV luminosit y ,

L

F U V

= 4 � 10

42

erg = s , and from the 60 and 100 � m luminosities extrap olated from

the SED b est �t, L

60 � m

= 2 � 10

43

erg = s and L

100 � m

= 3 : 7 � 10

43

erg = s , w e ha v e

found L

F U V

=L

60 � m

= 0 : 2 and L

F U V

=L

100 � m

= 0 : 1. These v alues are sev eral factors

lo w er than the a v erage v alues found b y P op escu et al. (2002) for galaxies of similar

morphological t yp e ( L

UV

=L

60 � m

= 1 and L

UV

=L

100 � m

= 0 : 6) and b y Xu et al. (2006)

for galaxies of similar L

F U V

+ L

60 � m

total luminosit y ( L

UV

=L

60 � m

= 0 : 5).

A scenario in whic h the di�use dust emission in NGC7319 is p o w ered b y the

A GN also seems to b e broadly consisten t with simple constrain ts on the UV lu-

minosit y of the A GN deriv ed from the observ ed hard X-ra y luminosit y . Sp eci�-

cally , for L

2 � 10 k eV

= 2 : 8 � 10

42

erg = s (T rinc hieri et al. 2005) and adopting the

b olometric corrections for A GN galaxies with similar L

2 � 10 k eV

b y V asudev an et al.

(2010), �

2 � 10 k eV

� 10 � 30, one predicts a total UV luminosit y from the A GN of

L

AGN

= �

2 � 10 k eV

L

2 � 10 k eV

= 2 : 8 � 8 : 4 � 10

43

erg = s . The upp er end of this range is

comparable to the total MIR/FIR luminosit y of the A GN and A GN host galaxy . If

the A GN w ere indeed p o w ering the di�use dust emission in the inner disk one w ould

exp ect that future FIR observ ations of angular resolution su�cien t to image the

di�use dust emission could b e used to determine some basic geometrical prop erties

of the A GN. Sp eci�cally , one w ould exp ect a cone structure for the comp onen t of

di�use dust heated b y the A GN, blurred only b y the e�ect of scattering, with a

strong radial colour gradien t, and with a symmetry axis aligned with the p olar axis

of the torus.

Finally , w e dra w atten tion to a further FIR{emitting feature p oten tially con-

nected to the A GN, whose origin has still to b e clari�ed. This is the bridge whic h

apparen tly connects the A GN to the cen ter of the sho c k region, app earing in the

X-ra y (T rinc hieri et al. 2005), H � (Xu et al. 1999) and w arm H

2

line emission (Clu-

v er et al. 2010). The presence of a cold dust emission from this feature is hin ted b y

a sligh t asymmetry of the FIR emission on the 160 � m residual map (see Fig. 2.4).
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High resolution FIR observ ations w ould also b e useful to elucidate the corresp on-

dence b et w een dust emission and the gas distribution in this bridge feature.



Chapter 5

Dust emission from SQ X-ra y

emitting regions

5.1 In tro duction

Previous searc hes for infrared emission coun terparts of the hot X-ra y emitting com-

p onen ts of the in tergalactic medium of nearb y ob jects ha v e almost exclusiv ely tar-

geted the in tracluster medium (ICM) of ric h galaxy clusters, either using a stac king

analysis for X-ra y or optical selected clusters from the IRAS all sky surv ey (Giard

et al. 2008; Roncarelli et al. 2010) or in detailed imaging observ ations of the Coma

Cluster and other clusters with ISO or Spitzer (Stic k el et al. 1998; Quillen et al.

1999; Stic k el et al. 2002; Bai et al. 2007; Kita y ama et al. 2009). All these stud-

ies ha v e either yielded upp er limits or marginal apparen t detections of the ICM at

FIR brigh tness lev els far fain ter than those w e ha v e measured to w ards the X-ra y

emitting IGM of SQ with Spitzer. F urthermore, ev en the apparen t detections of

the ICM w ere susceptible to confusion with foreground cirrus due to the acciden tal

similarit y (P op escu et al. 2000) in FIR colour of the collisionally{ and photon{

heated emissions, so realistically m ust b e treated as upp er limits to an y collisionally

heated emission from the ICM (Bai et al. 2007). Although in tracluster dust has

b een unam biguously detected at optical w a v elengths, through statistical studies of

the reddening of bac kground sources through large n um b ers of clusters (Chelouc he
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et al. 2007) this has b een at a lo w abundance of ab out 10

� 4

in the dust{to{gas

mass ratio, consisten t b oth with the non{detections of the ICM in infrared emission

and with sp eci�c predictions b y P op escu et al. (2000) of the dust con ten t of t ypical

ICMs.

In the presen t w ork w e ha v e b een able to sidestep the confusion problems af-


icting the previous attempts to detect infrared emission from the ICM in clusters

only b y virtue of the m uc h higher FIR brigh tness lev els measured to w ards the X-ra y

emitting structures in SQ. These high brigh tness lev els, together with the corre-

sp ondence of the infrared emission morphologies with those seen in the UV, and

the evidence from our �ts to the infrared emission SEDs describ ed in Sect. 3.1.3

ho w ev er suggest that a ma jor part of the dust emission is photon heated. This, in

turn, raises an apparen t parado x that the closest spatial correlation b et w een dust

emission and gas column densit y is not, as migh t b e exp ected for photon heating,

with the co ol gas comp onen t, but rather with the hot X-ra y emitting comp onen t.

In our discussion on star formation in SQ w e iden ti�ed a p ossible w a y out of this

parado x b y p ostulating that the extragalactic star formation in SQ is fuelled b y gas

from a hot IGM whose co oling is enhanced b y grains injected in to the hot IGM.

In this c hapter, w e use the relativ e lev els of detected emission at infrared, X-

ra y and UV/optical w a v elengths to constrain the p ossible sources of grains and the

resulting collisionally driv en co oling of the hot plasmas, considering separately the

t w o main X-ra y emitting structures corresp onding to the sho c k (Sect. 5.2) and the

halo (Sect. 5.3) regions.

5.2 The sho c k region

The main constrain t on the collisional heating of dust in the X-ra y emitting plasma

do wnstream of the sho c k is giv en b y the high dust{to{gas mass ratio that w ould b e

required to repro duce the FIR measuremen ts in the case that grain heating b y a

di�use radiation �eld can b e neglected. F or pure collisionally heated emission from

grains in a homogeneous medium, a dust mass M

d

= 2 � 10

7

M

�

(see Sect. 3.1.3)

w ould b e required, whic h, tak en together with the measured X-ra y emitting gas
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mass, M

X

� 10

9

M

�

(see Sect. 3.2.4), w ould imply a dust{to{gas ratio for the hot

plasma of Z

d

= 0 : 02. This v alue is high in comparison with exp ectations based on a

balance b et w een injection of grains and their remo v al through sputtering. Assuming

that the sho c k is propagating in to a stripp ed in terstellar medium or through the ISM

of the in truder galaxy , c haracterized b y a dust{to{gas ratio comparable to the Milky

w a y v alue, w e can deriv e the amoun t of dust mass p er unit time

_

M

D

that is injected

do wnstream of the sho c k:

_

M

D

= V

sh

A�

up

Z

d ; up

(5.1)

where V

sh

= 600 km = s is the sho c k v elo cit y (Guillard et al. 2009), A = 330 kp c

2

is the

pro jected area of the sho c k fron t (corresp onding to 20 � 80arcs

2

on the sky), �

up

�

1 : 1 n

H

m

H

= 4 : 5 � 10

� 27

g = cm

3

is the upstream gas densit y ( n

H

= 0 : 01 = 4 : cm

� 3

)

and Z

d ; up

= 0 : 01 is the assumed dust to gas ratio for the gas upstream of the sho c k

fron t. The resulting dust injection rate is

_

M

D

= 0 : 14 M

�

= yr. T o estimate grain

destruction through sputtering in collisions with hea vy particles w e use the form ula

of Draine et al. (1979) for the dust sputtering time scale:

�

sp

= 2 � 10

6

a

n

H

yr (5.2)

where a is the dust size in � m and n

H

is the proton n um b er densit y in cm

� 3

.

