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omABSTRACTWe investigate the energy-dependent timing of thermal emission in solar 
ares, using high-resolution spe
tra and demodulated time pro�les from the RHESSI instrument. We model for the�rst time the spe
tral-temporal hard X-ray 
ux f(�; t) in terms of a multi-temperature plasmagoverned by thermal 
ondu
tion 
ooling. In this quantitative model we 
hara
terize the multi-temperature di�erential emission measure distribution (DEM), the nonthermal spe
tra, the s
al-ing of 
are density, volume, and loop length as a fun
tion of temperature with powerlaw fun
tions.We �t this model to the spe
tra and energy-dependent time delays of a representative datasetof 89 solar 
ares observed with RHESSI during 2002-2005. Eliminating weak 
ares we �nd65 events suitable for �tting and obtain in 44 events (68%) a satisfa
tory �t that is 
onsistentwith the theoreti
al model. The best-�t results yield a thermal-nonthermal 
ross-over energy of�th = 18:0� 3:4 keV, nonthermal spe
tral indi
es of 
nth = 3:5� 1:1 (at �30-50 keV), thermalmulti-spe
tral indi
es of 
th = 6:9� 0:09 (at �10-20 keV), thermal 
ondu
tion 
ooling times of�
0 = 101:6�0:6 s at �th = 1 keV (or T0 = 11:6 MK), whi
h s
ale with temperature as �
(T ) / T��with � = 2:7�1:2, 
onsistent with the theoreti
ally expe
ted s
aling of �
(T ) / T�5=2 for thermal
ondu
tion 
ooling. The (empiri
al) Neupert e�e
t is 
onsistent with this theoreti
al model in theasymptoti
 limit of long 
ooling times. This study provides 
lear eviden
e that all analyzed 
aresare 
onsistent with the model of a multi-temperature plasma distribution and with thermal 
on-du
tion as dominant 
ooling me
hanism (at 
are temperatures of T >� 10 MK). We demonstratethat this method of modeling energy-dependent time delays provides a powerful tool to separatethermal from nonthermal spe
tral 
omponents, whi
h is not a
hievable by spe
tral-�tting alone.Subje
t headings: Flares | Hard X-rays1. INTRODUCTIONThe analysis of energy-dependent time delays permits us to test theoreti
al models models of physi
altime s
ales and their s
aling laws with energy. In the wavelength domain of hard X-rays there are atleast three physi
al pro
esses known in the observation of solar 
ares that lead to measurable time delaysas a fun
tion of energy (for a review see, e.g., As
hwanden 2004): (1) time-of-
ight dispersion of free-streaming ele
trons, (2) 
ollisional trapping of ele
trons, and (3) the Neupert e�e
t. Time-of-
ight delayshave a s
aling of �t(�) / ��1=2 and are 
aused by velo
ity di�eren
es of ele
trons that propagate fromthe 
oronal a

eleration site to the 
hromospheri
 energy-loss region, observable as tiny time di�eren
esof order �t � 0:01 � 0:1 s for nonthermal ele
trons at energies of � � 20 � 100 keV (e.g., As
hwanden,S
hwartz, & Alt 1995; As
hwanden et al. 1996). Trapping delays are 
aused by magneti
 mirroring of
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oronal ele
trons whi
h pre
ipitate towards the 
hromosphere after a 
ollisional time s
ale, whi
h has thes
aling of �t(�) / �3=2 and are observable from time di�eren
es of �t � 1� 10 s for nonthermal ele
tronsof � � 20 � 100 keV (e.g., Vilmer, Kane, & Trottet 1982; As
hwanden et al. 1997); Thermal delays 
anbe 
aused by the temperature dependen
e of 
ooling pro
esses, su
h as thermal 
ondu
tion, �
(T ) / T�5=2(e.g., Antio
hos & Sturro
k 1978; Culhane et al. 1994), or radiative 
ooling, �r(T ) / T 5=3 (e.g., Fisher& Hawley 1990; Cargill et al. 1995). The observed physi
al parameters suggest that thermal 
ondu
tiondominates in 
are loops at high temperatures as observed in soft X-ray wavelengths, while radiative 
oolingdominates in the later phase of 
ooling in post
are loops as observed in EUV wavelengths (Antio
hos &Sturro
k 1978; Culhane et al. 1994; As
hwanden & Alexander 2001). In several 
ares the 
ooling 
urve T (t)has been inferred for 
ooling 
are plasmas in di�erent temperature �lters or wavelength bands (e.g., Culhaneet al. 1994; As
hwanden & Alexander 2001), but no study has been 
ondu
ted yet by using RHESSI timepro�les with unpre
edented high resolution in the spe
tral domain, whi
h translates into a large number ofindependent \temperature �lters".The high spe
tral resolution of RHESSI data is parti
ularly suitable for any type of thermal modeling,be
ause we 
an probe the thermal plasma from � 3 keV up to � 30 keV with a resolution of >� 1 keVthanks to the 
ooled germanium dete
tors (Lin et al. 2002). This allows us to measure 
are temperatureswith more 
on�den
e, and a statisti
al study of 
are temperatures measured in the range of T � 7� 20 MKindeed demonstrates ex
ellent agreement between the values obtained from spe
tral �tting of RHESSI datawith those obtained from 
ux ratios with GOES (Battaglia et al. 2005). An intimate relationship betweenthe nonthermal and thermal time pro�les has been found early on, in the sense that the thermal emissionressembles often 
lose to the integral of the nonthermal emission, whi
h has been dubbed the Neupert e�e
t(Hudson 1991; Dennis & Zarro 1993). This is, however, stri
tly true only for the asymptoti
 limit of verylong 
ooling times, while a physi
ally more a

urate model would quantify this e�e
t by a 
onvolution ofthe nonthermal emission with a �nite 
ooling time. The de
onvolution of the e-folding 
ooling time insu
h a model has never been attempted systemati
ally for a larger sample and as a fun
tion of energy ortemperature. A 
ooling time at a given energy 
an be estimated from the de
ay times in 
are time pro�les,e.g., the the de
ay times measured with GOES in soft X-rays were found to have a median of �de
ay � 6min (Veronig et al. 2002a,
). The Neupert e�e
t was tested by 
orrelating the soft X-ray peak 
ux withthe (time-integrated) hard X-ray 
uen
e. A high 
orrelation and time 
oin
iden
e between the soft X-raypeak and hard X-ray end time was generally found, but a signi�
ant fra
tion of events had also a di�erenttiming (Veronig et al. 2002b). Tests of the \theoreti
al Neupert e�e
t", i.e. 
omparisons of the beam powersupply of hard X-ray-emitting ele
trons and the thermal energy of evaporated plasma observed in soft X-rays, was found strongly to depend on the lower nonthermal energy 
uto� (Veronig et al. 2004). In thispaper we systemati
ally determine the plasma 
ooling times as fun
tion of energy, whi
h would allow a morequantitative des
ription of the Neupert e�e
t.In this paper we develop �rst a theoreti
al model of the spe
tral and temporal fun
tions of a multi-temperature plasma that is 
ooled by thermal 
ondu
tion (x2), then we des
ribe the steps of our data analysisand model-�tting pro
ess applied to a spe
i�
 
