
Abstract
To simulate the energy balance of coronal plasmas on macroscopic scales, we often require the 
VSHFL¿FDWLRQ�RI�WKH�FRURQDO�KHDWLQJ�PHFKDQLVP�LQ�VRPH�IXQFWLRQDO�IRUP��7R�JR�EH\RQG�HPSLUL-
FDO�IRUPXODWLRQV�DQG�WR�EXLOG�D�PRUH�SK\VLFDOO\�PRWLYDWHG�KHDWLQJ�IXQFWLRQ��ZH�LQYHVWLJDWH�WKH�
ZDYH�WXUEXOHQFH�GULYHQ��:7'��SKHQRPHQRORJ\�IRU�WKH�KHDWLQJ�RI�FORVHG�FRURQDO�ORRSV��7R�GR�
VR��ZH�HPSOR\�DQ� LPSOHPHQWDWLRQ�RI�QRQ�:.%�HTXDWLRQV�GHVLJQHG� WR�FDSWXUH� WKH� ODUJH�VFDOH�
SURSDJDWLRQ��UHÀHFWLRQ��DQG�GLVVLSDWLRQ�RI�ZDYH�WXUEXOHQFH�DORQJ�D�ORRS��7KH�SDUDPHWHU�VSDFH�RI�
WKLV�PRGHO�LV�H[SORUHG�E\�VROYLQJ�WKH�FRXSOHG�:7'�DQG�K\GURG\QDPLF�HTXDWLRQV�LQ��'�IRU�DQ�
LGHDOL]HG�ORRS��DQG�WKH�UHOHYDQFH�WR�D�UDQJH�RI�VRODU�FRQGLWLRQV�LV�HVWDEOLVKHG�E\�FRPSXWLQJ�VROX-
WLRQV�IRU�VHYHUDO�KXQGUHG�ORRSV�H[WUDFWHG�IURP�D�UHDOLVWLF��'�FRURQDO�¿HOG���'XH�WR�WKH�LPSOLFLW�
GHSHQGHQFH�RI�WKH�:7'�KHDWLQJ�PRGHO�RQ�ORRS�JHRPHWU\�DQG�SODVPD�SURSHUWLHV�DORQJ�WKH�ORRS�
DQG�DW�WKH�IRRWSRLQWV��ZH�¿QG�WKDW�WKLV�PRGHO�FDQ�VLJQL¿FDQWO\�UHGXFH�WKH�QXPEHU�RI�IUHH�SDUDP-
HWHUV�ZKHQ�FRPSDUHG�WR�WUDGLWLRQDO�HPSLULFDO�KHDWLQJ�PRGHOV��DQG�VWLOO�UREXVWO\�GHVFULEH�D�EURDG�
UDQJH�RI�TXLHW�VXQ�DQG�DFWLYH�UHJLRQ�FRQGLWLRQV��7KH�LPSRUWDQFH�RI�WKH�VHOI�UHÀHFWLRQ�WHUP�LQ�SUR-
GXFLQJ�UHDOLVWLF�KHDWLQJ�VFDOH�KHLJKWV�DQG�WKHUPDO�QRQ�HTXLOLEULXP�F\FOHV�LV�GLVFXVVHG��ZKLFK�KDV�
UHOHYDQFH�WR�WKH�KHDWLQJ�DQG�FRROLQJ�VLJQDWXUHV�RIWHQ�REVHUYHG�LQ�DFWLYH�UHJLRQ�FRUHV�
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Motivation
��:H
G�OLNH�WR�JR�EH\RQG�WKH�HPSLULFDO�DQDO\WLF�IXQFWLRQV�WKDW�ZH�FXUUHQWO\�
XVH�WR�KHDW�WKH�JOREDO�FRURQD�LQ�RXU��'�WKHUPRG\QDPLF�0+'�PRGHO�

��The basal heating rate, Q
0
��DQG�KHDWLQJ�VFDOH�KHLJKW��Ȝ

Q
��DUH�WZR�YHU\�LP-

SRUWDQW�SDUDPHWHUV�IRU�GHWHUPLQLQJ�WKH�GHQVLWLHV�DQG�WHPSHUDWXUHV�RI�4XL-
HW�VXQ��46��DQG�$FWLYH�5HJLRQ��$5��VWUXFWXUHV��EXW�LGHDOO\�WKH\�ZRXOG�EH�
GHWHUPLQHG�E\�WKH�SK\VLFV�RI�WKH�V\VWHP�DQG�QRW�WKH�XVHU�

�� 6ROYLQJ�DX[LOLDU\�HTXDWLRQV�LQVSLUHG�E\�:DYH�7XUEXOHQFH�'ULYHQ��:7'��
SKHQRPHQRORJ\��LV�RQH�ZD\�WR�DSSURDFK�WKLV�SUREOHP�

This Work
��'HYHORS�DQG�WHVW�D�VLPSOH�:7'�KHDWLQJ�PRGHO�DSSOLFDEOH�WR�WKH�FORVHG�
FRURQD��ZKHUH�KHDWLQJ�DULVHV�IURP�WKH�GLVVLSDWLRQ�RI�SDUDOOHO�DQG�DQWL�SDU-
DOOHO�SURSDJDWLQJ�$OIYpQ�ZDYH�WXUEXOHQFH�

�� 6WXG\�WKH�KHDWLQJ�SURSHUWLHV�DQG�UHVXOWLQJ�SODVPD�FRQGLWLRQV�IRU�WKLV�PRG-
HO�XQGHU�D�UDQJH�RI�$5�FRQGLWLRQV�XVLQJ�XVLQJ�RXU��'�ORRS�K\GUR�FRGH�

Tried and True: Empirical Heating Functions in 3D
�� 9ROXPHWULF�KHDWLQJ�LV�HPSLULFDOO\�SDUDPHWUL]HG�ZLWK�DQDO\WLF�IXQFWLRQV�LQ��'�
�� 7KH�WZR�NH\�SDUDPHWHUV�DUH��
��+HDWLQJ�VFDOH�KHLJKW��Ȝ�
� Total heating rate Q �DOVR�ZULWWHQ�DV�H���Typically chosen with B�SURSRUWLRQDOLW\�

�� ,QWHUSOD\�EHWZHHQ�WKH�VFDOH�KHLJKW��GLVWULEXWLRQ��DQG�EDVDO�KHDWLQJ�UDWH��DPRXQW��OHWV�
\RX�¿QH�WXQH�WKH�PRGHO�WR�PDWFK�(89�REVHUYDEOHV�

�� 2QH�IXQFWLRQ�ZRQ
W�ZRUN�IRU�DOO�UHJLPHV��H�J��46�YV��$5�
��/RQJ�VFDOH�KHLJKWV�ZRUN�ZHOO�IRU�WKH�46��VKRUWHU�VFDOH�KHLJKWV�EHWWHU�IRU�$5V�
��7KH�HIIHFW�RI�WKH�VFDOH�KHLJKW�LV�VKRZQ�EHWZHHQ�5XQ�$�DQG�%��VLPLODU�WRWDO�KHDWLQJ��
��:H�XVH�D�FRPELQDWLRQ�RI�PXOWLSOH�IXQFWLRQV���PDVNV�WR�WUHDW�HDFK�UHJLPH�DW�RQFH�
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Observations - 2011-11-27 08:00 UT

Run 1 - Short Scale Heights (Ȝ1=0.06, Ȝ2=0.03 Rs): Cool Corona

Run 2 - Long Scale Heights (Ȝ1=0.09, Ȝ2=0.09 Rs): Hot Corona
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Observations - 2011-11-27 08:00 UT

Run 1 - Short Scale Heights (Ȝ1=0.06, Ȝ2=0.03 Rs): Cool

Run 2 - Long Scale Heights (Ȝ1=0.09, Ȝ2=0.09 Rs): Hot

Total Coronal Heating

AIA Observables 

7KH��0LNLü��YHUVLRQ�RI�HPSLULFDO�KHDWLQJ�LQ��'�0$6

These two runs of the empirical MAS model illustrate tem-
perature and density implications between two choices of 
model parameterizations (short vs. long scale height).