Assuming n

H

� 0 : 01 cm

� 3

and a = 0 : 1 � m , w e get �

sp

= 2 � 10

7

yr. W e will sho w in

Chap. 6 that explicit calculation of the co oling of the sho c k gas due to gas{gas and

gas{grain collisions, taking in to accoun t the ev olution of the grain size distribution

(under the assumption that there are no further sources of grains), sho w that the gas

co oling time scale is t

co ol

� 7 � 10

7

yr, more than three times larger than �

sp

. Under

these circumstances a conserv ativ e estimate for the dust to gas ratio do wnstream of

the sho c k can b e deriv ed b y dividing the total mass of dust predicted to b e at an y

time do wnstream of the sho c k to the measured hot gas mass, that is:

Z

d ; do wn

=

_

M

D

�

sp

M

X

(5.3)

Applying this form ula, the exp ected v alue for the X-ra y plasma dust to gas ratio is

Z

d ; do wn

� 3 � 10

� 3

, a factor � 7 smaller than the v alue inferred from the data, for

the case where the en tire FIR dust emission is p o w ered b y collisional heating. This
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is only a crude estimate for the dust abundance, whic h migh t tak e higher v alues if

the line of sigh t depth of the sho c k w as assumed to b e larger than the pro jected

width seen on the sky , but whic h on the other hand is an o v erestimate compared to

predictions taking in to accoun t the true ev olution of grain size do wnstream of the

sho c k (see Chap. 6). In an y case, it is eviden t that the measured dust to gas ratio

is m uc h larger than the predicted Z

d ; do wn

, and a further source of dust grains w ould

b e required if collisional heating w ere to b e a signi�can t driv er of the FIR emission.

The most ob vious suc h source w ould b e the reserv oir of grains in the cold com-

p onen t of the gas in the sho c k region, whic h could b e p oten tially released in to the

hot gas b y ablation if the clouds w ere in relativ e motion to the hot gas. As already

men tioned the presence of cold gas is implied b y the detection of 8 � m emission and

has b een directly demonstrated b y the detection of molecular h ydrogen in the MIR

rotational lines (Cluv er et al. 2010). Guillard et al. 2009 mo delled the H

2

emit-

ting clouds as co oling pre-existing clouds in the upstream medium, a scenario whic h

w ould predict the clouds to b e in relativ e motion to the hot gas do wnstream of the

sho c k. Another p ossibilit y whic h migh t p oten tially accoun t for a FIR coun terpart to

the sho c k is to in v ok e heating of grains upstream of the sho c k b y the UV radiation

from the co oling clouds do wnstream of the sho c k. A quan titativ e treatmen t of all

these e�ects w ould ho w ev er require a self consisten t mo del for the passage of the

sho c k through a t w o phase medium whic h trac k ed the exc hange of photons, gas and

dust b et w een the phases, whic h is b ey ond the scop e of this w ork.

It's appropriate to emphasize here that ev en in the case that the collisional heat-

ing is relativ ely unimp ortan t in b olometric terms, the e�ect on the gas co oling time

scale is not negligible. Detailed calculations, sho wn in Sect. 6, for a steady state 1D

homogeneous mo del, considering dust sputtering and dust co oling, sho w that the

co oling time scale is shorter b y a factor � 2 � 3 for sho c k v elo cities and gas densities

similar to those c haracteristic of the sho c k in SQ. F rom this p ersp ectiv e it w ould b e

imp ortan t to ha v e more direct empirical constrain ts on the gas co oling mec hanism

using the impro v ed sensitivit y , angular resolution and w a v elength co v erage of the

Hersc hel Space Observ atory . Using the simple approac h describ ed ab o v e, w e esti-

mate the surface brigh tness of the radiation emitted b y collisionally heated dust to
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b e equal to 1 : 4 MJy = sr at 150 � m , the w a v elength where the 
ux densit y is predicted

to p eak according to the collisional heated dust mo del w e used for the sho c k region

SED �t (see Fig. 3.3).

5.3 The extended emission

As for the sho c k, the detection of substan tial 8 � m emission to w ards the extended

X-ra y emitting halo indicates the presence of a comp onen t of dust in cold gas phases,

shielded from collisions with electrons and ions in the hot plasma, whic h can only b e

heated b y photons. Rather in terestingly , the curv es of gro wth w e constructed after

remo ving or masking the galaxies and the compact star formation regions from the

infrared and FUV maps (Fig. 2.9) sho w a v ery similar pro�le at all w a v elengths.

This is a strong indication that FUV sources are asso ciated with the FIR extended

emission and, therefore, star formation is the main mec hanism p o w ering the ex-

tended emission.

The total luminosit y of the extended dust emission is 4 � 10

43

erg = s , a factor � 130

higher than the X-ra y Halo luminosit y (T rinc hieri et al.2005, see also Sect. 3.2.4).

This large di�erence b et w een the dust emission and X-ra y luminosities implies that

collisional heating of dust grains could still b e imp ortan t for the co oling of the hot

halo gas ev en if it only p o w ers a small fraction of the dust luminosit y . W e de�ne

the fraction F

coll

of dust emission that is collisionally p o w ered, b y the relation:

L

coll

IR

= F

coll

L

IR

(5.4)

where L

coll

IR

is the dust luminosit y that is p o w ered b y collisional heating.

A �rst ph ysical constrain t on F

coll

that w e can apply is the requiremen t that the gas

co oling time scale �

co ol

is not larger than the dynamical hot gas time scale, giv en b y

the sound crossing time �

cross

. Including dust co oling, �

co ol

is equal to:

�

co ol

=

3

2

k T

�m

H

M

X

L

X

+ F

coll

L

I R

(5.5)

where T = 6 � 10

6

K is the gas temp erature, M

X

= 1 : 0 � 10

10

M

�

is the X-

ra y emitting gas mass, and L

X

and L

IR

are the X-ra y and infrared luminosities.
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Requiring that �

co ol

> �

cross

= 2 R

halo

=c

s

, where R = 35 kp c is the halo radius and

c

s

� 300 km = s is the sound sp eed, one obtains F

coll

< 0 : 05.