are (x3), then we 
arry out this analysis for a large statisti
alsample, des
ribe some individual events, give statisti
al results (x4), and draw 
on
lusions (x5).2. THEORETICAL MODELIn this Se
tion we formulate the theoreti
al framework that quanti�es the energy-dependent time delaysthat we 
an observe with RHESSI data in terms of a multi-temperature 
are model where the 
ooling of the
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are plasma is governed by thermal 
ondu
tion. This theoreti
al model is then �tted to RHESSI data in thefollowing Se
tions. 2.1. Multi-Thermal Spe
trumThe bremsstrahlung spe
trum F (�) of an isothermal plasma with temperature T , as a fun
tion of thephoton energy � = h�, setting the 
oronal ele
tron density equal to the ion density (n = ni = ne), andnegle
ting fa
tors of order unity, su
h as from the Gaunt fa
tor, g(�; T ), and the ion 
harge number, Z � 1,is (Brown 1974; Dulk & Dennis 1982),F (�) � 8:1� 10�39 ZV exp (��=kBT )T 1=2 n2 dV �keV s�1 
m�2 keV�1� : (1)Introdu
ing the total di�erential emission measure (DEM) distribution, whi
h spe
i�es the squared ele
trondensity n2(T ) at temperature T integrated over the total 
are volume V ,dEM(T )dT = n2(T )dV ; (2)the hard X-ray spe
trum of a multi-thermal 
are plasma 
an be written as,F (�) � 8:1� 10�39 Z exp (��=kBT )T 1=2 dEM(T )dT dT : (3)An example of su
h a multi-thermal hard X-ray spe
trum is shown in Fig. 1 for a DEM that falls of as apowerlaw fun
tion of the temperature in the range of T � 10 MK, i.e., dEM(T )=dT / T�Æ with Æ = 4:0.The resulting photon spe
trum 
an be approximated with a powerlaw fun
tion F (�) / ��
 with 
 = 4:6 inthe energy range of � = 10� 20 keV, in whi
h we fo
us our multi-thermal spe
tral analysis.Simulating su
h multi-thermal spe
tra F (�) (Eq. 3) for a range of DEM distribution fun
tions with apowerlaw form, dEM(T )dT / T�Æ ; (4)say in a range of Æ � 3� 10, we �nd the following empiri
al dependen
e of the photon (powerlaw) spe
tralindex 
 (evaluated in the energy range of � = 10� 20 keV) (Fig. 2),
(Æ) � 3:60 + 0:062 Æ2 : (5)2.2. Thermal Energy RatioWe want to investigate by what temperature a given hard X-ray photon energy is dominated in a multi-thermal spe
trum. For this purpose we de�ne an energy ratio q" that expresses the ratio of the observedphoton energy � in a hard X-ray spe
trum to the thermal energy �th = kBT of the temperature T thatdominates the spe
trum at the observed photon energy �,�(T ) = qe �th = qekBT = qe�0� TT0� ; T0 = 11:6 MK ; �0 = 1 keV : (6)From the simulated multi-thermal spe
trum in Fig. 1 it 
an be seen that the energy fa
tors qe 
an numeri
allybe determined at the interse
tions of two subsequent thermal spe
tral 
omponents. The ratio qe depends



{ 4 {mostly on the DEM distribution fun
tion (whi
h we quanti�ed with a powerlaw index Æ in Eq. 4), as wellas slightly on the photon energy � (or thermal energy �th). We simulate multi-thermal spe
tra (as shown inFig. 1) and show the dependen
e of the energy ratio qe on the thermal energy �th and DEM powerlaw indexÆ in Fig. 3 (top panel and bottom left), whi
h 
an be approximated by,qe(Æ; T ) � qe(Æ)� TT0�0:03 � (0:52 + 0:95Æ)� TT0�0:03 : (7)Sin
e the photon spe
tral index 
 is a dire
t observable, it is more pra
ti
al to express the energy fa
tor asa fun
tion of 
, using the approximation 
(Æ) given in Eq. 5,qe(
) = "0:52 + 0:95r(
 � 3:60)0:062 # : (8)This dependen
e qe(
; T ) is shown in Fig. 3, whi
h approximately follows the proportionality qe � 
 for
 >� 4. This gives a very simple rule of thumb to estimate what photon energy is dominated by a giventemperature in a multi-thermal spe
trum. For instan
e, if a multi-thermal photon spe
trum has a spe
tralslope of 
 � 4, then a temperature 
omponent of T � 12 MK (whi
h 
orresponds to a thermal energy of�th = kBT � 1:0 keV) will dominate the spe
trum at photon energies of � = qe�th � 
�th � 4:0 keV. If thephoton spe
tral index is 
 � 8, the a�e
ted photon energy will be � � 8 keV.A lower limit of the photon spe
tral index of a multi-thermal spe
trum is 
 � 3:60 (a

ording to Eq. 8),for a DEM distribution that falls o� with higher temperatures (i.e., Æ � 0).If we express the the photon energy as fun
tion of the temperature, we thus have the s
aling (withEqs. 6-7), �(T ) = �0 qe(
)� TT0�1:03 : (9)2.3. Temperature S
aling of Condu
tive CoolingFlare plasma 
ooling at initially hot temperatures (T >� 10 MK) is dominated by 
ondu
tive 
ooling,observable in soft X-rays, while the later phase of 
ooling visible in EUV (T <� 2 MK) is dominated byradiative 
ooling (Antio
hos & Sturro
k 1978; Culhane et al. 1994; As
hwanden & Alexander 2001). Formodeling of RHESSI data at energies � � 1 keV (T � 11:6 MK) we 
an therefore assume predominant
ondu
tive 
ooling. The 
ondu
tive 
ooling time �
 is given by the ratio of the thermal energy and the
ondu
tive loss rate,�
 = � �thdE=dt
ond� =  3nekBTdds�T 5=2dT=ds! = � 3nekBT27�d2T 7=2=ds2� � 212 neL2kB� T�5=2 : (10)If we want to express the dependen
e of the 
ondu
tive 
ooling with 
are temparature T , we have also toin
lude the temperature s
aling of the density ne(T ), 
are volume V (T ), and of the 
are loop half lengthL(T ). Let us assume powerlaw s
aling s
aling laws, with a power law index �L for the loop lengthL(T ) / T��L ; (11)and a power law index �V for the 
are volume,V (T ) / T��V : (12)



{ 5 {Sin
e we already de�ned a s
aling law for the total emission measure as fun
tion of temperature in Eq. (4),we obtain for the ele
tron density the following s
aling law (using Eqs. 2, 4, 12),ne(T ) / � T�ÆV (T )�(1=2) / � T�ÆT��V �(1=2) / T�(Æ��V )=2 : (13)Combining these s
aling laws we 
an now obtain the temperature s
aling law of the 
ondu
tive 
ooling time,�
(T ) = 212 ne(T )L2(T )kB� T�5=2 = �
0� TT0��� ; (14)with the powerlaw exponent � = 12[5 + Æ � �℄ ; � = �V � 4�L : (15)and the 
onstant �
0 = 212 n0L20kB�T 5=20 ; T0 = 11:6 MK ; (16)where all 
onstants n0, L0 refer to the temperature of T0 = 11:6 MK (�th = 1 keV). Sin
e we 
an determinethe photon spe
tral index Æ and the best-�t value of �, we 
an infer the value � from Eq. (15),� = 5 + Æ � 2� : (17)For a spe
ialized 
are model where a 
are 
onsists of heated loops all having the same length L at di�erenttemperatures, L0 is then a 
onstant, or �L = 0, and � = �V .2.4. Multi-Thermal DelaysIf we observe thermal emission from photons with energy �, the e-folding time over whi
h these thermalphotons radiate is approximately the 
ondu
tive 
ooling time. For soft X-ray emission that peaks at timet0, e.g., parameterized with a symmetri
 time pro�le (e.g., a Gaussian fun
tion with width �g),F (�; t) = F0(�) exp�� (t� t0)22�2g � ; (18)we 
an therefore 
hara
terize the time pro�le of 
ooling plasma by a 
onvolution with the e-folding 
oolingtime,f(�; t) = Z t�1 F (�; t0) exp�� (t� t0)�
 �dt0 = F0(�) Z t�1 exp�� (t0 � t0)22�2g � exp�� (t� t0)�
 �dt0 : (19)This 
hara
terization essentially 
orresponds to the Neupert e�e
t (Hudson 1991; Dennis & Zarro 1993)whi
h states that the soft X-ray emission time pro�le 
orresponds to the time integral of the hard X-rayemission, whi
h is the asymptoti
 limit for very long 
ooling times (i.e., �
 7! 1 in Eq. 19).The 
onvolution of a Gaussian time pro�le with an e-folding 
ooling time delays the peak of the emission,as a fun
tion of the Gaussian width �g and 
ooling time �
. Sin
e the integral of Eq. 19 
annot be expressedin a 
losed analyti
al form, we determine the delay of the peak time by numeri
al simulations of Eq. 19. Thenumeri
ally determined delays are plotted in Fig. 4, whi
h 
an be approximated with the following simpleanalyti
al fun
tion, �t � �g 74 �10 log (1 + �
�g )�3=4 : (20)