 The Problem 
   Empirical coronal heating functions have many parameters, are chosen a priori.

 The Solution?
   A Simple Wave Turbulence Driven (WTD) Heating Model for Closed Fields:

∂z±
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2λ
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1D Experiments I: Parameter Space on an Idealized Loop

Wave Amplitudes

0.05 0.10 0.15 0.20
S

−100

−50

0

50

100

A
m

p
li

tu
d

e 
[k

m
 s

−
1
]

z+

z−

 

0.05 0.10 0.15 0.20
S

10−3

10−2

10−1

100

101

P
re

ss
u

re
 [

d
y

n
e 

cm
−

2
] Pressurespw

pth

Loop Geometry

    
 

0.00

0.02

0.04

0.06

H
ei

g
h

t 
[R

S
]

Height [RS]

A/A0

 

100

101

A
/A

0

Heating Term

0.05 0.10 0.15 0.20
S

10−6

10−5

10−4

10−3

10−2

QH: Heating Rate [ergs s−1 cm−3]

Density and Temperature
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Run: perturbed_loop,  Loop Index: 001
DissType: Z+,Z−,AmpReflect
nPts:  539,  dt=********
λ0:   0.010,  BWTD:   2.76

Length: 0.224,  apex height: 0.072
ew,0:   0.29 [MAS], Reflection BC: True
BL =  40.00  BR =  40.00 [MAS]
Amax/Amin  =    5.50

Sim Time:  129.263
Tot Waveflux :  8.69e+05  [ergs s−1 cm−2]
Eq  Heatflux :  5.16e+06  [ergs s−1 cm−2]
Cor Heatflux :  5.13e+06  (above 0.25 MK)
FHeat/FWave,0 :  5.944
e+(s=0):   3.39,   e−(s=0):   1.71 [MAS]
e−(s=L):   3.47,   e+(s=L):   1.76 [MAS]
max Te=:  1.412 [MK]
mass int:  3.640 [MAS]  (above 0.25 MK)
PL : 4.86e−01  PR:  4.78e−01 [dyne cm−2]
NeL: 2.51e+09  NeR: 2.47e+09 [cm−3]
QhL: 8.00e−04  QhR: 8.10e−04 [ergs s−1 cm−3]
λPL:  −0.114  λPR:  −0.117 [Rs]
λnL:  −0.053  λnR:  −0.051 [Rs]
λQL:  −0.024  λQR:  −0.025 [Rs]
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*WTD heating rate and scale height 
drive a mild thermal non-equilibrium 
(TNE) cycle on this loop.

*Short heating scale height results from WTD 
evolution adapting to loop properties.
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Heating Scale vs. Area     (from exp fit)
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Basal Heating Rate vs. Area     (at h=0.03 Rs)
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Apex Temperature vs. Area
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'HVSLWH�D�¿[HG�3R\QWLQJ�ÀX[��KHDWLQJ�
UDWH�LV�YHU\�VHQVLWLYH�WR�DUHDO�H[SDQVLRQ�

$UHDO�H[SDQVLRQ�VWURQJO\�DIIHFWV�
the heating scale height.

Uniform loops are much hotter. Scale height short-
ening eventually leads to thermal non-equilibrium.

WTD heating and loop properties as a function of Maximum Areal Expansion��DOO�HOVH�¿[HG�.

Heating Scale vs. B0     (from exp fit)
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Basal Heating Rate vs. B0     (at h=0.03 Rs)
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Apex Temperature vs. B0
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Heat scales with B, slope set by how net 
3R\QWLQJ�ÀX[�VFDOHV�Z��%&V�ORRS�SURSHUWLHV�

:HDN�¿HOG�ORRSV�DWWDLQ�ORQJHU�VFDOH�KHLJKWV� Loop T goes up with heating. Transition from hydro-
static solutions to thermal non-equilibrium cycles.