Another constrain t can b e deriv ed from an estimation of the dust injection rate in to

the hot gas. F or equilibrium b et w een dust injection and sputtering, one w ould ha v e:

_

M

d

= F

coll

M

d

�

sp

= 2 : 4 F

coll

M

�

yr

(5.6)

where

_

M

d

is the dust injection rate, �

sp

= 2 � 10

8

yr is the sputtering time scale

(calculated using form ula 5.2 with n

H

= 0 : 001cm

� 3

and a = 0 : 1 � m ), and M

d

=

4 : 7 � 10

8

M

�

is the inferred dust mass pro ducing the extended emission.

The �rst dust injection sources w e consider are the halo stars. In Sect. 5.A w e

deriv e an upp er limit to the dust injection rate from halo stars based on the observ ed

R-band halo surface brigh tness (Moles et al. 1998) and the theoretical predictions for

stardust injection b y Zh uk o vsk a et al.08:

_

M

d

= 0 : 075M

�

= yr. Substituting this v alue

in Eqn. 5.6, w e get F

coll

< 0 : 03. A similar pro cedure could b e follo w ed considering

the dust injection from t yp e I I sup erno v ae giv en the inferred SFR asso ciated with the

extended emission. Empirical studies of Galactic sup erno v a remnan ts ha v e sho wn

the yield of condensate p er sup erno v a ev en t to b e of the order of 0 : 01 to 0 : 1 M

�

(e.g. Fisc hera et al. 2002, Green et al. 2004). Relating the frequency of core collapse

sup erno v a ev en ts to the SFR in the extended comp onen t of SQ, w e estimated

_

M

d

=

7 � 10

� 4

M

�

= yr assuming 0 : 01 M

�

of dust pro duced in eac h sup erno v a. Therefore

sup erno v ae dust injection cannot b e considered imp ortan t in replenishing dust in

the hot medium. Finally w e considered the mec hanism prop osed b y P op escu et

al. (2000) where dust in IGM external to a cluster can b e in tro duced in to the hot

in tracluster medium in the sup ersonic accretion 
o w of barions on to the cluster. In

the case of SQ the bary onic accretion rate can b e estimated to b e of the order the

curren t IGM seen in X-ra y divided b y a Hubble time whic h is � 2 M

�

= yr. Ev en

if w e consider that there is ma yb e a co oler comp onen t of the accreting IGM not

visible in the X-ra y (Mulc haey et al. 2000), it do es not seem plausible to ac hiev e

dust accretion rate for the particular case of SQ m uc h greater than 0 : 01 M

�

= yr for

reasonable v alues of the dust to gas ratio in the accreting material.

Giv en these estimates, w e can conclude that if there is a con tribution of colli-
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sional heated dust to the total observ ed dust emission, this should only b e of the

order of a few p ercen t and main tained b y direct injection from the in situ stellar

p opulation. This ho w ev er is su�cien t to main tain a collisionally p o w ered FIR lumi-

nosit y of up to � 10

42

erg = s , whic h is sev eral times the X-ra y luminosit y .

{ Consequences for the budget of bary ons in groups

Suc h a lev el of FIR co oling could help to pro vide a natural explanation for the rather

lo w v alue, � 0 : 02, for the ratio of the mass of bary ons in the hot X-ra y emitting

halo of � M

X

= 2 � 10

10

M

�

to the dynamical mass of � 10

12

M

�

(see Sect. 5.B).

F or the concordance CDM cosmology , this ratio should b e � 0 : 09 in the absence

of signi�can t dissipativ e e�ects. Recalling that the total bary onic mass curren tly

lo c k ed in stars in SQ of � 10

11

M

�

is comparable to the exp ected total mass of

bary ons, it is apparen t that this scenario is also quan titativ ely consisten t with the

e�cien t condensation of the IGM accreting on to the group in to stars, as p ostulated

in Sect. 7.1. Some empirical indication of e�cien t star formation in groups has b een

found b y T ran et al. (2009), who sho w ed that the group en vironmen t is more con-

duciv e to star formation than either the cluster or �eld en vironmen t. In general,

enhanced co oling due to a FIR collisionally p o w ered luminosit y of a few times L

X

w ould also pro vide an alternativ e explanation for the steep er L

X

� T

X

relation ob-

serv ed for groups with lo w er virial v elo cities, an e�ect that is otherwise attributed

to thermal or kinetic feedbac k from A GNs (eg Ca v aliere et al. 2008).

In summary , the detection and recognition of the putativ e collisionally heated

comp onen t of FIR emission from SQ will b e a crucial measuremen t with wide rang-

ing implications for the nature of star formation in the group, the division of Bary ons

b et w een hot gas, cold gas and stars, and the thermo dynamic prop erties of the IGM in

SQ. Suc h a detection will ho w ev er b e v ery c hallenging, requiring a com bination of ex-

cellen t surface brigh tness sensitivit y and angular resolution at submm w a v elengths,

as illustrated b y the follo wing estimates: assuming the upp er limit F

coll

= 0 : 03, w e

predict the SED of the collisionally p o w ered comp onen t of the extended emission to

p eak at a lev el of 0 : 15 MJy = sr at 190 � m .
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5.A Estimate of an upp er limit to the dust injec-

tion rate from halo stars in SQ

An upp er limit to the dust injection rate from halo stars in SQ can b e inferred

from the halo R-band surface brigh tness, S

R

= 24 : 4 mag = arcs

2

(Moles et al. 1998),

and using theoretical predictions for the stardust injection. W e assumed that all

the R-band halo luminosit y is pro duced b y 3 M

�

stars. According to table A.1 in

Zh uk o vsk a et al. (2008), a 3 M

�

star with metallicit y Z = 0 : 02 injects M

d

= 1 : 2 �

10

� 2

M

�

of dust during its all life. Giv en the lifetime of suc h star, �

life

� 3 � 10

8

yr,

one can deriv ed the a v erage dust injection rate:

_

M

d

= M

d

=�

life

= 3 : 5 � 10

� 11

M

�

= yr.

Since a star sp ends most of its life time in the main sequence phase, w e appro ximate

the R-band 
ux of a single halo star as that of a blac kb o dy sphere with parameters

c haracteristic of a main sequence 3 M

�

star:

F

R

= � B

R

( T )

R

2

d

2

(5.7)

where B

R

( T ) is the blac kb o dy R-band 
ux densit y at temp erature T = 12000 K,

R = 2R

�

is the star radius and d = 94 Mp c is the distance from SQ. The pre-

diction for the R-band 
ux densit y pro duced b y a single halo star and observ ed

from the earth is F

R

= 1 : 35 � 10

� 23

ergs = cm

2

= s = A. Dividing

_

M

d

to F

R

, w e ob-

tain the dust injection rate p er observ ed R-band 
ux densit y:

_

M

d

=F

R

= 2 : 6 �

10

12

M

�

= yr(ergs = cm

2

= s = A)

� 1

. Com bining the observ ed R-band surface brigh tness

and the solid angle 
 co v ering the halo region of SQ, one can obtain the total re-

ceiv ed 
ux F

obs

R

= 2 : 9 � 10

� 14

ergs = cm

2

= s = A. Then the dust injection rate from halo

stars is equal to:

_

M

d

=

 

_

M

d

F

R

!