{ 6 {We see that the delay �t is proportional to the time s
ale �g of the un
onvolved Gaussian fun
tion ands
ales with the ratio (�
=�g), so the delay 
hara
teristi
s are invariant for time pro�les that are normalizedin duration. In the limit of relatively short 
ooling times (�
 � �g), the delay vanishes as expe
ted, while inthe opposite limit (�e � �g), the delay in
reases nearly logarithmi
ally.Sin
e we 
an measure time delays �t as fun
tion of photon energies �, we insert the temperaturedependen
e on the photon energy � (from Eq. 9),� TT0� = � �qe(
)�0�0:97 ; (21)and obtain the 
ondu
tive 
ooling time (Eq. 10) as a fun
tion of photon energy �,�
(�) = �
0� �qe(
)�0��0:97� : (22)This way we 
an express the 
ooling delay �t (Eq. 20) as a fun
tion of the photon energy � and photonspe
tral index 
 (whi
h are both observables),�t(�; 
) � �g 74 "10 log 1 + �
0�g � �qe(
)�0��0:97�!#3=4 : (23)At higher energies, say above 30 keV, we expe
t that the nonthermal hard X-ray spe
trum dominates overthese thermal e�e
ts and that the relative delay is essentially zero (negle
ting time-of-
ight delays andtrapping delays, whi
h are generally signi�
antly shorter than thermal delays). Therefore we de�ne therelative delays with respe
t to a nonthermal energy value �nth,�tth(�) = �t(�)��t(�nth) : (24)In Fig. 5 we show the expe
ted delays �tth(�) for durations of �g = 10 s in the energy range of � = 10�50 keV,assuming a 
are density ne = 1011 
m�3, a 
are loop half length of L = 109 
m�3, the Spitzer 
ondu
tivity� = 9:2�10�7 erg s�1 
m�1 K�7=2, the Boltzmann 
onstant kB = 1:38�10�16 erg K�1, yielding a referen
e
ondu
tion time of �
0 = 344 s (� 5:7 min) at a referen
e temperature of T0 = 11:6 MK (�0 = 1 keV). The
are densities 
an be a fa
tor of 5 lower or higher, and the 
are loop lengths about a fa
tor 2 shorter orlonger, so we expe
t that the 
ondu
tive 
ooling time 
an be a fa
tor of (ne=n0)(L=L0)2 = 20 shorter orlonger, i.e. t
0 � 20 s � 2 hours.In pra
ti
e, a time stru
ture observed at some photon energy � is always a mixture of thermal andnonthermal 
ontributions, and thus the observed delay is also a mixture of the thermal delay and the near-zero delay of nonthermal photons. In a �rst approximation we estimate that the observed thermal delay isweighted by the ratio wth of thermal to all (
ombined thermal and nonthermal) photons,�tobs(�) � wth(�)�tth(�) + wnth(�)�tnth(�) � wth(�)�tth(�) ; (25)where the energy-dependent weighting fa
tor wth(�) is given by the 
ux ratio,wth(�) = Fth(�)Fth(�) + Fnth(�) = Fth(�)Ftot(�) ; (26)and the nonthermal weighting fa
tor wnth(�) in this normalization ful�lswnth(�) = [1� wth(�)℄ (27)



{ 7 {3. DATA ANALYSIS METHOD3.1. Flare Sele
tionThe Ramaty High Energy Spe
tros
opi
 Solar Imager (RHESSI) 
are 
atalog 
ontained 18,887 eventsfrom the start of the mission (2002 Feb 12) until the time of our analysis (2006 Mar 31). In order to obtaina well-de�ned representative sample of 
ares we sele
t all events that have (1) a minimum peak 
ount rateof C � 300 
ts s�1, (2) a minimum energy extent above � � 25 keV, (3) a maximum duration of tf � 10min (600 s), and we dis
ard events with spe
ial data 
onditions and problems (rear segment 
ounts werede
imated sometime during 
are [DR=
ag in 
are 
atalog℄, spa
e
raft e
lipse/night sometime during 
are[ED℄, 
are ended in spa
e
raft night [EE℄, 
are started in spa
e
raft night [ES℄, 
are ongoing at end of �le[FE℄, in fast rate mode [FR℄, 
are ongoing at start of �le [FS℄, data gap during 
are [GD℄, 
are ended indata gap [GE℄, 
are started in data gap [GS℄, spa
e
raft in high-latitude zone during 
are [MR℄, non-solarevents [NS℄, spa
e
raft in SAA sometimes during 
are [SD℄, 
are ended when spa
e
raft was in SAA [SE℄,or 
are started when spa
e
raft was in SAA [SS℄). However we left events in our sele
tion when the frontsegment 
ounts were de
imated sometime during the 
are [DF℄ or when a parti
le event was o

urring inthe ba
kground [PE℄, be
ause this was often the 
ase and would redu
e our sample too mu
h. Given thesesele
tion 
riteria, we ended up with a dataset of 89 events for our data analysis. The 
riteria (1) of a minimum
ount rate and (2) a minimum energy range eliminates mostly the weak events (approximately GOES C-
lasslevel) whi
h have insuÆ
ient 
ount statisti
s for the purpose of our analysis. The third 
riterium of (3) amaximum duration limit is 
hosen be
ause short 
ares have a simpler temporal stru
ture, and thus produ
eless 
onfusion in our analysis, as well as the demodulation of time pro�les for long 
are durations wouldrequire ex
essive 
omputing time.The 89 sele
ted events are typi
al mid-size 
ares, with 
are durations in the range of tf = 76 � 592s (median of 408 s) and peak 
ount rates of C = 304 � 5616 
ts s�1 (median of 592 
ts s�1). None ofthese 
ares is a�e
ted by pulse pile-up (generally at 
ount rates of < 104 
ts s�1). In the analysis we alsoavoided time segments with a 
hange of the de
imation state or attenuator state, whi
h would introdu
edis
ontinuities and biases in the 
ross-
orrelation of time pro�les. All sele
ted 
ares have dete
ted 
ux atleast up to the � = 25� 50 keV energy range.3.2. Demodulation of Time Pro�lesIn the �rst step of our analysis we demodulated the time pro�les of the 89 
ares with a time resolutionof �t = 0:1 s, be
ause the original data 
ontain the modulations from the 9 grids of the spinning (witha period of P � 4:1 s) RHESSI spa
e
raft, whi
h is a rotation modulation 
ollimator (RMC) Fourierimager type (Lin et al. 2002). We bin the energy range into 20 
hannels: 10 
hannels with 1 keV steps(� = 10; 11; 12; :::; 19 keV), 5 
hannels with 2 keV steps (� = 20; 22; 24; :::; 28 keV), and 5 
hannels with5 keV steps (� = 30; 35; 40; :::; 50 � 55 keV). The time demodulation is a

omplished with the algorithmHSI DEMODULATOR of the SSW software (written by G. Hurford), whi
h yields demodulated 
uxes innon-equidistant time bins, whi
h we interpolate onto an equidistant time grid with a step of �t = 0:1 s.The raw RHESSI light 
urves 
ontain random but energy-independent data gaps in ea
h dete
tor (Smithet al. 2003), rapid modulation at subse
ond times
ales by the 
ollimator, and 2 and 4 se
ond periodi
energy-independent modulation due to internal shadowing in the grids. In ea
h independent 0.1 s interval,the demodulator removes all of the �rst two and part of the latter timing artifa
ts. The remaining timingartifa
ts are both energy-independent and smoothed by 10 se
ond box
ar averaging and are short 
ompared
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al observed time s
ales of tFWHM � 20� 100 s.An example of su
h demodulated time pro�les is shown for event # 5 (2002-Feb-26, 10:25:52 UT 
are)in Fig. 6 (top left frame), where the time pro�les are plotted with time bins of �t = 0:5 s, and the smoothed
urves (with a box
ar of tsmooth = 10 s) are overplotted in the time window of t � t0 = 20� 90 after 
arestart (at t0). The enlarged time pro�les are shown in Fig. 6 in the bottom left panel.3.3. Spe
tral ModelingSin
e our model is an ex
lusive (multi-)thermal model, we have �rst to separate the thermal emissionfrom the nonthermal hard X-ray emission. As a rule of thumb, thermal emission mostly o