WTD heating and loop properties as a function of Base Magnetic Field Strength��DOO�HOVH�¿[HG�.
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1D Experiments II: Application to Realistic Coronal Loops
�� 7UDFH�RYHU�����ORRSV�IURP�D��'�0+'�VLPXODWLRQ�RI�WKH�FRURQD�RQ�
'HFHPEHU���������

�� 6HOHFW�D�VXE�VHW�RI�ORRSV�WR�WHVW�KHDWLQJ�PRGHOV�LQ��'�
��6HOHFW�UDQJH�RI�DSH[�KHLJKWV�����4XLHW�6XQ�ORRSV�����$FWLYH�
���5HJLRQ�ORRSV�
��8VH�WKHVH�WR�FRPSDUH�WKH�HPSLULFDO�KHDWLQJ�PRGHO�WR�WKH�:7'�
KHDWLQJ�PRGHO�

Heating Rate vs. B0/L
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Heating Scale vs. B0/L
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 QS Loops
shorter longer

 AR Loops
shorter longer

*Longer QS loops attain larger apex T
* AR loops similar to empirical model.

*Scale height decreases with B/L,
ĺ AR loops heated on shorter scales.

*Approximately B/L scaling from WTD 
model, even on wide range of loops.

AR LOOPS

QS LOOPS

Selected Loops

Key Aspects of the WTD Heating Model
1) +HDWLQJ�RQ�ORRS�LV�HTXDO�WR�WKH�QHW�3R\QWLQJ�ÀX[�ĺ�a_%_�/�VFDOLQJ�H[SHFWHG���
��+DYH�GLUHFW�UHODWLRQVKLS�EHWZHHQ�3R\QWLQJ�ÀX[�DW�WKH�ERXQGDU\�DQG�KHDWLQJ�RYHU�WKH�ORRS�
� For simplicity assume v

a
!!8�RYHU�WKH�ORRS�DQG�WKH�VDPH�ERXQGDU\�FKRLFH�RI�ȡ���JHW�

7RWDO�ZDYH�HQHUJ\�SDVVLQJ�WKURXJK�IRRWSRLQWV )OX[�,1 )OX[�287

with pointing flux, P = e!va =
e !B√
4πρ

, and integrated heatflux, HF =
1

A0 +AL

∫ L

0
AQWTD ds

can show HF =
1

A0 +AL
(A0Pr,b(0) +ALPr,b(L)) =

B0BL

B0 +BL

1√
4πρ

[2e0 − er(L)− eb(0)]

2)�+HDWLQJ�VFDOH�KHLJKW�LV�GHWHUPLQHG�E\�WKH�ORRS�VROXWLRQ��QRW�WKH�XVHU�
��3XUH�:.%�SURSDJDWLRQ�JLYHV�������������������LPSO\LQJ�Q

WTD
�GHSHQGHQFH�RQ�ȡ�VFDOH�KHLJKW�

��$UHDO�H[SDQVLRQ��L�H��%�YDULDWLRQ��QRZ�SOD\V�D�UROH�LQ�Q
WTD

�YDULDWLRQ�ERWK�IURP�WKH�K\-
GURG\QDPLF�VROXWLRQ��VHOI�UHÀHFWLRQ��DQG�WKH�GHSHQGHQFH�RI�GLVVLSDWLRQ�RQ��������

e ∝ √
ρ

λ⊥

3)�2QO\�WZR�IUHH�KHDWLQJ�SDUDPHWHUV�
� %RXQGDU\�:DYH�(QHUJ\��H�
��7UDQVYHUVH�/HQJWK�6FDOH��Ȝ�
��7KLV�VRXQGV�WRR�JRRG���������������QHHG�WR�WHVW�WKH�UHOHYDQFH�IRU�UHDOLVWLF�FRQGLWLRQV�

2D Case: Simple Dipole
��:H�KDYH�DGGHG�WKH�IXOO�:7'�HTXDWLRQV�WR�0$6��RXU�WKHUPRG\QDPLF�
0+'�PRGHO��0$6�FDQ�EH�UXQ�LQ�WZR�DQG�WKUHH�GLPHQVLRQV��

�� 7KLV�VLPSOH�GLSROH�FDVH�LV�XVHG�WR�FRQWUDVW�EHKDYLRU�RI�:7'�PRGHO�RQ�
RSHQ�DQG�FORVHG�¿HOG�UHJLRQV�

��:H�DSSO\�D�XQLIRUP�ZDYH�HQHUJ\�DW�ERXQGDU\���UHÀHFWLYH�%&��
�� 7KH�VLPXODWLRQ�LV�UHOD[HG�WR�VWHDG\�VWDWH�DW���5s�

*Strong closed/open contrasts despite uniformly 
VSHFL¿HG�SODVPD�DQG�ZDYH�ERXQGDU\�FRQGLWLRQV�

|!v| [km s−1]Te [MK]

log10 ne [cm−3]

log10 ne [cm−3]

)DVW�6ORZ�ZLQG�VSHHG�FRQWUDVW�
EHWZHHQ�SROHV�DQG�VWUHDPHU�EHOW�

Temperature contrast    
EHWZHHQ�FORVHG�DQG�
RSHQ�¿HOGV�

&RUUHVSRQGLQJ�GHQ-
sity contrast between 
FORVHG�DQG�RSHQ�¿HOGV�

1D Experiments III: Active Region Heating
��:DQW�WR�VHH�LI�WKH�:7'�KHDWLQJ�PRGHO�FDQ�SURGXFH�WKH�WLPH�GHSHQGHQW�HPLVVLRQ�SUR¿OHV�
WKDW�LV�W\SLFDO�RI�$FWLYH�5HJLRQV�

�� 6WDUW�IURP�D��'�ER[�VLPXODWLRQ�RI�DQ�$5�ZKLFK�XVHG�DQ�HPSLULFDOO\�VSHFL¿HG�PRGHO�IRU�
FRURQDO�KHDWLQJ�DSSOLHG�RQ�D��'�1/))�¿HOG��0RN�HW��DO������DQG�0RN�HW�DO�������LQ�SUHS��
�� 3LFN�D�OLQH�RI�VLJKW��/26��WKURXJK�WKH�$5�FRUH��WUDFH�����¿HOG�OLQHV�WKDW�LQWHUVHFW�LW�
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7KLV�/26�LQWHUVHFWV�WKH�¿HOG�OLQHV�EHORZ��ZKLFK�UDQJH�LQ�KHLJKW�DQG�IRRWSRLQW�ORFDWLRQ�
Earth View Side View

�� 1H[W�ZH�UXQ�WKH�:7'�KHDWLQJ�PRGHO�DORQJ�HDFK�¿HOG�OLQH��DQG�WUDFN�WKH�HYROXWLRQ�RI�
WHPSHUDWXUH�DQG�GHQVLW\�DW�HDFK�SRLQW�DORQJ�WKH�/26��WKH�WUXH�H[SDQVLRQ�IDFWRU�DQG�FRPSRQHQW�
RI�JUDYLW\�LV�XVHG�DW�HDFK�SRLQW�DORQJ�WKH�ORRS�LQ�WKLV��'�VLPXODWLRQ��

�� $V�H[SHFWHG��ZH�¿QG�WKDW�WKH�:7'�PRGHO�KHDWLQJ�YDULHV�VORZO\�ZLWK�WLPH��+RZHYHU��WKH�
KHDWLQJ�VFDOH�KHLJKWV�DUH�VXFK�WKDW�VRPH�ORRSV�XQGHUJR�WKHUPDO�QRQ�HTXLOLEULXP�
�� 7R�LOOXVWUDWH�WKLV�SRLQW��ZH�UXQ�WKH�VLPXODWLRQV�DJDLQ��WKLV�WLPH�KHDWLQJ�ZLWK�WKH�DYHUDJH�
:7'�KHDWLQJ�UDWH�DW�HDFK�SRLQW�¿[HG�LQ�WLPH��VKRZQ�EHORZ��
��,Q�RWKHU�ZRUGV��VWHDG\�:7'�KHDWLQJ�FDQ�VWLOO�OHDG�WR�QRQ�VWHDG\�SODVPD�FRQGLWLRQV�

�� 7KH�IXOO�LQIRUPDWLRQ�DORQJ�WKH�/26�FDQ�WKHQ�EH�XVHG�WR�JHQHUDWH�HPLVVLRQ�GLDJQRVWLFV�

Observer looks down 
the LOS from the high 
corona (right) to the 
solar surface (left) 

TNE cycles occur only 
on a subset of the 
loops along the LOS.

Time−Averaged LOS Emission Measure Distribution
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Synthetic AIA lightcurves from the LOS

- The time-average of the 
LOS EM(T) distribution 
shows a range of high and 
low temperatures along the 
LOS. The high T peak and 
sharp falloff seem reason-
able, but more investigation 
is required. 

- See Warren et al. 2012 for 
REVHUYDWLRQDO�H[DPSOHV�

-The computed AIA time lags 
show similar cooling char-
acteristics and timescales to 
those reported by Vial & Klim-
chuk (2012).

-Here, the heating model is 
steady, but the cooling signa-
WXUH�DQG�HPLVVLRQ�ÀXFWXDWLRQV�
result from the assymetric 
TNE cycles that occur on 
some loops along the LOS.

AIA 171 AIA 193 AIA 211 AIA 335

���

Summary and Conclusions
��:DYH�7XUEXOHQFH�'ULYHQ�PRGHOV�RIIHU�DQ�DWWUDFWLYH�IUDPHZRUN�
IRU�KHDWLQJ�WKH�FRURQD�DQG�DFFHOHUDWLQJ�WKH�VRODU�ZLQG�

��:H�VWXG\�D�PLQLPDOO\�FRQVLVWHQW�HYROXWLRQDU\�PRGHO�IRU�
$OIYpQLF�WXUEXOHQFH��ZKLFK�LQFOXGHV�VHOI�UHÀHFWLRQ��WKDW�LV�
VXLWDEOH�IRU�XVH�LQ�D��'�0+'�PRGHO�

��:H�¿QG�WKDW�WKLV�:7'�PRGHO�FDQ�FRPSHWH�ZLWK�RXU�EHVW�
DQDO\WLF�PRGHOV�XVHG�WR�KHDW�WKH��'�FRURQD��ZKLOH�VLJQL¿FDQWO\�
UHGXFLQJ�WKH�QXPEHU�RI�IUHH�SDUDPHWHUV�

�� ,QVWHDG�RI�FKRRVLQJ�WKH�KHDWLQJ�VFDOH�KHLJKW�D�SULRUL��WKH�:7'�
PRGHO�DGDSWV�WR�WKH�ORRS�JHRPHWU\�DQG�¿HOG�VWUHQJWK��

�� 7KLV�DXWRPDWLF�VFDOLQJ�LV�D�PDMRU�EHQH¿W�RI�WKH�PRGHO�

�� (QFRXUDJLQJO\��WKH�WLPH�YDU\LQJ�HPLVVLRQ�DORQJ�DQ�DFWLYH�UHJLRQ�
/26�KHDWHG�ZLWK�WKH�:7'�PRGHO�VHHPV�WR�SURGXFH�UHVRQDEOH�
REVHUYDWLRQDO�VLJQDWXUHV��GHVSLWH�WKH�H[SOLFLW�ODFN�RI�VWURQJO\�
WLPH�GHSHQGHQW�KHDWLQJ�LQ�WKH�IRUPXODWLRQ�

Cooper Downs