F

obs

R

(5.8)

Using this simple approac h w e found

_

M

d

= 0 : 075M

�

= yr. This v alue should b e

considered as an upp er limit since one can sho w, using the theoretical predictions

for lo w{in termediate mass star dust injection rates in Zh uk o vsk a et al. (2008), that

3 M

�

stars ha v e the highest v alue of the dust injection rate p er R-band 
ux

_

M

d

=F

R

.
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5.B SQ dark matter halo mass

The dark matter halo mass in the SQ group can b e estimated from the observ ed

galaxy v elo cit y disp ersion. Assuming virial equilibrium and that the kinetic energy

and gra vitational energy are dominated resp ectiv ely b y galaxy motion and b y a

spherical uniform dark matter distribution, one obtains the follo wing relation:

M

gal

�

2

v

= G

5 M

2

DM

3 R

DM

(5.9)

where M

gal

is the total galaxy mass, � is the 3 D galaxy v elo cit y disp ersion, M

DM

and R

DM

are resp ectiv ely the mass and the radius of the spherical dark matter halo.

The galaxy v elo cit y disp ersion can b e calculated b y the galaxy recession v elo cities

(T able 1.1), using the form ula giv en b y Osmond & P onman (2004):

�

v

=

s

P

( v � v )

2

N �

3

2

(5.10)

Including all the galaxies of the group but NGC7318b that is not in equilibrium

with the rest of the group, one obtains �

v

= 81km = s . Assuming M

gal

= 4 � 10

11

M

�

(see T able 4.2) and R

DM

= 40kp c , a dark matter halo mass M

DM

= 2 � 10

11

M

�

is

deriv ed after in v erting Equ.5.9.

Another w a y to estimate the DM halo mass is from the observ ed temp erature of

the X-ra y halo, assumed in h ydrostatic equilibrium. In fact, in this case temp erature

T

200

and halo mass M

200

are connected b y the follo wing relation (V oit 2005):

�

B

T

200

=

GM

200

�m

p

2 r

200

(5.11)

where r

200

is the dark matter halo radius and the subscript 200 refers to quan tities at

or within the radius where the gas densit y is 200 times higher than the critical densit y

�

crit

= 3 H

2

0

= 8 � G . Assuming T

200

= 6 � 10

6

K (Sect.3.2.4) and r

200

= 40kp c, after

in v erting equation 5.11 one gets for the dark matter halo mass M

200

= 1 : 8 � 10

12

M

�

.

The t w o estimates presen ted di�er b y an order of magnitude. Ho w ev er the

estimate based on the galaxy v elo cit y disp ersion is hea vily hamp ered b y the lo w

n um b er of galaxies and the consequen tly inaccurate v alue for �

v

. Therefore, although

the h yp othesis of h ydrostatic equilibrium migh t not b e completely appropriate for



106

the hot gas in SQ halo, the second estimate should pro vide a more realistic v alue

for the dark matter halo mass.



Chapter 6

A sho c k mo del with dust co oling

6.1 In tro duction

The e�ect of collisions b et w een dust grains and plasma particles on hot gas co oling

has b een in v estigated b y sev eral authors. Dw ek et al. (1996) presen ted a sho c k

mo del, designed to describ e the co oling of in terstellar gas heated b y the passage of

sup erno v ae blast w a v es. In their mo del they included b oth dust co oling and dust

sputtering, the former pro viding an extra c hannel for the co oling of the sho c k ed

gas and the latter limiting the o v erall e�ciency of this extra co oling mec hanism

b y quic kly destro ying the dust grains. These authors found that dust co oling is

predominan t o v er gas radiativ e co oling when gas ionization losses are not e�cien t

an ymore, that is, after an initial phase when gas is hot but not completely ionized,

and un til the abundance of dust is high enough. They concluded that the main

e�ect of dust co oling is to mak e the sho c k to b ecome radiativ e so oner. Smith et

al. (1996) and Guillard et al. (2009) mo delled the co oling of hot gas in isothermal

and/or isobaric conditions. They b oth found that, although predominan t in certain

phases, dust co oling has little e�ect on the thermal history of the gas. This happ ens

b ecause at the high initial temp eratures, T & 10

6

K, pro duced b y strong sho c ks

with v elo cities v

s

higher than � 100km = s , dust sputtering destro ys dust b efore gas

has co oled substan tially while at temp eratures T . 10

6

K ( v

s

. 100km = s) dust

collisional heating is ine�cien t and therefore dust{plasma particles collisions don't
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con tribute to gas co oling.

It is therefore commonly accepted in the literature that dust co oling is an ef-

�cien t pro cess for short time in terv als but remo v es only a minor part of the gas

en thalp y and kinetic energy . Ho w ev er, at the same time, dust co oling is e�cien t in

a temp erature range where gas radiativ e pro cesses are rather ine�cien t. Therefore

it is in teresting to quan tify ho w m uc h the gas co oling time is shortened b y this ad-

ditional mec hanism. The e�ect of dust on the gas co oling could b e non negligible in

this resp ect, as already stated b y Dw ek et al. (1996). In addition, for the purp oses of

this w ork, w e needed a mo del to predict the FIR 160 � m /70 � m 
ux ratio pro duced

b y dust collisionally heated in a radiativ e sho c k with v

s

� 600km = s , to b e compared

with the observ ed 
ux ratio w e found for the SQ sho c k region. This motiv ated us to

write a co de to calculate the p ost{sho c k structure pro�les of a radiativ e 1D sho c k,

including dust co oling and destruction and coupled with our program to calculate

the infrared emission from sto c hastically heated grains. Details of the mo del and

results for a set of sho c k v elo cities and initial gas densities are sho wn in the next

sections.

6.2 The mo del

The sho c k mo del co de w e ha v e created is similar to those presen ted b y Dw ek et al.

(1996) and Guillard et al. (2009) and it is suitable to follo w gas co oling in p ost{

sho c k regions with initial p ost{sho c k temp eratures T & 10

6

K. W e assumed that

dust and gas are completely coupled, that means gas{grains relativ e motions are

neglected, and w e included only thermal sputtering as a dust destruction pro cess.

This is appropriate for initial p ost{sho c k temp eratures ab o v e T = 10

6

K (Dw ek

et al. 1996). In principle the gas c hemical comp osition should b e treated as time{

dep enden t b ecause of the gas metal enric hmen t follo wing the remo v al of metals from

grains b y dust sputtering. Ho w ev er w e didn't include this e�ect in our mo del.