urs at energies� <� 25 keV, while nonthermal bremsstrahlung emission dominates at higher energies � >� 25 keV, as spe
tralmodeling from HXRBS/SMM has shown (e.g., see reviews by Dennis 1988; Dennis & S
hwartz 1989).Re
ent spe
tral modeling with RHESSI, whi
h has a mu
h higher spe
tral resolution, however, shows thatnonthermal hard X-rays 
an be dete
ted down to � 7 keV (e.g., see review by Dennis 2006), so the dividingline between thermal and nonthermal emission 
overs a 
onsiderable part of our analyzed energy range of� = 10 � 50 keV. Our approa
h of separating the thermal 
omponent is based on �tting �rst a powerlawfun
tion to the nonthermal spe
trum in the energy range of � � 30� 50 keV, whi
h is believed to be entirelynonthermal, and then to subtra
t the extrapolated nonthermal spe
trum from the total 
ux spe
trum toobtain the purely (multi-)thermal spe
trum at lower energies.An example is shown in Fig. 6 (top right panel), where the total photon spe
trum is shown in the energyrange of � = 10� 50 keV, integrated over the sele
ted time interval, in units of photons s�1 
m�2 keV�1,using the SSW software. Photon spe
tra 
an be obtained dire
tly from the inversion of the 
ount spe
trumusing only the diagonal elements of the instrument response matrix (so-
alled semi-
alibrated spe
tra), whenthe following 
onditions hold: (1) only front segments are used; (2) the 
are spe
trum is at least 10 timesthe ba
kground spe
trum for all energies; (3) the energy range is limited to � � 10 � 50 keV, whi
h is allful�lled in our analysis. Comparisons with spe
tral �ts from the fully-
alibrated and ba
kground-subtra
teddata using the OSPEX software were 
arried out in a few 
ares and we found almost identi
al results.In the example shown in Fig. 6 we 
hoose the energy range of � = 30�50 keV to �t a powerlaw fun
tionand obtain a powerlaw slope of 
nth = 2:0 in this energy range. We extrapolate this nonthermal spe
trum tolower energies (dotted line in Fig. 6 top right) to estimate the nonthermal 
ontamination at lower thermalenergies (ignoring a possible low-energy 
uto�). Subtra
ting this extrapolated nonthermal spe
trum fromthe total 
ux spe
trum yields than an estimated pure (multi-thermal) spe
trum (
rosses in Fig. 6 top right),whi
h 
an also be �tted by a powerlaw fun
tion, for whi
h we obtain a powerlaw slope of 
th = 6:3. Thisvalue 
an now be used to estimate the powerlaw index of the total di�erential emission measure distribution(Eq. 4), using the approximation given in Eq. (5), i.e., Æ = p(
th � 3:60)=0:062 = 6:6. Thus the totalDEM distribution falls of as dEM(T )=dT / T�6:6 in the � = 10� 20 keV range. Furthermore, the thermalpowerlaw index Æ allows us then to estimate the energy fa
tor qe = �=�th � 0:52 + 0:95 Æ = 6:8 (Eq. 7)between photon energies � and thermal energies �th. Therefore, the temperature range that dominates the� = 10� 20 keV photons 
orresponds to �th = �=6:8 � 1:5� 3:0 keV, whi
h is T = �th=kB � 17� 35 MK.The example in Fig. 6 shows also the 
ross-over of the (multi)-thermal and nonthermal spe
trum at�th = 16:6 keV, where both 
omponents are equally strong. The spe
trum below this 
ross-over is dominatedby thermal plasma, while the spe
trum above is dominated by nonthermal emission. This is a new way toseparate the thermal from the nonthermal 
omponent in a fairly a

urate way. As long as the low-energy
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uto� of the nonthermal spe
trum is somewhat below this 
ross-over energy, our powerlaw extrapolationof the nonthermal spe
trum to lower energies renders a relatively a

urate estimate of the purely (multi-)thermal spe
trum. 3.4. Thermal Delay MeasurementWe formulated our multi-thermal model based on thermal 
ondu
tive 
ooling in terms of an energy-dependent delay �t(�; 
th), expressed as a fun
tion of the photon energy � and the parameters �g , �
0, qe(
th),and � (Eq. 23). We dis
ussed already how we determined the energy ratio qe(
th) based on the spe
tralmodeling des
ribed above (x3.3). Next we 
an measure the FWHM dire
tly from the time pro�le of thelowest nonthermal energy, whi
h yields tFWHM = 27:5 s for the example shown in Fig. 6 (bottom left),where we used for the lowest nonthermal energy �nth = 30 keV. From the FWHM we 
an then 
al
ulate theGaussian width �g = tFWHM=(2p2 ln 2) = tFWHM=2:35 = 11:7 s. Therefore, the only two free parametersleft are the referen
e 
ondu
tive 
ooling time �
0 and the powerlaw exponent � (Eq. 15) of the delay 
urve�t(�). We will determine these two free parameters from �tting our model �t(�) (Eq. 23) to observed delaymeasurements �tobs(�i), i = 1; :::; 20.We measure the relative delays between the time pro�les of two adja
ent energy 
hannels by the standard
ross-
orrelation fun
tion. In the example shown in Fig. 6 (bottom left) we 
an see that the highest energies(� = 50 keV) peak around t � t0 = 51 s, while the lowest energies (� � 10 keV) peak around t � t0 = 67 s,so there is a maximum delay of �t = 16 s. We plot the relative delays in Fig. 6 bottom right and �t ourtheoreti
al model (thi
k line) by varying the free parameters. In fa
t, there is a third free parameter that
ontains the small time di�eren
e dtnth between the time referen
e of nonthermal energies and the best-�ttiming. In the example shown in Fig. 6 bottom right we �nd for the three free parameters a best �t att
0 = 301 s, dtnth = 0:04 s, and � = 2:8. Using the relation Eq. (17) we �nd for the volume powerlaw index� = 6:1, so the volume of heated plasma falls o� steeply with higher temperature.In order to judge the goodness-of-�t, we want to 
al
ulate the �2 of the best �t. We repeat ea
h
ross-
orrelation between adja
ent energy 
hannels 100 times with added Poisson noise (a

ording to thephoton 
ount statisti
s) and obtain a s
atter in the relative delay measurements, whi
h we de�ne as standarddeviation of ea
h delay measurement �ti � ��t;i. The redu
ed �2 is then 
omputed in the standard wayfrom the squared di�eren
es between the observed and theoreti
al delays summed over all energy 
hannels.In the example shown in Fig. 6 (bottom right) we �nd a mean standard deviation in the un
ertainties ofdelay measurements of ��t;i = 0:3 s, and a goodness-of-�t of � = p�2red = 1:1, whi
h is a fully a

eptable�t. Note that the analyti
al model of the pure thermal delay a

ording to Eq. (23) is shown as a thin solidline in Fig. 6 (bottom right), while the �tted delay (thi
k solid line in Fig. 6 bottom right) is based on thethermal weighting obtained from the spe
tral 
ux modeling (see ratio of thermal to total 
ux in spe
trumshown in Fig. 6 top right).3.5. Thermal Condu
tion Time MeasurementThe main parameter we obtain from �tting the model to real data is the 
ondu
tion 
ooling time s
ale�
0 at the referen
e temperature T0 = 11:6 MK (=1 keV). The 
ondu
tive 
ooling time is proportional to
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t n0L20 (Eq. 16), whi
h 
an be written in dimensionless form as�
0 = 344� L0109 
m�� n01011 
m�3�2 [s℄ : (28)We measured a similar value of �
0 = 301 s in the example shown in Fig. 6. Thus we 
an 
onstrain theprodu
t L0n20 � 1031 
m�1, but we 
annot determine the two parameters L0 and n0 independently.The best-�t result predi
ts the 
ondu
tive 
ooling time as fun
tion of temperature, whi
h falls o� as�
(T ) = �
0(T=T0)�� (Eq. 14). For the example shown in Fig. 6 we thus expe
t 
ooling times of �
(T = 17MK) = 301(17=11:6)�2:8 = 103 s at � = qe�(T=T0) = 6:8 � (17=11:6) = 10 keV, whi
h falls o� to �
(T = 35MK) = 301(35=11:6)�2:8 = 14 s at � = qe�(T=T0) = 6:8 � (35=11:6) = 20 keV. We test this predi
tion by
onvolving the nonthermal time pro�le with the 
orresponding e-folding 
ooling times and 
ompare themwith the observed time pro�les in Fig. 7. The 
lose agreement of observed and theoreti
ally predi
ted timepro�les 
orroborates the self-
onsisten
y of the data analysis method (in terms of energy-dependent timedelay measurements) with the theoreti
al model (de�ned in terms of e-folding 
ooling times).4. RESULTS4.1. Fit Statisti
sAll 89 sele
ted events have been �tted with the pro
edure des
ribed in Se
tion 3. Table 1 re
e
ts theresults of the �t statisti
s. There are a number of 
ases that are not suitable for model �tting, su
h asevents with too low 
ount rate statisti
s, or events with 
ompli
ated spe
tral evolution. Events with low
ount rates produ
e large un
ertainties in the delay measurements, for whi
h the repeated 
ross-
orrelationwith added noise produ
es a large s
atter. We �nd that events with a mean un
ertainty in the time delaymeasurement �t � ��t in ex
ess of ��t � 2:0 s are quite insensitive to the �tted model and produ
e alsoa too low �2-value, so we 
onsider these 
ases as unsuitable for model-�tting, whi
h is the 
ase for 21 outof the 89 sele
ted events. Another 
ategory of unsuitable data are those with a to small energy range. Inprin
iple we try to �t all 20 energy 
hannels (10-50 keV) with our model, but we have to eliminate thosehigh-energy 
hannels where the signal is not signi�
antly above the noise level, and also those low-energy
hannels with no 
ux peak in the �tted time window (e.g., when a weak peak is superimposed on the 
ankof a steeply in
reasing longer time stru
ture). We require a minimum of 10 energy 
hannels to be usablefor �tting, whi
h eliminates another 3 events out of the 89 sele
ted events. So, we are left with 65 eventssuitable for model �tting.Out of the 65 �ttable events (100%) , we �nd that our model su

essfully �ts the data in 44 
ases (68%),having a goodness-of-�t of � = p�2red � 2:0, while the remainder of 21 events (32%) has una

eptable �ts(� � 2:0) or unphysi
al solutions with e-folding (
ondu
tion 
ooling) times signi�
antly larger than the
are duration (t
0 > 2tf ) or extremely short (t
0 < 1:0 s). A detailed investigation of the failures exhibits
omplex time stru
tures, where subsequent time stru
tures 
annot be separated and have di�erent spe
tralproperties, yielding unphysi
al solutions when averaged. So, the failures do not ne
essarily mean that theyare not 
onsistent with the theoreti
al model, but merely that our �tting pro
edure that requires a singledominant time stru
ture (or multiple stru
tures with similar spe
tral 
hara
teristi
s) is not adequate inthese 
ases. However, a more general �tting pro
edure that deals with the spe
tral evolution by 
onvolvingmultiple time stru
tures with variable spe
tra 
ould save those 
ases.



{ 11 {4.2. Individual CasesAn exemplary subset of events (#5, 14, 30, 32, 34, 45, 60, 77 of our sele
tion) is shown in Fig. 8, whi
h
ontains the 8 most reliable �ts (out of the 65 �ttable 
ases): This subset has been sele
ted by the 
riteriaof small time delay un
ertainties (< ��t >� 1:0 s), a tight goodness-of-�t (0:5 � � � 1:5), a large �ttableenergy range (� 17 energy 
hannels out of 20), at least 5 
hannels of thermal 
overage (�th � 15 keV), andphysi
al solutions for the 
ondu
tion 
ooling time (1.0 s< t
0 < 2tf ). These 8 exemplary 
ases are shownin Fig. 8, where we display the expanded time pro�les, the spe
tral �tting, and the energy-dependent timedelays obtained from model �tting.Let us have a 
loser look at these 8 examples, to whi
h we refer by the identi�
ation number (#1,...,89),indi
ated after the observation time labels in Fig. 8 (left panels). Event #5, 14, 30, and 77 seem to 
onsist ofa single dominant time stru
ture, while events #34, 45 and 60 
onsist at least of two 
omparably dominanttime stru
tures, and event #32 has about 5 noti
able stru
tures. Sin
e the time delay measurements are
ondu
ted by 
ross-
orrelation between adja
ent energy 
hannels, the time pro�le does not need to be similarover large energy ranges, as long there is at least one single dominant feature in ea
h pair of adja
ent energy
hannels. In event #34 we see even that at low (thermal) and high (nonthermal) energies are two di�erenttime stru
tures dominant, but the step-wise 
ross-
orrelation from 
hannel to 
hannel retrieves the relativedelay without jumping from the �rst to the se
ond stru
ture, as it would for 
ross-
orrelations over largerenergy steps and would produ
e unphysi
al solutions for the 
ondu
tive 
ooling time. Thus, our 
ross-
orrelation pro
edure seems to be able to retrieve 
orre
t time delays even for 
ases with multiple stru
tures.Inspe
ting the photon spe
tra we see that all 8 
ases (shown in Fig. 8, middle panels) have a steeper slopein the (multi-)thermal domain than in the nonthermal domain (whi
h is also the 
ase for all other analyzed
ases), also 
alled \broken powerlaws with a break-up" (Dulk, Kiplinger, & Winglee 1992). The spe
tralbreak-up is is a
tually a ne
essary 
ondition for our analysis, if we assume that the nonthermal powerlawspe
trum 
an be extrapolated to lower energies, otherwise we would obtain a negative thermal 
ux spe
trum.The (multi-)thermal spe
tra have powerlaw slopes of 
th = 5:9; :::; 7:2, while the 
atter nonthermal spe
trahas a powerlaw slope of 
nth = 2:0; :::; 5:8 for the 8 
ases shown in Fig. 8. Thus, the nonthermal slopes arefairly representative for all 
ares, for whi
h a typi
al range of 
nth = 2 � 7 is found with a median valueof 4-5 (Datlowe et al. 1974; Kane 1973; Dennis 1985). The powerlaw slope of the nonthermal spe
trum isdetermined from typi
ally 3 to 6 energy 
hannels, whi
h has less a

ura
y in the 
ase of 3 or 4 
hannels,but the error in the nonthermal slope 
nth 
auses a smaller relative error in the subtra
ted thermal slope
th and a�e
ts the energy fa
tor qe only slightly. The energy fa
tor is found to have a fairly stable value ofqe = 6:4� 7:7 in these 8 
ases, regardless of the variations of the nonthermal slope, so the a

ura
y of thenonthermal spe
tral slope 
nth is not 
ru
ial.The break-up feature allows us to de�ne a dis
riminatory energy �th between the thermal and nonthermalspe
tral regime, whi
h we de�ne from the 
ross-over of the (multi)-thermal powerlaw spe
trum and thenonthermal powerlaw spe
trum. Note that the spe
trum in the transition from the (multi)-thermal to thenonthermal portion 
urves 
ontinuously from the steep thermal slope to the 
at nonthermal slope, whi
his a predi
ted feature of our model. The 
ross-over energy demar
ates the energy where the thermal andnonthermal spe
trum has equal 
ux and is found in an energy range of �th = 16:7; :::; 26:7 keV for the 8 
asesshown in Fig. 8. The spe
trum at energies below this 
ross-over is dominated by thermal ele
trons, whilenonthermal ele
trons dominate above it.The 
ross-over between thermal and nonthermal is typi
ally at �th = 15 � 20 keV. We �nd only twoex
eptions where the 
ross-over o

urs at signi�
antly di�erent energies (see 
olumn �th in Table 2). There



{ 12 {are the two events #21 and 83, where the 
ross-over o

urs as low as >� 10� 11 keV (Fig. 10). Note that inboth 
ares there is a very short impulsive heating pulse (tg � 6� 8 s) that extends up to � � 40 keV. Thethermal 
ontamination and the asso
iated delays are measurable in the energy range of � � 10�20 keV, butis not dominant a
ross the entire spe
trum above 10 keV.The energy-dependent time delay �ts are shown in Fig. 8 (right panels) and Fig. 9 for all �ttable44 
ases. The time delays show the thermal vs. nonthermal 
hara
teristi
s in the time domain. In thethermal domain the delay in
reases systemati
ally with lower energies, while the nonthermal domain showsno delay. The spe
trally determined 
ross-over energy �th is also marked in time delay panels (Fig. 8 rightand in Fig. 9), whi
h 
losely 
oin
ides with the separatrix between thermal and (near-zero) nonthermal delay
hara
teristi
s, and thus 
orroborates the 
onsisten
y between the two methods applied in the spe
tral andtime domain.The time delay panels shown in Fig. 8 (right panels) and Fig. 9 reveal also a number of other interesting
hara
teristi
s. The maximum delays measured at 10 keV 
an be very large, up to �t = 20�30 s (
ases #32,34, 39, 65, 66, 79, 84), while the un
ertainties of the delays is always mu
h shorter ��t � 2:0 s, so these 
asesare most sensitive to the model �ts. Other 
ases have relatively short delays of �t � 5:0 s (
ases #26, 37,48, 61, 71, 72, 76, 83, 85, 86), only a few times larger than the un
ertainties of the time delays, and thus areless sensitive to the detailed fun
tional shape of the model. Another 
riterion that determines the sensitivityto the model is the energy extent of the thermal part. The model is well-
onstrained if there are at least 10energy 
hannels in the thermal domain, i.e., events with starting energies of �min = 10 keV and 
ross-overeneriges of �th � 20 keV, whi
h is the 
ase for the events # 14, 30, 32, 34, 37, 39, 40, 41, 59, 60, 61, 66, 77,79, 81, 84, and 86. On the other hand, in a few 
ases we noti
e that the nonthermal delays are not 
onsistentwith a predi
ted near-zero delay, whi
h 
annot be explained by our 
ondu
tion-
ooling model. These few
ases show a time delay that in
reases with energy, as expe
ted for 
ollisional trapping (As
hwanden etal. 1997). Those 
ases need to be modeled with a 
ombined thermal 
ondu
tion plus trapping model (tobe presented in a follow-up paper). In our thermal model �t these 
ases drop out be
ause they exhibit anuna