The basic equations to calculate the 
uid ev olution in a p ost{sho c k region are the

Rankine{Hugoniot jump conditions equations that, follo wing Dopita et al. (1996),



A sho c k mo del with dust co oling 109

can b e written as the follo wing set of equations:

�V = �

o

V

o

(6.1)

�V

2

+ P +

B

2

8 �

= �

o

V

2

o

+ P

o

+

B

2

o

8 �

(6.2)

B

�

=

B

o

�

o

(6.3)

V

2

2

+ U +

P

�

+

B

2

4 �

+ � � ( t � t

o

) =

V

2

o

2

+ U

o

+

P

o

�

o

+

B

2

o

4 �

(6.4)

where � , V , P , B , U = P = [ � ( 
 � 1)] are resp ectiv ely the 
uid densit y , v elo cit y , pres-

sure, magnetic �eld and in ternal energy; the subscript \o" refers to the presho c k

parameters; � is the a v erage co oling rate o v er the time in terv al t � t

o

; 
 is the

ratio of sp eci�c heats (equal to 5/3 in the monoatomic gas case). These equations

are deriv ed from the standard set of h ydro dynamical 
uid equations, represen ting

the conserv ation of mass, momen tum and energy in the stationary case (that is in

the reference frame where the sho c k fron t is at rest), together with the condition

that the magnetic �eld is frozen in the 
uid. Com bining the equations ab o v e, the

follo wing relation is obtained for the 
uid v elo cit y � :

a

1

�

4

+ a

2

�

3

+ a

3

�

2

+ a

4

� + a

5

= 0 (6.5)

where

a

1

= � � 1 ; � =

2 



 � 1

a

2

= � �

�

P

o

�

o

V

o

+ V

o

+

B

2

o

8 � �

o

V

o

�

a

3

= V

2

o

+ �

P

o

V

o

� 2 � � ( t � t

o

) +

B

2

o

2 �

a

4

= � V

o

B

2

o

8 � �

o

a

5

= V

2

o

B

o

2 �

Giv en the presho c k 
uid parameters, one can solv e 6.5 for the 
uid v elo cit y � at

an y time t (and then deriv e all the other 
uid ph ysical parameters) if an expression

for the co oling rate p er unit mass � is pro vided. In our mo del � is giv en b y

�( �; T ) = �

gas

+ �

dust

(6.6)



110

where �

gas

and �

dust

are the co oling rate p er unit mass due to resp ectiv ely gas

radiativ e pro cesses and dust{gas particle collisions. �

gas

is equal to

�

gas

= �

SD

( T ) n

t

n

e

=� (6.7)

where �

SD

is the non-equilibrium co oling function tak en from Sutherland et al.

(1993) (assuming solar c hemical comp osition, full di�use �eld and initial temp era-

ture l og ( T

o

) = 7 : 5) while n

t

and n

e

are the ion and electron n um b er densities. �

dust

is equal to

�

dust

=

L

dust

( �; T )

M

dust

� Z

d

(6.8)

where L

dust

= M

dust

is the collisionally heated dust luminosit y p er unit dust mass and

Z

d

is the dust to gas ratio. Giv en the lo cal ph ysical prop erties of the gas, L

dust

= M

dust

is calculated using a collisionally heated dust emission co de (see Sect. 3.2.4 for

details) whic h pro vides also the emission SED, from eac h p osition do wnstream of

the sho c k fron t, taking in to accoun t the sto c hastical heating of small grains.

Mo delling the exact ev olution of the Z

d

term is fundamen tal to determine the

e�ciency of dust co oling in the p ost sho c k region. In the calculations w e p erformed,

w e assumed that the dust to gas ratio in the presho c k gas is equal to the standard

Milky W a y lo cal v alue Z

d

= 0 : 008. The initial mixture of dust grains includes

graphites and silicates follo wing a p o w er la w grain size distribution n ( a ) / k

� 3 : 5

with sizes b et w een a

min

= 0 : 001 � m and a

max

= 0 : 25 � m . Ho w ev er in the p ost

sho c k region the v alue of Z

d

decreases with time b ecause dust sputtering gradually

remo v es metals from the grains. Therefore to calculate the dust co oling term �

dust

,

directly prop ortional to Z

d

, one has to deriv e the v alue of Z

d

at eac h p ost sho c k

time t � t

o

. This is done b y reconstructing the grain size distribution at eac h time

t in the follo wing w a y . After a time step � t = t

i

� t

i � 1

, the size of eac h grain is

reduced b y an amoun t � a = Y ( T ) n

h

� t , where Y ( T ) is the a v erage of the graphite

and silicates sputtering yields giv en in T able 4 of Tielens et al. (1994). The new size

distribution at eac h step is simply giv en b y

n ( a; t

i

) = n ( a + � a; t

i � 1

) (6.9)
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W e assumed that when grains b ecome smaller than a

min

, they are considered de-

stro y ed. The new Z

d

is calculated in tegrating the new grain size distribution n ( a; t

i

):

Z

d

=

Z

a

max

a

min

4

3

� �

dust

a

3

n ( a; t

i

) da (6.10)

Because of the temp erature range co v ered b y the co oling function from Sutherland

et al. (1993), w e follo w ed gas co oling only un til temp eratures T � 10

4

K .

6.3 Results

T able 6.1 sho ws the results for a grid of mo dels with sho c k v elo cities v

s

= 500 �

1000 km = s and pre-sho c k proton densities n

o

H

= 0 : 01 = 4 � 0 : 1 = 4 cm

� 3

(if gas is

completely ionized, n

gas

� 2 : 30 � n

H

). W e c hose suc h lo w v alues for the pre{sho c k

densities b ecause w e w an ted to estimate the co oling time of ten uous plasma sho c k{

heated in a high v elo cit y collision as the one in SQ. F or the sak e of simplicit y w e

neglected the magnetic �eld that w ould pro vide additional in ternal pressure, dela ying

gas co oling (ho w ev er, applying energy equipartition argumen ts, the magnetic �eld

energy densit y in the sho c k region of SQ seems to b e m uc h lo w er than the thermal

energy densit y , see Xu et al. 2003). F or eac h set of input parameters, listed in T able

6.1, w e ran a mo del including only gas co oling and a mo del including b oth dust

and gas co oling. The di�eren t co oling time (de�ned as the time required to reac h

T = 10

4

K) in the t w o cases are sho wn in col.2 and 3 of T able 6.1. F or the mo del

where b oth mec hanisms are on, the gas co oling time is shortened b y a factor � 3

when v

s

= 500 km = s. This factor decreases with increasing sho c k v elo cities and

b ecomes � 1 : 4 at v

s

= 1000 km = s. Therefore w e can sa y that the presence of dust,

with Galactic abundance, in the pre sho c k medium reduces the gas co oling time of

a factor of a few but the e�ect is reduced going to w ards higher v elo cities.

It is in teresting to notice that the amoun t of en thalp y plus kinetic energy p er

unit mass radiated b y dust emission range from 10% to 30% (col.10, T able 6.1). This

means that dust radiates only a small fraction of the a v ailable energy for the 
uid

but nonetheless the co oling time scale is considerably reduced. The reason for this

is that the transfer of energy from the gas to the dust, through dust{gas particle



112

collisions, is v ery e�cien t at high temp eratures ( T > 10

6

K) where gas radiativ e

co oling is v ery lo w compared to that at lo w er temp eratures ( T � 10

4

� 10

5

K) where

ionization losses mak e gas co ol faster. Therefore dust accellerates the co oling at

early phases, that otherwise w ould b e the slo w est ones.

Figs.6.1{6.3 sho w the densit y , temp erature and v elo cit y p ost sho c k pro�les for a

mo del with n

o

H

= 0 : 01 = 4 cm

� 3

and v

s

= 600 km = s. These parameters are c hosen to

repro duce the X-ra y emitting plasma ph ysical prop erties of the sho c k region in SQ

(Guillard et al.2009). In eac h �gure the pro�les for b oth purely radiativ e co oling

and radiativ e plus dust co oling mo dels are sho wn. It is eviden t ho w dust co oling

shortens the gas co oling time that drops from � 14 � 10

7

yr to � 7 � 10

7

yr . The

initial rise of densit y and the steep decrease of temp erature and v elo cit y for the

dust + radiation mo del is due to dust co oling. Figs.6.4{6.6 help to understand

b etter what happ ens during these early phases. Fig. 6.6 sho ws the dust to gas

ratio pro�le. As can b e seen, Z

d

drops v ery quic kly b ecause of dust destruction. A t

t = 1 : 8 � 10

7

yr , m uc h b efore than gas co oling is complete, Z

d

= 10

� 6

. Ho w ev er ev en

b efore, at t = 0 : 8 � 10

7

yr, gas radiativ e co oling has already b ecome the dominan t

co oling mec hanism as one can see in Fig. 6.5 that sho ws the fraction of total co oling

due to dust and gas radiativ e pro cesses at eac h p oin t of the p ost sho c k region. Fig.

6.4 sho ws the co oling rate path follo w ed b y the 
uid as a function of temp erature.

Initially gas is v ery hot ( T � 5 � 10

6

K) and the co oling rate is high b ecause dust

is abundan t and dust{electrons collisions are the main gas co oling mec hanism. The

co oling rate drops quic kly but nonetheless the decrease of temp erature brings the


uid closer to a temp erature regime where radiativ e co oling b ecomes v ery e�cien t.

In addition the gas densit y is enhanced earlier compared to the mo del where only

radiativ e co oling op erates (see Fig. 6.1). The com bination of these e�ects mark edly

reduces the gas co oling time. In Fig. 6.7 w e sho w ho w the dust size distribution is

mo di�ed b y dust sputtering. As one can see, the n um b er of small grains is rapidly

reduced compared to the bigger ones, in agreemen t with the �ndings of b y Dw ek et

al. (1996).

In Fig. 6.8 w e sho w the output sp ectra in tegrated along the whole radiativ e

sho c k pro�le. The predicted 160 � m {70 � m 
ux ratio is equal to 2.4, less than a half



A sho c k mo del with dust co oling 113

of the FIR 
ux ratio observ ed in the SQ sho c k region ( F (160 � m ) =F (70 � m ) � 6). As

sho wn in col.9 of T able 6.1, the FIR 
ux ratio v alues range b et w een 0.4 and 3 but no

mo dels pro duce suc h a cold FIR color as w e found for SQ sho c k region. In T able 6.1

w e also rep ort the width of the radiativ e zone (from the sho c k fron t un til T = 10

4

K)

and the total dust luminosit y pro duced b y a column of sho c k ed material with unit

cross section. In case of the mo del adopted for comparison with SQ sho c k region,

the radiativ e zone width is � 6 kp c , smaller than the c haracteristic widths of the SQ

sho c k ridge. Multiplying the total luminosit y p er unit area ( � 1 : 5 � 10

� 4

erg = s = cm

2

)

b y the area of the sho c k region ( � 330 kp c), w e obtain L ( I R ) = 4 : 7 � 10

41

erg = s.

Therefore, in the simple picture where w e are lo oking at the sho c k fron t face-on

and b ehind eac h surface elemen t on the sky there is an en tire radiativ e region, the

predicted collisionally heated dust luminosit y w ould b e ab out 30 times smaller than

the observ ed one ( L ( I R ) � 1 : 5 � 10

43

erg = s ). These results con�rm that, in absence

of additional sources of dust grains in to the hot plasma, the bulk of the observ ed

infrared emission from the sho c k region in SQ cannot b e ascrib ed to collisionally

heated dust emission.
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Figure 6.1: P ost{sho c k densit y pro�les in the t w o cases where dust co oling is in-

cluded or not. The presho c k parameters in this and the follo wing �gures are c hosen

to repro duce the ph ysical conditions of the X-ra y plasma in SQ in the region imme-

diately do wnstream of the sho c k fron t.

Figure 6.2: P ost{sho c k temp erature pro�les in case dust and/or radiativ e co oling

are included.
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Figure 6.3: P ost{sho c k v elo cit y pro�les in case dust and/or radiativ e co oling are

included.

Figure 6.4: Co oling rate vs temp erature for a sho c k mo del with n

H o

= 0 : 01 = 4cm

� 3

and v

s

= 600 km = s. The con tributions from dust and radiativ e co oling are plotted.
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Figure 6.5: Dust and radiativ e co oling fraction as a function of time and distance

from the sho c k fron t.

Figure 6.6: Dust to gas ratio pro�le in the p ost sho c k region
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Figure 6.7: Dust size distribution when 0,20,50 and 90% of dust has b een destro y ed.

The time corresp onding to these phases is sho wn near eac h line.

Figure 6.8: T otal output dust luminosit y from a column of p ost{sho c k ed gas.
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v

s

n

o

�

r ad

cool

�

r ad=dust

cool

�

r ad=dust

sw itch

�

r ad=dust

nodust

Width Lum

F

160

F

70

�

tot

dust

500. 0.00575 75.0 25.6 7.1 24.2 1.78 1.116 3.1 0.284

500. 0.01150 37.5 12.9 3.5 12.1 0.89 2.137 2.2 0.283

500. 0.02875 15.0 5.2 1.4 4.8 0.36 5.142 1.3 0.283

500. 0.05750 7.5 2.6 0.7 2.4 0.18 10.170 0.9 0.282

600. 0.00575 145.4 71.1 8.1 17.9 5.99 1.471 2.4 0.223

600. 0.01150 72.7 35.6 3.8 9.1 3.01 2.835 1.7 0.223

600. 0.02875 29.1 14.3 1.5 3.5 1.21 6.913 1.0 0.222

600. 0.05750 14.5 7.1 0.8 1.7 0.60 13.778 0.7 0.222

800. 0.00575 315.4 214.4 6.5 11.7 24.46 2.358 1.8 0.157

800. 0.01150 157.7 107.4 3.3 6.0 12.26 4.600 1.2 0.156

800. 0.02875 63.1 43.0 1.3 2.5 4.91 11.397 0.7 0.155

800. 0.05750 31.5 21.5 0.7 1.3 2.46 22.862 0.5 0.155

1000. 0.00575 530.9 386.5 6.0 12.7 55.73 3.493 1.5 0.121

1000. 0.01150 265.5 193.7 3.1 6.7 27.95 6.856 1.0 0.120

1000. 0.02875 106.2 77.6 1.3 1.9 11.22 17.066 0.6 0.119

1000. 0.05750 53.1 38.8 0.7 1.0 5.62 34.302 0.4 0.119

T able 6.1: Results from a grid of sho c k mo dels. Col1: sho c k v elo cit y (km/s);

col2:pre{sho c k particle n um b er densit y (cm

� 3

); col3: co oling time for mo dels in-

cluding only radiativ e co oling (10

6

yr); col4: co oling time for mo dels including b oth

dust and radiativ e co oling (10

6

yr); col5: time at whic h radiativ e co oling b ecomes

predominan t o v er dust co oling (10

6

yr); col6: time at whic h the dust to gas ratio

is equal to 10

� 6

(10

6

yr); col7: Width of the radiativ e zone (from the sho c k fron t

un til T = 10

4

K) in mo dels where b oth co oling mec hanisms are included (kp c);

col8: total sho c k output infrared luminosit y p er unit area (10

� 4

erg = s = cm

2

); col9:

predicted 160 � m -70 � m 
ux densit y ratio from the radiativ e sho c k; col10: fraction

of p ost{sho c k sp eci�c en thalp y plus sp eci�c kinetic energy radiated b y dust