eptable large �2-value (�� 1:0).4.3. Dis
ussion of Parameter Statisti
sThe 
are observing times and inferred physi
al parameters are listed in Table 2 for all 44 events witha

eptable �ts (� � 2:0), and the averages and standard deviations are listed in Table 3.The time s
ales we analyzed in these 
ares in
lude the FWHM durations of the 
ross-
orrelated timepro�le segments found to be useful for measuring thermal delays. This FWHM duration, whi
h has a meanof tFWHM = 55 � 46 s is about a fa
tor 7 shorter than the mean 
are duration tf = 398 � 115 s. So,a 
are typi
ally 
ontains multiple episodes where the 
ux varies by more than 50%, probably originatingfrom di�erent spatial lo
ations. We found that the thermal delays 
ould be most reliably measured in timesegments that bra
ket a 
ux peak below 50% of its peak value (yielding a well-de�ned FWHM), otherwisethe 
ross-
orrelation is subje
t to a \pro�le-asymmetry bias". Su
h 
ux peaks, however, 
an 
ontain multiplesubpeaks (or nonthermal ele
tron inje
tion pulses), as shown in events #32, 34, 45, 60 in Fig. 8. So, thepeaks with a duration of tFWHM � 1 min sele
ted here do not represent \elementary 
are bursts" (withdurations of tFWHM � 4� 24 s 
hara
terized by De Jager & De Jonge (1978).Regarding spe
tral properties we 
hara
terized the nonthermal spe
trum (in the � � 30�50 keV range)with a powerlaw fun
tion and found a mean slope of 
nth = 3:5�1:1, whi
h seems to be a representative value
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ares (Datlowe et al. 1974; Kane 1973; Dennis 1985), so the sele
ted 
are events are not parti
ularlysoft or hard, or part of a spe
ial 
are 
ategory, su
h as 
lassi�ed by Tanaka (1983), who spe
i�ed a spe
ial
lass of thermal 
ares with temperatures of T � 30� 50 MK. We found in all 89 analyzed 
are a thermal
omponent, with a 
ross-over at �th = 18:0� 3:4 keV, whi
h 
orresponds (a

ording to the measured ratioqe = 7:4 � 1:0 of photon energies to thermal energies) to thermal energies of �th = 2:4 � 0:6 keV, ortemperatures of T = 27:8 � 7:0 keV, and thus overlaps with the low end of Tanaka's 
ategory of thermal
ares.Although the thermal 
omponent of a 
are generally 
an be �tted with a single temperature, we 
ould�t the energy range of � � 10� 20 keV with a multi-thermal model, approximated by a powerlaw fun
tion.This multi-thermal spe
trum was found to have a mean slope of 
th = 6:9�0:9, whi
h is a fairly narrow rangeof values, almost a 
onstant (
th � 7), while the nonthermal spe
trum is 
atter and has a relatively largervariation (
nth = 3:5�1:1). The almost 
onstant slope of the multi-thermal spe
trum implies also an almost
onstant ratio of photon to thermal energies, i.e., qe = 7:4�1:0, or an almost 
onstant fall-o� of the DEM atthe high-temperature side, i.e., dEM(T )=dT � T�Æ with a slope of Æ = 7:2� 1:0. From the spe
tral slope Æand the best-�t value of � we were able to determine the volume s
aling index �(Æ; �) (Eq. 17), whi
h impliesthat the high-temperature plasma volume falls o� with V (T ) � T��V and �V � � = 6:8� 2:7. This meansthat the volume of heated plasma de
reases by about by about two orders of magnitude for every fa
tor 2in temperature (i.e., 26:8 � 102). Interestingly, this implies that the ele
tron density is almost invariant asfun
tion of temperature, sin
e ne(T ) / T�(Æ��V )=2 (Eq. 13) and Æ � �V � � a

ording to our �nding. Thisis in 
ontrast to the s
aling law between di�erent 
ares, whi
h generally behaves as ne(T ) / T 2 (As
hwanden1999) if one 
ombines 
are observations over a large temperature range, from nano
ares (As
hwanden &Parnell 1997) to soft X-ray brightenings (Kano & Tsuneta 1995; Shimizu 1997) and large 
ares (Pallavi
iniet al. 1978; As
hwanden & Benz 1997). Our �nding of ne(T ) � 
onst applies to the plasma distribution insingle 
ares, whi
h 
ould be explained by a de
reasing �lling fa
tor with higher temperature.5. CONCLUSIONSWe analyzed the energy-dependent time delays of hard X-ray emission in the energy range of � =10 � 50 keV with high-resolution spe
tra (�� = 1 keV) from RHESSI in a representative set of 89 
aresobserved during 2002-2005. We found that the thermal and nonthermal domain of hard X-ray data doesnot only show a di�erent 
hara
teristi
s in the spe
tral domain, but exhibits also a 
onsistently di�erent
hara
teristi
s of the energy-dependent time delays between the two regimes. From the spe
tral analysis wefound a dis
rimination borderline between the thermal and nonthermal domain from the 
ross-over of the twoseparated spe
tral 
omponents, whi
h has a relatively narrow range of values with �th = 18:0� 3:4 keV. Theenergy-dependent time delays above this 
ross-over energy are found to be nearly zero in the nonthermaldomain, while they in
rease with lower energy in the thermal domain, 
onsistent with the 
onvolution(�e(�) / ���) with an e-folding time s
ale �e and powerlaw index � = 2:7� 1:2.On theoreti
al grounds it has been established earlier that the 
ooling of high-temperature (T >� 10 MK)plasma is dominated by thermal 
ondu
tion, whi
h s
ales with a similar s
aling law (�
 / T�5=2) and index(�theo = 2:5) as we inferred from the observations (�obs = 2:7� 1:2). To be more a

urate, the theoreti
alexpression for the thermal 
ondu
tion time in
ludes also the ele
tron density ne and the 
are loop length L,whi
h might also have a temperature dependen
e and 
ould modify the expe
ted temperature dependen
eof the thermal 
ondu
tion time. However, our observations imply that there is no signi�
ant temperaturedependen
e in the produ
t neL2, either be
ause they 
an
el out or none of the parameters ne and L have
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ant temperature dependen
e. This result makes it easier to predi
t the temperature or energydependen
e of the 
ondu
tive 
ooling time without knowledge of the generally unknown ele
tron density and
are loop length.Our detailed analysis shows that the observed energy-dependent time delay systemati
ally in
reaseswith lower energy. This 
ontinuous in
rease is the result of two e�e
ts: �rst of the in
reasing weightingof thermal to nonthermal emission with lower energy, and se
ond the T�5=2 dependen
e of the thermal
ondu
tive 
ooling time. If a 
are would have only a single-temperature plasma, the predi
ted delay due tothe 
ondu
tive 
ooling time would be 
onstant in the thermally dominant spe
tral regime, whi
h is 
learlynot the 
ase (see Appendix A). Therefore, the 
ontinuous in
rease of the delay with lower energy in thethermal domain 
onvin
ingly indi
ates a multi-thermal plasma. In this study we have quanti�ed this multi-thermal plasma with the total emission measure distribution dEM(T )=T , whi
h was found to drop o� atthe high-temperature side with an approximate powerlaw of / T�Æ with Æ = 7:2 � 1:0. This eviden
e formulti-thermal plasma in virtually all 
ares suggests that hard X-ray spe
tra in the energy range of >� 10keV should generally be �tted with a multi-thermal spe
trum, rather than with a single-temperature �t asit was usually 
arried out in earlier studies. Our more a

urate modeling of the multi-thermal spe
trumyields also a better separation between the thermal and nonthermal domain, for whi
h no reliable methodwas known before. The upshot is that the information in the time domain, i.e., energy-dependent timedelay measurements, yields invaluable information about thermal, multi-thermal, and nonthermal spe
tral
omponents that 
annot be retrieved from spe
tral �tting alone.All in all, this work is the �rst quantitative work on thermal delays in solar 
ares, 
ondu
ted on alarge representative sample of solar 
ares, using high-resolution spe
tra from RHESSI. This approa
h ofquantitative modeling 
ould in prin
iple be done before the advent of high-resolution spe
tra from RHESSI,but the mu
h poorer energy resolution of previous hard X-ray dete
tors (e.g., HXRBS/SMM, HXT/Yohkoh,BATSE/CGRO) would probably lead to only limited su