Summary and conclusions

In this w ork w e ha v e presen ted an extensiv e analysis of the infrared emission from

Stephan's Quin tet, based on the Spitzer MIR and FIR maps and including m ulti-

w a v elength data from optical/UV, Radio and X-ra y (see Fig. 2.1). The main aim

has b een understanding the nature of the FIR dust emission seen on the Spitzer

70 � m and 160 � m maps and its implications for star formation and hot gas co oling

for this galaxy group. The tec hnical part of our analysis can b e summarized in four

p oin ts:

1) W e ha v e iden ti�ed the FIR sources seen on the Spitzer FIR maps and ex-

tracted photometry for them from the MIR and FIR maps. The FIR photometry

has b een p erformed with a no v el source �tting tec hnique that w e used to mo del the

source emission on the maps (see Figs. 2.2 and 2.3). W e measured MIR 
uxes using

ap erture photometry (see Figs. 2.6 and 2.7). The inferred total 
ux densities are

sho wn in T able 2.2.

2) W e ha v e created FIR residual maps, whic h w ere obtained from the FIR 70 � m

and 160 � m maps after the subtraction of the t w o galaxies NGC7319 and NGC7320

and the discrete star formation regions. W e ha v e compared the emission on these

maps with maps of the HI distribution, X-ra y emission and UV emission (see Fig.

2.4). This comparison sho ws that the residual FIR emission, dominated b y the

emission from the sho c k region and a previously undetected extended comp onen t,

is correlated with X-ra y emission and an ticorrelated with the HI distribution. A t

the same time, the area co v ered b y the FIR residual emission is p opulated b y an



extended distribution of UV sources asso ciated with tidal features and in tergalactic

star formation regions. F rom the FIR residual maps w e deriv ed the photometry for

the sho c k region and the extended comp onen t of emission. The 
uxes asso ciated

with these comp onen ts can b e found in T able 2.2.

3) W e ha v e mo delled the inferred infrared source SEDs using com binations of

dust emission templates (see Figs. 3.1{3.5). These templates, describ ed in Sect.3.2,

are used to mo del the emission from PDR/HI I regions, di�use photon{p o w ered dust

emission, collisionally p o w ered dust emission and infrared emission from the A GN

torus. Among the immediate outcomes of the SED �tting pro cedure there are the

dust mass required to pro duce the observ ed emission, the total dust infrared lumi-

nosit y and the amoun t of UV p o w ered dust emission (see T able 3.1).

4) Com bining the amoun t of absorb ed UV luminosit y , obtained from the infrared

SED �tting, with the observ ed UV luminosit y , measured directly on the GALEX

FUV maps, w e determined the star formation rate for eac h dust emitting source

(see Sect.4.2 for details). W e also measured gas masses/column densities from the

observ ed radio HI and CO lines and soft X-ra y 
uxes and, com bining these mea-

suremen ts with the dust masses inferred from the infrared SED �ts, w e estimated

the dust to gas ratios for sev eral sources. Results are summarized in T able 4.1.

F rom morphological comparisons and the measuremen ts obtained from map pho-

tometry and source SED �tting, together with simple predictions for the hot gas

co oling time scale and the dust injection rate in hot plasma, w e deriv ed the follo wing

conclusions:

1) The total star formation rate, within a circular area of radius 90

00

con taining

the four group galaxies in close pro ximit y , is 7 : 5 M

�

=y r . The star formation regions

in the group are lo calized at the edges of the galaxies, on tidal features and in the in-

tergalactic medium; no evidences for star formation ha v e b een found to w ards galaxy

cen ters. Although the lo cation of star formation sites is v ery di�eren t from the case



of normal galaxies, the total star formation rate is of the same order of the v alues

observ ed in nearb y galaxies with the same stellar mass of SQ galaxies (see Sect.4.3).

2) The star formation e�ciency for the star formation regions SQ A and SQ B,

lo calized on tidal features, is close to that observ ed for star formation regions within

nearb y spiral galaxy disks (see Fig. 4.4). Star formation in HI I{SE and HI I{SW

seems to b e m uc h more e�cien t but the lac k of complete gas measuremen ts and the

p ossible con tribution to UV radiation from radiativ e sho c ks do esn't allo w a de�nite

conclusion for these sources.

3) The star formation e�ciency in the sho c k region seems to b e consisten t with

the star formation observ ed in nearb y spiral galaxies. Ho w ev er, b ecause part of the

distorted disk of the in truder galaxy NGC7318b is seen through the sho c k region, it

is not clear if the observ ed star formation in that area is asso ciated with the sho c k ed

gas or not. The observ ed radio{IR luminosit y ratio is 20 times higher than the v alue

predicted b y the radio{infrared relation deriv ed b y Pierini et al. (2003), giv en the

observ ed amoun t of infrared luminosit y . This reinforces the result obtained b y Xu

et al. (2003), con�rming that the acceleration of relativistic particles in the sho c k

region is not asso ciated with star formation.

4) 70% of the total star formation in SQ is asso ciated with an extended com-

p onen t of FIR emission. The star formation e�ciency for this comp onen t is rather

higher than that observ ed in spiral galaxies. This could in principle b e due to a new

mo de of star formation op erating in the group and in v olving co oling of the X-ra y

halo gas, p ossibly enhanced b y dust{plasma particle collisions. Ho w ev er the lac k of

cold molecular gas measuremen ts asso ciated with the extended emission mak es this

h yp othesis di�cult to c hec k at the presen t time. In addition the evidence of tidal

in teractions and star formation in tidally displaced cold gas, lik e SQ A or SQ B,

suggest that the distributed star formation observ ed in the group is in part o ccuring

out of gas of galaxian origin.



5) F or b oth the sho c k region and the extended emission w e ha v e measured sub-

stan tial 8 � m 
ux, whic h w e tak e to b e mainly due to P AH molecule line emission

and, therefore, tracer of cold gas phases. This, together with simple estimates of the

dust injection rate across the sho c k fron t and in the halo of the group, demonstrates

that the mec hanism p o w ering most of the dust emission seen on the FIR residual

maps is not dust collisional heating. Ho w ev er, giv en the high FIR{X-ra y luminos-

it y ratio, the curren t data do not exclude that the ma jorit y of the hot gas co oling

can still b e due to dust{plasma particle collisions rather than X-ra y emission. F or

dust in the group halo w e estimated that dust collisional heating can p o w er up to

10

42

erg = s of the dust luminosit y .

6) W e ha v e found that the morphology of the FIR dust emission in the Seyfert 2

galaxy NGC7319 do es not re
ect the cold gas distribution. Therefore, the FIR emis-

sion in this galaxy is not ob viously related to star formation. Giv en the A GN UV

luminosit y , estimated from the observ ed hard X-ra y 
ux, and from considerations

on the particular torus{galaxy disk geometry , w e deduced that accretion p o w ered

radiation from the A GN, propagating through the disk of the galaxy , can p o w er

most of the observ ed dust infrared emission.

A t the end of the thesis, w e ha v e presen ted a theoretical mo del of a 1D steady

state sho c k including the e�ect of dust co oling and dust destruction b y sputtering

in hot plasmas. Giv en a broad range of initial gas densities and sho c k v elo cities

(see T able 6.1), w e ha v e calculated p ost{sho c k pro�les for sev eral quan tities, as the

ph ysical prop erties of the gas or the fraction of co oling pro vided b y dust{plasma

particle collisions, and compared the results with the case where dust co oling is not

included. In particular, a mo del with p ost{sho c k parameters close to the observ ed

gas prop erties in the SQ sho c k has b een calculated (see Figs. 6.1{6.8). This mo del

sho ws that, ev en though radiativ e co oling is still the most imp ortan t co oling mec h-

anism in terms of total radiated energy , the presence of dust reduces the co oling

time b y a factor � 2. This e�ect is due to the accelerated co oling in the hot region

( T � 10

6

K) immediately do wnstream of the sho c k.



F uture outlo ok

The photometry tec hnique w e applied on the Spitzer FIR maps of Stephan's Quin-

tet has help ed us to obtain information whic h are at the limits of what is reac hable

with Spitzer data. The higher sensitivit y , resolution and the larger w a v elength co v-

erage of the Hersc hel space telescop e will allo w a m uc h deep er in v estigation of the

scien ti�c problems w e discussed in this thesis. The P A CS instrumen t on Hersc hel

will pro duce maps with an angular resolution of 5

00

and 12

00

at resp ectiv ely 70 � m

and 160 � m , compared to 18

00

and 40

00

resolutions c haracteristic of the Spitzer MIPS

instrumen t. This will ha v e a dramatic e�ect for the FIR source photometry , con-

siderably reducing the high lev el of confusion b et w een sources that has pushed us

to devise the FIR map �tting tec hnique. In addition Hersc hel will pro vide images

in the w a v elength range 250 � m - 500 � m with the SPIRE instrumen t, mapping an y

cold dust emission comp onen t missed b y Spitzer. Sp eci�cally , a future mapping of

Stephan's Quin tet with the Hersc hel observ atory will alllo w to:

1) impro v e the FIR photometry for discrete star formation regions, as SQ A and

SQ B. The photometry of these sources on Spitzer data is particularly hamp ered b y

the confusion problem b ecause of the presence of nearb y minor sources.

2) separate clump y and di�use comp onen ts of dust emission in the sho c k region,

asso ciated with star formation regions and sho c k ed gas. As w e sa w in Fig. 2.3, the

map �tting tec hnique applied on the 160 � m map ga v e a strong hin t for the presence

of a linear north{south structure coinciden t with the sho c k ridge. This structure

is not seen at MIR w a v elengths and it will b e imp ortan t to v erify its existence in



the FIR on the higher resolution Hersc hel maps. Because of the presence of h uge

amoun t of cold molecular gas in the sho c k region, recen tly detected b y P . Guillard

(priv ate comm unication), cold dust emission is indeed exp ected from this area.

3) determine the origin of the extended FIR emission. The analysis w e p erformed

has sho wn that this emission is mainly connected with discrete star formation regions

at the p eriphery of the galaxies or in in tergalactic medium. It will b e in teresting

to see if the Hersc hel maps will sho w a true di�use comp onen t asso ciated with the

halo of the group.

4) v erify that the FIR dust emission in the A GN galaxy NGC7319 is mainly p o w-

ered b y A GN radiation. As w e prop osed in Sect. 4.4, in this case w e exp ect to see

a cone structure in the n uclear dust emission, signature of the dust illumination b y

the A GN radiation preferen tially escaping in the p olar direction of the accretion disk.

5) b etter constrain the results of the source SED �tting. The p ossibilit y of in-

tegrating in the analysis photometric measuremen ts longw ards of 160 � m will b e of

k ey imp ortance to constrain dust masses. Also the prop erties of the radiation �eld

and consequen tly the absorb ed fraction of UV photons will b e measured with higher

accuracy with p ossible consequences on our understanding of star formation and gas

co oling in this group.

The angular resolutions of the longest w a v elengths co v ered b y Hersc hel, with the

SPIRE instrumen t, are comparable to those of the Spitzer FIR bands. Therefore one

migh t sa y that in the Hersc hel era the source confusion problem in SQ will b e shifted

from � 100 � m to � 350 � m . In this regard the map �tting tec hnique w e created

can still b e used for the photometry of sources at v ery long FIR w a v elengths and

also to iden tify FIR source coun terparts on highest resolution m ultiw a v elength data.

Finally our w ork motiv ates p ossible studies regarding the exact ev olution of

clump y gas of galaxian origin in v olv ed in high v elo cit y collisions on galactic scales.



F rom the observ ational p oin t of view, m ultiw a v elength studies of collisional ev en ts

happ ening in other ob jects than Stephan's Quin tet will surely b e in teresting. The

\T a�y" galaxy pair (Condon et al. 1993, Jarrett et al. 1999, Zh u et al. 2007), for

example, is a natural c hoice since the galaxies in that system w ere in v olv ed in an

head-on collision whic h sho c k ed their ISMs and created a bridge of cold gas b et w een

the galaxies. This ob ject can b e considered as represen tativ e of a later phase of

a direct collision compared to the on-going collision in SQ. F rom the theoretical

p oin t of view, detailed h ydro dynamical sim ulations of sho c ks in clump y mediums

taking in to accoun t c hemical pro cesses as the formation of molecular h ydrogen,

ph ysical pro cesses as the destruction of dust and the mixing of hot and cold gas due

to cloud ablation, com bined with radiation transfer calculations to determine the

infrared emission pro duced b y photon heated and collisionally heated dust, will b e an

imp ortan t step to understand the complex ev olution of gas sho c k ed in in tergalactic

collisions and to in terpret correctly the m ultiw a v elength signatures tracing these

ev en ts in the Univ erse.
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T able of abbreviations

A GN = Activ e galactic n uclei

BCD = Basic calibrated data

CIE = Collisional ionization equilibrium

DEC = Declination

DMH = Dark matter halo

FIR = F ar-infrared

FWHM = F ull width half maxim um

HST = Hubble Space T elescop e

ICM = In tracluster mesium

IGM = In tergalactic medium

IRA C = Infrared Arra y Camera on the Spitzer Space T elescop e

IRAS = Infrared Astronomical Satellite

ISM = In terstellar medium

ISO = Infrared Space Observ atory

KS = Kennicutt-Sc hmidt (la w)

�-CDM = �-Cold dark matter

MIPS = Multi-Band Imaging Photometer on the Spitzer Space T elescop e

MIR = Mid-infrared

P AH = P olycyclic aromatic h ydro carb ons

PDR = Photo-disso ciation region

PSF = P oin t spread function

RA = Righ t ascension

SDSS = Sloan Digital Sky Surv ey



SED = Sp ectral energy distribution

SFR = Star formation rate

SQ = Stephan's Quin tet

UV = Ultra violet
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