ess in model-�tting. This study has shown that we
an obtain fairly a

urate prime physi
al parameters from 
ombined spe
tral-temporal model-�tting withhigh-resolution spe
tra. The results 
onvey overwhelming eviden
e that 
ares always 
ontain multi-thermalplasma and that the 
are plasma 
ooling is always dominated by thermal 
ondu
tion at T >� 10 MK. Futurestudies may use the model developed here to extra
t the un
ontaminated nonthermal ele
tron inje
tion pro�lein the time domain and the low-energy 
uto� of the nonthermal spe
tral 
omponent, as well as quantify thedetailed thermal and nonthermal energy budget in solar 
ares.A
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ontra
tSA2241-26308PG). Appendix A: The Isothermal ModelHard X-ray spe
tra have often been �tted with a single-temperature (isothermal) 
omponent in thethermal energy range plus a powerlaw 
omponent (or multiple powerlaws) in the nonthermal energy range,obtaining an a

eptable goodness-of-�t (e.g., Lin et al. 1981; Benka & Holman 1994). However, in the latephase of 
ares, sometimes a superhot 
omponent with a temperature of T � 35 MK was found, besidesthe main 
are plasma temperature of T � 15 MK, whi
h had to be 
onsidered in �tting the hard X-rayspe
trum (e.g., Lin et al. 1981). Also from analysis of 
ooling times in di�erent energy or temperature



{ 15 {bands it is 
lear that the DEM distribution of 
are temperatures has often a peak at a temperature ofT � 10 � 15 MK, but the distribution of 
are plasma temperatures tails o� gradually from T >� 15 MK toT <� 40 MK (Antio
hos & Sturro
k 1978; Culhane et al. 1994; As
hwanden & Alexander 2001). Therefore,our multi-thermal DEM model with a gradual fall-o� at high temperatures is fully 
onsistent with all theseobservations. Nevertheless, sin
e hard X-ray spe
tra often have been �tted satisfa
torily with a singletemperature (whi
h probably 
orresponds to the peak temperature of the DEM or the emission measure-weighted temperature), the question arises whether a single-temperature (or isothermal) model 
ould also�t the observed energy-dependent time delays measured here.We show the theoreti
al expe
tations for the two (multi-thermal and isothermal) models in Fig. 5.Essentially, the thermal delay is 
onstant in the thermally dominant part of the spe
trum for the isothermalmodel (be
ause a single temperature produ
es a �xed 
ondu
tive 
ooling time), while the thermal delayin
reases gradually towards lower energies in the multi-thermal model due to the T�5=2-dependen
e of the
ondu
tive 
ooling time. Sin
e this e�e
t might be 
onfused with a se
ond e�e
t, the relative weightingbetween thermal and nonthermal (near-zero) delay, whi
h also leads to a gradual in
rease of the observeddelay in the intermediate (thermal/nonthermal) part of the spe
trum, we perform some real �ts of bothmodels to demonstrate the di�eren
e in the goodness-of-�t. One 
ase is shown in Fig. 11, where the multi-thermal �t is a

eptable (� = 1:0, Fig. 11, left), while the isothermal �t is 
learly una

eptable (� = 6:0,Fig. 11 right). The absolute time of the delay in the �ts shown in Fig. 11 is 
ontrolled by the best-�tsolution, whi
h yields a slight o�set of �tnth = 0:83 s in the multi-thermal model (Fig. 11, left), and alarge negative delay �tnth = �4:46 s for the isothermal model (Fig. 11, right). This o�set has not physi
almeaning, be
ause the absolute referen
e time is a free parameter in our �tting method. So, this example
learly demonstrates what we expe
t from the theoreti
al models illustrated in Fig. 5. We performed theisothermal �ts for the same 8 
ases shown in Fig. 8 and list the goodness-of-�t in Table 4. The goodness-of-�t is a

eptable for all mutli-termal �ts (� = 0:8� 1:4), while it is not a

eptable for all isothermal �ts(� = 2:0� 9:3). These 8 examples 
learly demonstrate that a single-temperature 
annot �t the data, whileour multi-thermal model is fully 
onsistent with the data.
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Table 1. Event Statisti
sCriteria NumberNumber of 
ases 89Number of noisy 
ases (��t > 2:0 s) 21Number of insuÆ
ient energy 
overage (< 10 
hannels) 3Number of �ttable 
ases (��t < 2 s and > 10 
hannels) 65 100%Number of not-a

eptable �ts (� > 2 or t
0 < 1 s or t
0 > 2 � tf ) 21 32%Number of a

eptable �ts (� < 2 and 1 s< t
0 < 2 � tf ) 44 68%



{ 19 {Table 2. Parameters of 
are events with a

eptable model �ts# Date Start Duration Width Index Index Energy Time Index Error Goodnesst0 tf tg 
nth 
th �th t
0 � < ��t > �(UT) (s) (s) (keV) (s) (s)1 20-Feb-2002 11:04:20 468 9.1 2.2 5.4 18.2 76 3.3 0.7 0.53 23-Feb-2002 22:47:48 472 7.9 3.0 6.3 19.9 256 4.9 0.8 0.74 24-Feb-2002 23:14:36 448 27.7 3.1 7.3 13.4 33 2.8 1.1 1.15 26-Feb-2002 10:25:52 344 11.7 2.0 6.3 16.7 301 2.8 0.3 1.16 17-Mar-2002 10:11:36 552 10.2 2.7 7.3 18.0 152 3.9 0.8 0.610 9-Apr-2002 12:56:52 360 34.0 4.0 8.8 14.0 11 3.5 2.0 0.611 12-Apr-2002 13:07:36 512 14.9 3.4 6.3 21.4 52 3.2 0.9 0.712 14-Apr-2002 04:49:04 428 29.4 4.1 7.3 17.7 64 1.0 1.4 1.314 4-May-2002 02:46:48 364 10.6 2.3 6.3 24.5 246 3.8 0.9 1.017 29-May-2002 15:01:40 388 29.8 5.0 7.1 16.1 30 2.9 1.9 1.018 29-May-2002 15:48:28 536 7.2 3.5 7.1 14.7 90 3.7 0.5 0.721 29-Jun-2002 09:29:12 380 7.9 2.1 4.8 10.2 12 0.9 0.5 0.922 2-Jul-2002 22:35:40 408 12.8 3.3 7.6 16.1 4 0.7 1.7 0.623 2-Jul-2002 22:50:12 468 17.9 4.7 7.3 16.0 35 2.9 1.3 0.725 11-Jul-2002 14:16:48 360 21.7 4.2 8.1 18.3 79 2.6 1.4 1.226 14-Jul-2002 16:11:20 172 5.7 2.9 6.4 14.7 6 1.5 0.3 0.930 16-Aug-2002 22:08:24 512 8.9 4.0 5.9 27.7 103 3.6 0.4 1.032 18-Aug-2002 20:19:20 480 90.0 3.0 6.9 20.8 74 3.2 1.0 1.033 20-Aug-2002 22:42:08 372 10.6 3.1 7.5 17.4 10 1.3 0.7 0.634 21-Aug-2002 19:04:16 432 17.0 4.5 6.5 20.3 196 3.3 0.5 1.237 27-Aug-2002 12:28:00 204 23.4 5.4 7.6 19.2 4 3.2 1.7 0.939 31-Aug-2002 14:19:04 436 34.0 3.7 7.0 19.3 43 1.9 1.0 1.040 1-Sep-2002 09:30:56 484 21.3 4.3 7.5 19.1 5 1.0 1.0 0.841 5-Sep-2002 20:41:48 500 55.3 3.2 8.1 19.0 22 2.1 1.6 1.242 6-Sep-2002 16:23:56 400 20.2 4.3 7.9 16.2 44 3.6 0.9 0.945 30-O
t-2002 17:16:40 184 19.8 4.1 7.1 16.7 33 1.3 0.7 1.448 28-Nov-2002 04:35:40 124 8.5 2.2 5.7 13.7 38 4.8 1.1 0.549 9-De
-2002 21:35:12 176 12.6 3.0 7.3 18.5 109 4.7 1.8 1.059 29-Jul-2003 01:34:04 540 34.0 4.1 7.9 19.2 13 2.2 1.4 0.960 5-Aug-2003 12:44:36 424 32.1 5.8 7.2 19.1 19 3.1 0.8 1.261 24-Sep-2003 12:52:00 336 12.8 1.9 6.3 19.4 7 4.5 1.8 1.065 16-Nov-2003 18:10:32 496 29.1 3.5 7.4 17.0 59 2.7 1.6 0.966 18-Nov-2003 01:34:52 540 49.4 5.5 7.8 18.5 35 2.1 1.2 1.171 18-Jan-2004 00:12:48 448 14.5 3.4 6.1 17.0 113 3.2 0.6 0.572 28-Feb-2004 03:23:12 180 12.3 1.8 6.5 17.1 2 1.5 1.0 0.776 18-Jul-2004 11:43:44 592 6.0 2.0 5.1 16.1 124 3.1 0.3 1.077 18-Jul-2004 14:11:40 400 19.1 2.4 6.8 24.0 27 2.1 0.7 0.879 13-Aug-2004 15:11:56 404 85.1 4.5 7.6 19.9 43 1.2 1.7 1.281 23-O
t-2004 19:19:16 372 21.3 3.2 7.9 19.7 19 1.0 1.8 1.583 5-Nov-2004 10:14:56 320 6.2 5.2 6.4 10.8 157 4.2 0.5 0.784 21-Jan-2005 10:12:56 504 13.6 3.2 7.1 19.3 745 3.4 0.4 1.985 30-Apr-2005 02:53:28 272 12.8 2.4 5.9 13.5 13 2.7 0.9 0.886 27-Jun-2005 08:46:04 312 51.1 4.4 5.3 22.8 17 2.0 0.9 1.887 9-Sep-2005 17:39:28 424 59.6 5.5 6.7 22.8 25 1.8 1.5 1.0
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Table 3. Parameter Statisti
sParameter Range Average and standard deviationNumber of events in subset with a

eptable �ts N=44Flare duration tf = 124� 592 s tf = 398� 115FWHM of peak tFWHM = 13� 212 s tFWHM = 55� 46 sGaussian width of peak tg = 6� 90 s tg = 24� 20 sPowerlaw index of nonthermal spe
trum 
nth = 1:8� 5:8 
nth = 3:5� 1:1Powerlaw index of thermal spe
trum 
th = 4:8� 8:8 
th = 6:9� 0:9Powerlaw index of DEM Æ = 4:4� 9:2 Æ = 7:2� 1:0Ratio of photon/thermal energy qe = 4:8� 9:2 qe = 7:4� 1:0Thermal/nonthermal 
ross-over energy �th = 10� 28 keV �th = 18:0� 3:4 keVThermal 
ondu
tion 
ooling time �
0 = 2� 745 s �
0 = 101:6�0:6 sPowerlaw index of delay time � = 0:7� 5:2 � = 2:7� 1:2Powerlaw index of volume s
aling � = 1:3� 11:7 � = 6:8� 2:7Un
ertainty of time delay measurements ��t = 0:3� 2:0 s ��t = 1:0� 0:5 sGoodness-of-�t � = 0:5� 1:9 � = 0:96� 0:31

Table 4. Multi-thermal vs. Isothermal FitsFlare # Multi-thermal model Isothermal model� �#5 1.1 3.8#14 1.0 4.6#30 1.0 6.0#32 1.0 9.3#34 1.2 7.6#45 1.4 2.0#60 1.2 5.4#77 0.8 4.2
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Fig. 1.| Example of a multi-thermal spe
trum with 
ontributions from plasmas with temperatures ofT = 15; 20; :::; 60 MK and a DEM distribution of dEM(T )=dT � T�4. The individual thermal spe
tra andtheir sum are shown with thin linestyle, where the sum represents the observed spe
trum. Note that thephotons in the energy range of 4.8-22.3 keV are dominated be temperatures of T=15-60 MK, whi
h have a
orresponding thermal energy that is about a fa
tor of 4 lower (1.3-5.2 keV). The photon spe
trum in therange of � = 10� 20 keV is �tted with a powerlaw fun
tion (thi
k line), whi
h has a slope of F (�) / ��4:6.
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Fig. 2.| The multi-thermal photon spe
trum (e.g., Fig. 1) is approximated with a powerlaw fun
tion F (�) /��
 with powerlaw index 
 in the energy range of � = 10�20 keV. The dependen
e of the powerlaw index 
(Æ)is shown here as a fun
tion of the powerlaw index Æ of the DEM distribution fun
tion dEM(T )=dT / T�Æ.The simulated datapoints are marked with diamonds, and the �tted analyti
al approximation 
(Æ) = 3:60+0:062 Æ2 is shown as a 
urve.
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)on the photon spe
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. The time s
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Fig. 5.| Theoreti
ally predi
ted energy-dependent thermal delays for the multi-thermal model (left) usedhere and for a hypotheti
al isothermal model (right). The multi-thermal delays are 
omputed based on
ondu
tive 
ooling times (thi
k solid 
urve) for a nonthermal time pro�le with a Gaussian width of �g = 10s, a 
are ele
tron density of 1011 
m�3, and a 
are loop half length of L = 109 
m. The pure thermaldelay is shown with the thin solid line, while the observable delay (thi
k 
urve) is weighted between thispure thermal delay and the zero-delay of the nonthermal 
omponent, a

ording to the relative ratio of thethermal and nonthermal 
uxes (here assumed to vary linearly from one to zero in the energy range of 20 to25 keV. - In the isothermal model (right), the delays would be 
onstant in the purely thermal regime, whilethey in
rease towards lower energies in the multi-thermal model (left).
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Fig. 6.| Top left: Time pro�les of 20 energy 
hannels (at � = 10; 11; :::; 20; 22; :::; 30; 35; :::; 50 keV) of the2002-Feb-26 10:25:52 
are (# 5 in our 
are sele
tion list). The time interval (t � t0) = 20 � 90 s after
are start t0) and energy range of suitable 
hannels are overplotted with smoothed time pro�le segmentsin thi
k line style. Top right: The total 
ux spe
trum is shown for the sele
ted time interval (diamondsymbols). A nonthermal powerlaw spe
trum is �tted in the � = 30 � 50 keV range (dotted line) andsubtra
ted from the total 
ux spe
trum: The remaining thermal spe
trum (
ross symbols) is also �tted witha powerlaw fun
tion (thin line). Bottom left: The sele
ted time interval is plotted in an enlarged frame,where the FWHM is measured at the lowest nonthermal energy 
hannel �nth = 30 keV (thi
k line). Therelative 
ross-
orrelation delays between the time pro�les are marked with diamonds. Bottom right: Therelative time delays �t� < �tnth > are shown (diamonds with error bars) and �tted with the 
ondu
tion
ooling delay model des
ribed in text. The pure thermal delay is shown with a thin 
urve, and the best-�t(thermal/nonthermal-weighted) delays are shown with a thi
k solid 
urve. The nonthermal time referen
e ismarked with a verti
al thin line.
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urves) and theoreti
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tion pro�le tgauss = 11:7 s,
ondu
tive 
ooling time t
0 = 301 s (at T=11.6 MK or �th = 1 keV), energy ratio qe = 6:8, and weightingfa
tors wth(�) inferred from thermal/nonthermal 
ux spe
tra (see Fig. 6, top right). Note that the e-foldingde
ay time is predi
ted based on the energy-dependent time delay measurements.
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Fig. 8a.| A subset of events (#5, 14, 30, 32) is shown, whi
h represent the most reliable 
ases (see sele
tion
riteria in text). For ea
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ase we show the expanded 
ux time pro�les in the time window where they havebeen 
ross-
orrelated to measure the time delays (left panels), the spe
tral modeling (middle panel), andthe energy-dependent time delay measurements with the model �tting (right panels). The representation isidenti
al to Fig. 6).
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Fig. 8b.| Events #34, 45, 60, 77 - (
ontinued from Fig. 8a)
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Fig. 9a.| Energy-dependent time delay measurements and model �ts of all other events with a

eptable�ts not shown in Fig. 8 (36 
ases).
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Fig. 9b.| (
ontinued from Fig. 9a)
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.| (
ontinued from Fig. 9b)
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Fig. 10.| Two spe
ial events (#21, 83) where the nonthermal emission dominates down to �th � 10 keV.Note that in both 
ares are very impulsive short-duration pulse (tg � 6� 8 s) o

urs at the very start of the
ares.
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Fig. 11.| Comparison of �tting the multi-thermal model (left) and a hypotheti
al isothermal model (right)to the 
are event #30. Timepro�les and spe
tra of this event are shown in Fig. 8a (third row). The twotheoreti
al models are also illustrated in Fig. 5. Note that the main di�eren
e between the two models isin the purely thermal energy range, where the predi
ted delay asymptoti
ally approa
hes a 
onstant for thethermal model (right), while the delay progressively be
omes larger in the multi-thermal model (left). Themulti-thermal model is 
onsistent with the data (left, � = 1:0), while the isothermal model is not (right,� = 6:0).


